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Abstract

Salient pole brushless alternators coupled to IC engines are
extensively used as stand-by power supply units for meeting in-
dustrial power demands. Design of such generators demands high
power to weight ratio, high efficiency and low cost per KVA out-
put. Moreover, the performance characteristics of such machines
like voltage regulation and short circuit ratio (SCR) are critical
when these machines are put into parallel operation and alterna-
tors for critical applications like defence and aerospace demand
very low harmonic content in the output voltage. While designing
such alternators, accurate prediction of machine characteristics,
including total harmonic distortion (THD) is essential to mini-
mize development cost and time.

Total harmonic distortion in the output voltage of alternators
should be as low as possible especially when powering very sophis-
ticated and critical applications. The output voltage waveform
of a practical AC generator is replica of the space distribution of
the flux density in the air gap and several factors such as shape
of the rotor pole face, core saturation, slotting and style of coil
disposition make the realization of a sinusoidal air gap flux wave
impossible. These flux harmonics introduce undesirable effects on
the alternator performance like high neutral current due to triplen
harmonics, voltage distortion, noise, vibration, excessive heating
and also extra losses resulting in poor efficiency, which in turn
necessitate de-rating of the machine especially when connected
to non-linear loads. As an important control unit of brushless
alternator, the excitation system and its dynamic performance
has a direct impact on alternator’s stability and reliability.

The thesis explores design and implementation of an excitation
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system utilizing third harmonic flux in the air gap of brushless al-
ternators, using an additional auxiliary winding, wound for 1/3rd

pole pitch, embedded into the stator slots and electrically iso-
lated from the main winding. In the third harmonic excitation
system, the combined effect of two auxiliary windings, one with
2/3rd pitch and another third harmonic winding with 1/3rd pitch,
are used to ensure good voltage regulation without an electronic
automatic voltage regulator (AVR) and also reduces the total
harmonic content in the output voltage, cost effectively.

The design of the third harmonic winding by analytic methods
demands accurate calculation of third harmonic flux density in
the air gap of the machine. However, precise estimation of the
amplitude of third harmonic flux in the air gap of a machine by
conventional design procedures is difficult due to complex geome-
try of the machine and non-linear characteristics of the magnetic
materials. As such, prediction of the field parameters by conven-
tional design methods is unreliable and hence virtual prototyping
of the machine is done to enable accurate design of the third har-
monic excitation system.

In the design and development cycle of electrical machines, it is
recognized that the use of analytical and experimental methods
followed by expensive and inflexible prototyping is time consum-
ing and no longer cost effective. Due to advancements in com-
putational capabilities over recent years, finite element method
(FEM) based virtual prototyping has become an attractive al-
ternative to well established semi-analytical and empirical design
methods as well as to the still popular trial and error approach
followed by the costly and time consuming prototyping. Hence,
by virtually prototyping the alternator using FEM, the important
performance characteristics of the machine are predicted.

Design of third harmonic excitation system is done with the help
of results obtained from virtual prototype of the machine. Third
harmonic excitation (THE) system is implemented in a 45 KVA

ii



experimental machine and experiments are conducted to validate
the simulation results. Simulation and experimental results show
that by utilizing third harmonic flux in the air gap of the ma-
chine for excitation purposes during loaded conditions, triplen
harmonic content in the output phase voltage is significantly re-
duced. The prototype machine with third harmonic excitation
system designed and developed based on FEM analysis proved
to be economical due to its simplicity and has the added advan-
tage of reduced harmonics in the output phase voltage.

Key words: Brushless Alternators, Finite Element
Method, Third harmonic excitation, Total harmonic
distortion, Triplen harmonics, Virtual prototyping.
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Chapter 1

Introduction

1.1 Overview of Brushless Alternators

Low voltage brushless alternators are primarily used as standby
power supply units with internal combustion (IC) engines as
prime movers. Of late, these are also being used as booster power
plants to meet peak load requirements of industrial consumers in
order to reduce cost. Power generation from renewable energy
sources which is gaining importance currently also demand dis-
tributed generation. In view of the fact that embedded generation
even of modest rating can contribute to peak load management,
widely dispersed generating sets have scope for inclusion in power
plant scheduling programs by power utilities. In this scenario, it
is obvious that output parameters, operating characteristics and
performance of small generating sets have gained importance in
recent years.

An alternating current (AC) generator set intended for commer-
cial purpose generally consists of a suitably governed IC engine as
prime mover, usually a diesel engine, directly coupled to a brush-
less alternator. The brushless alternator comprises of a main
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alternator, an exciter machine, a three phase rotating bridge rec-
tifier and an automatic voltage regulator (AVR) as shown in the
block schematic in Figure 1.1. The main alternator is of salient
pole construction, usually of four poles, chosen based on size and
speed of prime mover which is also a trade off between capital cost
and running cost. In a low voltage brushless alternator, main ma-
chine is a salient pole synchronous generator with a rated voltage
below 1000 V.

Fig. 1.1: Block schematic of brushless alternator

The exciter machine, which provides excitation to the main field
through a diode bridge mounted on the rotating shaft, is an
inverse design multi-pole machine with a 3-phase wound rotor
mounted on the same shaft of the main alternator (Darabi, 2004;
Cosovic et al., 2011). To make the alternator self generating
and self regulating, a part of the output power from main alter-
nator is fed back to the exciter field winding. Conventionally,
excitation power for an alternator is provided from the terminal
voltage through a step down transformer or an independent sup-
ply source, often a permanent magnet generator (PMG) mounted
on the same shaft of main alternator.

By varying the amount of direct current (DC) through stationary
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exciter field coils, 3-phase output from rotating exciter armature
is varied. This exciter output is rectified by rotating rectifier as-
sembly, mounted on the shaft, and resultant DC supplies rotating
field of the main alternator and alternator output is taken from
3-phase main AC winding embedded into the stator slots of the
alternator. As a result, by controlling small DC exciter current,
output voltage of the main alternator is controlled.

1.2 Applications

Typical applications of low-voltage brushless alternators are in
standby power generating units, for peak-shaving or continuous
base load operation in stationary power stations, in auxiliary
power units as well as shaft generator systems in ships or offshore
platforms. These generators are suitable for operation with prime
movers like diesel/gas engines, gas turbines and steam turbines.

1.3 Standards Followed

Low voltage brushless alternators are manufactured as per
the requirements set by several standardising organisations such
as International Electro-technical Commission (IEC), National
Electrical Manufacturers Association (NEMA), British Standards
Institution (BSI), International Organisation for Standardisation
(ISO) and Bureau of Indian Standards (BIS). The alternator
in the scope of this study is conforming to the standards IEC
60034-1: 2004 for rating and performance of rotating electrical
machines with rated voltage not exceeding 1000 V AC and In-
dian standard IS 4722: 2001-Specification for rotating electrical
machines (second revision). In marine and offshore applications,
the additional design criteria of the applicable classification soci-
ety are also followed. These societies include American Bureau of
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Shipping (ABS), Bureau Veritas (BV) and Lloyds Register (LR)
which are members of the International Association of Classifica-
tion Societies (IACS). In addition to the set standards, different
customer specifications are also considered in the alternator de-
sign.

1.4 Operational Modes

Brushless alternators powered by IC engines are mainly em-
ployed in three main roles viz., base load, peak-shaving and
stand-by.

• For base load or primary duty in locations where there is no
utility supply; or as an independent power source to ensure
continuity of supply, where power supply system available
is susceptible to frequent burn-outs/black-outs.

• For peak-shaving duty to supplement power and/or to re-
duce the cost of electricity supply from a utility source dur-
ing peak hours.

• For stand-by duty to power critical loads during outage of
mains power for short periods.

These modes of operation fall into two categories viz., continu-
ous duty where generators are required to run continuously and
intermittent duty, where generators are put to operation only for
short duration of time.

1.5 Performance Criteria

Certain types of loads have direct bearing on the sizing of gen-
erating plant and demand specific quality of supply. Hence, per-
formance parameters need to be clearly defined and specified for
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each application. The supply characteristics required for highly
sophisticated and sensitive loads will be quite different from those
that need to be specified for less sensitive loads such as general
purpose, domestic and industrial systems. In all such systems,
some or all of the following performance parameters need to be
defined.

• Step load acceptance

• Transient and steady state voltage and frequency regulation

• Waveform characteristics (harmonic limitation)

To meet performance criteria specified for transient frequency
and voltage characteristics on sudden application and rejection
of connected loads, the key area the generator manufacturer must
consider is the generator’s automatic excitation control system.

1.6 Role of Excitation System in Machine Per-
formance

The basic function of an excitation system is to precisely
provide necessary direct current to the field winding of the syn-
chronous generator for keeping the generator output voltage within
tolerable limits. The excitation system should be able to auto-
matically adjust the field current for maintaining the required
terminal voltage, even under varying load conditions. Thus, the
excitation system has a powerful impact on generator dynamic
performance ensuring quality of generated voltage and energy de-
livered to the consumers. Main functions of the excitation system
are to:

• provide variable DC current to main field winding with
short time overload capability

• control the terminal voltage with suitable accuracy
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• ensure stable operation within acceptable tolerance limits

• guarantee transient stability subsequent to a fault

• sustain the machine within permissible operating range

1.7 Generator Excitation Characteristics

Brushless alternator excitation system is designed in such a
way that the terminal voltage of the alternator under all load
conditions is within the rated value. The terminal voltage drop
on load application is due to the effects of armature reaction
and stator leakage reactance and is largely affected by the power
factor (p.f.) of the load as shown in Figure 1.2.

Fig. 1.2: Voltage characteristics of alternators (Source: NPTEL
Website, IIT, Madras)
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Fig. 1.3: Typical excitation curves of alternators (Source: NPTEL
Website, IIT, Madras)

Therefore, to keep the output voltage constant over the entire
operating range, the excitation current has to be varied over a
wide range as shown in Figure 1.3. In order to maintain constant
output voltage at a p.f. of 0.8 lagging for which the machine
is normally designed, the per unit (p.u.) excitation required at
full rated output is 1.9. Thus, the range of excitation required for
rated kilo volt ampere (KVA) output at power factors between 0.9
leading and 0.8 lagging is 1.1 to 1.9 p.u. The excitation voltage
required to circulate these currents through the generator field
coils therefore need to have the same spread.

Owing to the changes in field winding resistance arising from
off-load to on-load variations and transient conditions such as
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switching on of large induction motors with high in-rush cur-
rents at low starting power factors, it is necessary to provide
excitation current much above the steady state range. Typically,
excitation current of the order 4 times that required for steady
state operation is ensured to maintain output voltage within ac-
ceptable limits under all operating conditions. Therefore, exci-
tation system of an alternator has an important role in deciding
the performance characteristics of the machine.

1.8 Performance Characteristics

The principal interacting characteristics of brushless alterna-
tors under steady state are armature current, terminal voltage,
short circuit ratio, load power factor and efficiency of the ma-
chine. When a diesel generator (DG) set is under operation, any
change in the active load demand need to be met by response
from the prime mover fuel governor, in order to adjust the input
torque so as to keep the system speed/frequency constant. The
excitation system of the alternator should simultaneously regu-
late the field current in order to maintain the terminal voltage
at its rated value. When several DG sets operate in parallel,
each generator is required to deliver proportionate share of the
total load. Under such conditions, the active and reactive power
demands of the electrical system need to be shared between the
generators, in proportion to their ratings.

1.8.1 Voltage Characteristics

Relating to voltage at the output terminals of the alterna-
tor, specifications of the machine normally include voltage mod-
ulation, voltage stability under a constant load, voltage wave-
form characteristics, phase voltage balance, voltage regulation
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(VR) from no load to full load and transient voltage dip/rise
(TVD/TVR).

Voltage Regulation (VR)

The inherent voltage regulation of the machine is a charac-
teristic which is dependent on magnitude and p.f. of the load.
The requirement for close inherent voltage regulation makes a
machine uneconomical to manufacture since it generally involves
long air gap and higher machine dimensions (Mahon, 1992). Hence,
all modern machines are equipped with a well designed excitation
system with automatic voltage control equipment which serves to
maintain a constant terminal voltage, irrespective of any disturb-
ing influence such as speed/load change and temperature rise.
Typically, voltage regulation of the brushless alternator from no
load to full load is to be kept in the tolerance band of ±1%.

Transient Voltage Dip/Rise (TVD/TVR)

One of the important requirements for an alternator is its
ability to accept/reject sudden heavy loads, with minimum dis-
turbance to its terminal voltage, especially when the machine
is operating in a small group providing an independent power
source. As these machines do not have the back-up of an infi-
nite bus-bar such as a large utility power supply, all the watt-less
current demanded by the load needs to be met by the alterna-
tor. Therefore, heavy loads, especially that of poor p.f., when
suddenly switched on to a finite power source, cause an instanta-
neous dip in the alternator output voltage. The transient voltage
dip from normal voltage is determined by sub-transient reactance
of the machine. The reverse process occurs when load is discon-
nected and there is a transient voltage rise which again is propor-
tional to the sub-transient reactance of the machine. The rate of
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recovery to normal voltage is governed by the characteristics of
the excitation system.

Voltage Waveform Characteristics

Performance specifications for low voltage brushless alterna-
tors include limits for form/crest factors and waveform devia-
tion from the sinusoidal, expressed as total harmonic distortion
(THD) (Fuchs and Masoum, 2011). The standards and some
user specifications set limits on the harmonic content in the out-
put voltage.

Output Voltage Harmonics in Brushless Alternators

The output voltage waveform of an Industrial AC brushless
alternator is not perfectly sinusoidal. The time variation of the
induced electro-motive force (EMF) in a conductor of the stator
winding in an AC generator has the same form as the space distri-
bution of the flux density in the air gap (Kemp, 1952). Therefore,
only a sinusoidal wave of the air gap flux density can result in
a sine-wave induced EMF. Several factors such as shape of the
rotor pole face, core saturation, slotting and style of coil dispo-
sition render realisation of a sinusoidal air gap flux wave com-
mercially non-viable. The symmetric air gap flux density wave
results in the absence of even harmonics, leaving a space distri-
bution comprising of only fundamental and harmonics which are
odd multiples of the fundamental (Langsdorf, 1955).

The flux harmonics introduce undesirable effects on the alterna-
tor performance such as high neutral current due to triplen har-
monics, voltage distortion, noise, vibration, excessive heating and
extra losses resulting in poor efficiency, which necessitates over-
sizing of the machine especially when connected to non-linear

10 School of Engineering, CUSAT



Chapter 1

loads (Fitzgerald et al., 1983).

Harmonic reduction in output voltage can be achieved in ma-
chines by properly shaping the pole profile, introducing fractional
slot winding and the effect of slot harmonics can be reduced by
skewing either stator or the rotor (Knight and Karmaker, 2005).
Over and above this, selected harmonics can be eliminated by
short chording the winding. Ignoring slot harmonics, in general
3rd, 5th and 7th harmonics are the dominant harmonics, but with
different percentage of each, in various conditions (Langsdorf,
1955).

Although different modified winding configurations are suggested
to reduce voltage harmonics, it is impossible to achieve a winding
in which all the winding factors other than that for fundamen-
tal are zero. Several authors (Charmers, 1964; Hughes, 1970;
Centner and Hanistsch, 2006; Knight, 2009) have considered the
problem of producing an improved magneto-motive force (MMF)
waveform using unconventional windings, the latest being a novel
design in which both the winding arrangement and the slot pat-
tern are unconventional (Kocabas, 2009). This winding method
introduces both non-uniform conductor and slot distributions and
is applicable only for 3-phase single layer AC windings with num-
ber of slots being multiples of 12.

Total Harmonic Distortion (THD)

Total harmonic distortion is an important figure of merit used
to quantify the level of harmonics in voltage or current wave-
forms. THD is defined as the ratio of the root mean square
(r.m.s.) value of all harmonics (Vn, n = 2 to∞) to the r.m.s.
value of the fundamental voltage (V1), i.e.,

THD =

√∑∞
n=2 V

2
n

V1

(1.1)

School of Engineering, CUSAT 11



Chapter 1

The permissible level of harmonic content of the no-load voltage
of synchronous generators is limited by the requirements of IEC
60034-1 which specifies a maximum THD of 5% for all ratings
of brushless alternators. Calculation of THD takes into account
both even and odd harmonics. The contribution of even har-
monics is negligible because harmonics of this order do not exist
in machines. In voltages measured across lines, the third har-
monics and its multiples known as triplen harmonics are absent.
However, in the phase voltage to which single phase loads are
connected, all odd harmonic components including the triplen
harmonics are present.

1.9 The Research Problem

Design inputs for low voltage brushless alternators are the
specifications/requirements put forward by the customers in ad-
dition to general guidelines as per different standards (IEC 60034;
IS 4722). Out of the important output parameters, voltage regu-
lation and total harmonic distortion in the output phase voltage
are critical when the alternator is intended for powering sophis-
ticated and sensitive single phase loads. The voltage regulation
of the alternator is kept within the specified tolerance band with
the help of a well designed excitation system. In this backdrop,
the present study investigates the effectiveness of an improved
excitation system for low voltage brushless alternators, utilising
third harmonic power in the air gap of the machine for excitation
control under loaded conditions. The objectives of the study are
to:

• devise and implement a novel third harmonic excitation
(THE) system for low voltage salient pole brushless alter-
nators.

• design the third harmonic winding in the excitation system
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using finite element method (FEM) modelling and virtual
prototyping (VP).

• predict the characteristics/parameters of the brushless al-
ternator by virtual prototyping, using finite element (FE)
model.

• analyse the effectiveness of third harmonic excitation sys-
tem in keeping voltage regulation within tolerance limits
and reducing the output voltage harmonics, of the brush-
less alternator.

1.10 Research Focus

Among the important output parameters of brushless alter-
nators, voltage regulation and total harmonic distortion in the
output phase voltage are significant when the machine is put to
service for powering single phase loads. Voltage regulation of the
alternator is kept within specified tolerance band with the help
of a well designed excitation system. In the present study, an ex-
citation system is designed for low voltage brushless alternators,
which utilises triplen harmonic content in the air gap flux of the
machine for excitation control under loaded conditions.

The basic design of a rotating electrical machine, i.e., the dimen-
sioning of the magnetic and electric circuits, is usually carried
out by applying analytical equations. However, accurate per-
formance of the machine is usually evaluated using numerical
methods. Of the different numerical methods available, FEM is
the most acceptable one in industry as it offers an efficient and
accurate means of predicting the magnetic field distribution, tak-
ing full account of non-linearity of the iron material and induced
currents in electrically conducting parts of the machine. Hence,
in the present study, virtual prototyping of the brushless alterna-
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tor is done by modelling using FEM software, Ansys Maxwell 2D
(Ansys Maxwell 2D V14 Documentation manual). With this soft-
ware, the effect of a single parameter on dynamic performance of
the machine can be effectively studied by parametric modelling.
Furthermore, some tests on machines which are not feasible un-
der laboratory circumstances can be virtually performed. The
software employed in the analysis has an adaptive mesh gener-
ation algorithm, which iteratively increases the mesh density to
keep the error due to discretisation, within a user specified norm.

Even though, the real field problems in rotating electrical ma-
chines are three dimensional (3D) in nature, the field properties
are invariant along the depth of the machine structure. Hence,
2D FEM formulation is sufficient for analysis of synchronous
machines thereby considerably reducing the computational time
(Bianchi, 2005). By FEM, governing equation of electromagnetic
field distribution existing in the geometry of the machine is solved
for magnetic vector potential (MVP) A, having component only
along z-axis. From the computed value of A, the magnetic flux
density B having components in the (x, y) plane is calculated.
From the estimated value of B at each and every point in the 2D
machine structure, various electromagnetic parameters viz., total
and useful flux, leakage coefficient, Bmax and Bav in the machine
parts, saturation factor, winding inductance, open circuit char-
acteristics (OCC) and direct (d) axis as well as quadrature (q)
axis reactances are derived.

The proposed excitation system is an improvement over the con-
ventional systems, which effectively reduces THD in the output
phase voltage, by utilizing triplen flux harmonics for excitation
control in brushless alternators. In the present study, FE mod-
elling of a brushless alternator of 45 KVA capacity was done us-
ing geometrical data, material properties, winding data, period
of symmetry and the boundary conditions. Virtual prototype of
the machine with third harmonic winding (THW) was subjected
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to detailed analysis for EMF induced per turn of THW and based
on this, number of turns of the third harmonic winding was se-
lected. FE model of the machine with third harmonic winding
was analysed for harmonic content in the output phase voltage
to ascertain the effect of third harmonic excitation winding as a
damper of triplen harmonics in the output voltage.

An experimental machine was designed and developed, with third
harmonic excitation implemented in a 45 KVA, 415 V, 3-phase,
4 pole brushless alternator. The main winding is a full pitched
concentric winding and the third harmonic excitation winding is
wound for 1/3rd pitch with number of turns per harmonic pole
obtained from analysis of the FE model. Since THW is wound
for 1/3rd pitch, only the triplen harmonic flux in the air gap of
the machine links with it. The no load excitation for the ma-
chine are provided by a 2/3rd pitched auxiliary winding placed
in the stator slots along with the main winding. To keep the
voltage regulation of the machine within the specified tolerance
band of ±1%, the additional excitation requirements of the ma-
chine under loaded conditions are supplied by the third harmonic
winding. Since third harmonic flux is utilised for meeting excita-
tion requirements, there is a reduction in the triplen harmonics in
the output phase voltage of the machine. The simulation results
of the virtual prototype were validated by experiments conducted
on the prototype machine. The experimental results clearly indi-
cated that third harmonic excitation system is effective in keeping
VR of the machine within the specified tolerance band and also
in reducing THD in the output phase voltage.

The thesis is organised systematically with the following sections:
Chapter 1 introduces the research topic along with brief back-
ground information, statement of the research problem, research
objectives and focus. Chapter 2 reviews the literature on differ-
ent modelling methods for synchronous generators, application of
FEM for parameter prediction of electrical machines and evolu-
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tion of third harmonic excitation systems. Chapter 3 deals with
the aspects of finite element formulation of the field problem in
brushless alternators. Chapter 4 looks into virtual prototyping
aspects of the brushless alternators and analyses the performance
parameters/characteristics. In Chapter 5, a study of the conven-
tional excitation systems is done and the effectiveness of improved
excitation system utilising third harmonic power is tested. Design
aspects of the third harmonic excitation system are also detailed
in this chapter. Chapter 6 deals with comparison of results from
the virtual prototype and the experimental machine. The last
chapter (Chapter 7) of the thesis presents the summary and the
scope for further research. Bibliography is presented towards the
end of the thesis.
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Literature Review

2.1 Introduction

A comprehensive literature survey was conducted to study the
various approaches existing for design and analysis of electro-
magnetic devices. Electro-magnetic field analysis, virtual pro-
totyping and parameter prediction are the most important ac-
tivities in machine design and development cycle. Hence, field
simulation has attracted lot of attention these days and different
methodologies are adopted by designers for accurate performance
prediction of machines being developed.

Design of rotating electrical machines with high power to weight
ratio demands accurate determination of electromagnetic field
properties across the machine geometry. The conventional method-
ology adopted by the designers in early days was computation of
the field parameters by the reluctance method followed by ex-
pensive prototyping. This was replaced by sophisticated compu-
tational methods with the advent of computers. The evolution
of these methods is reviewed in section 2.2.

17



Chapter 2

As an important control unit of the brushless alternator, the
excitation system and its dynamic performance has direct impact
on the stability and reliability of the alternator. The literature
on different types of excitation systems are extensively reviewed
in section 2.3.

In machines designed for mission-critical and sophisticated ap-
plications, certain output parameters and performance charac-
teristics are significant. Hence, accurate prediction of machine
parameters during design stage itself minimises cost and time in-
curred towards development. Virtual prototyping is a method
usually adopted for parameter prediction in electrical machines
during the machine design process. FEM is a numerical method
being used for virtual prototyping of brushless alternators for
accurate prediction of machine parameters. The applications of
FEM in brushless alternator modelling and analysis are reviewed
under sections 2.4 and 2.5.

For a brushless alternator, among the important machine param-
eters, output voltage harmonics play an important role. THD if
allowed beyond certain limits, introduces ill effects in the ma-
chine performance like reduced efficiency, excessive temperature
rise and increased neutral current. Hence, employing methods to
minimize THD in the output voltage of the machine and accurate
prediction of the same is very important in the machine develop-
ment process. The literature on different methods for reduction
of output voltage harmonics in brushless alternators is reviewed
in sections 2.6 and 2.7. Various winding configurations imple-
mented in alternators for minimisation of THD in the output
voltage are also reviewed.

The literature reported on third harmonic excitation systems are
reviewed in section 2.8 and the knowledge gaps identified are also
presented.
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2.2 Analysis of Electrical Machines

Evaluation of electrical machine behaviour under various oper-
ating conditions has always been a challenging issue. Depending
on the requirements, various approaches are possible for perfor-
mance evaluation and in certain cases, different methods are to be
combined to get satisfactory results. When traditional methods
are used for the analysis of electrical machines, there are lots of
approximations made and the magnetic field calculations are only
fairly accurate (Yilmaz, 2008). The analytic methods for the per-
formance prediction in electric machinery are based on the rough
idea of the magnetic field distribution in the machine core and
the air gap. Therefore, the results are not reliable for prediction
of dynamic behaviour of the machine. Because of these reasons,
lot of research is undertaken for parameter predictions associated
with numerical field computations (Tandon et al., 1980; Chari,
1983).

Originally, the theory of electrical machines was based on
construction of equivalent circuits and their analysis. The con-
ventional methods used for machine analysis were construction of
vector diagram, symbolic method, circle diagram method (Hey-
land, 1906; Blondel, 1913; Behrend, 1921) and method of sym-
metric components (Fortescue, 1918; Lyon, 1937). Subsequently,
theory and analysis of electrical machines was developed in the
framework of generalised theory of electric machines, which was
stimulated by the problems arose during the construction of syn-
chronous generators and power systems. The first works con-
cerned with the mathematical theory of electrical machines ap-
peared in the middle of 1920’s, 1930’s and 1940’s. Among the
authors, Park (1928; 1929; 1933), Kron (1939; 1942) and Petrov
(1963) made valuable contributions for development of the theory.
A significant contribution to the development of the mathemati-
cal theory was made by Park in a set of three papers (Park, 1928;
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1929; 1933). These papers presented not only the general two-
axes equations of the synchronous machine, but they indicated
how the equations can be applied to many important practical
problems. Park’s transformation provided the development of
Kron’s generalised theory, which was published in a series of pa-
pers and books (Kron, 1942; 1951; 1957). Kron (1957) suggested
the model and equations for generalised (primitive) electrical ma-
chine. The generalised electric machine is an idealised two-pole
machine with two pairs of windings on the stator and two pairs
of windings on the rotor. A variety of constructions are available
for electric machines and any electrical machine with a circular
field in the air gap could be reduced to the generalised electric
machine. Later, Blondel (1913), Steinmetz (1916) and Kostenko
(1962) extended and advanced the theory of steady-state opera-
tion of electric machines.

The next important step in the development of mathematical
theory of electrical machines was the creation of mathematical
models describing the transient processes. Initial studies of tran-
sient processes in power systems were conducted in the beginning
of 1920’s and the results of this work were published by Doherty
and Nickle (1927; 1930), Longley (1930), and Rudenberg (1942).
A large contribution to the development of the theory of tran-
sient processes was made by Adkins (1957), White and Woodson
(1959) and Kostenko (1962). On the basis of the generalised
electric machine, the general theory of electrical machines was
explained by Adkins (1957) and many examples of its applica-
tion for analysis of individual machines were demonstrated. In
the fundamental work of White and Woodson (1959) the equa-
tions for generalised electric machine were derived. On the basis
of these equations, almost all electro-mechanical converters were
analysed and a good deal of attention was paid to the dynamic
modes of operation of electro-mechanical devices. But, all the
analytic methods for machine modelling could give only approx-
imate results owing to complex geometry of the machine and
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presence of non-linear magnetic materials.

2.2.1 Numerical Methods for Field Analysis

With the ever increasing need for improved efficiency, high
reliability and economic design for electro-magnetic devices, the
necessity for accurate modelling of the geometry, non-linear ma-
terial characteristics and disposition of sources as well as induced
currents was recognised. Advancements in computer technology,
software engineering and graphics have ushered the development
and analysis of sophisticated models enabling accurate prediction
of electro-magnetic field parameters (Salon et al., 1999; Sykulski,
2006; Zhou, 2012)

The development of numerical methods for electrical machine
analysis started with the finite difference method (FDM) which
was followed and overtaken by finite element method. Pioneering
works in electro-magnetic field analysis using numerical methods
were carried out during 1970’s and Demerdash and Nehl (1979)
evaluated the methods of finite differences and finite elements as
applied to non-linear magnetic field problems in electrical ma-
chines. The evaluation was done on the aspects of effective-
ness, numerical accuracy, computer storage and execution time
requirements of the two methods and finite element method was
found to be superior. Results derived from the finite element
analysis had the tendency to converge asymptotically to corre-
sponding experimental test data as the fineness of the discreti-
sation mesh was increased. But, with finite difference scheme,
the results strongly indicated that there are lower bounds be-
yond which inherent numerical error could not be decreased by
an increase in the degree of fineness of the corresponding dis-
cretisation mesh. Awad et al. (2000) proposed a method for
modelling steady state performance of large turbo-alternators,
including effects of magnetic saturation. To avoid the superpo-
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sition limitations of the conventional d-q approach, a sectoral
model of a pole of the machine was developed and solved itera-
tively. Monorchio et al. (2004) described a hybrid technique that
combines FEM, FDM and the integral equation based method
of moments (MoM) in time domain to analyse complex electro-
magnetic problems related to thin wire antennas. This method
is applicable to electro-magnetic waves in high frequency domain
and not for low frequency domain of electrical machines.

Of the several methods propagated, FEM has gained increas-
ing acceptance from industry for modelling rotating electrical ma-
chines with complicated geometry and non-linear material prop-
erties. The formulation of FEM and its application to magnetic
field analysis has been adequately detailed by Chari and Silvester
(1971), Rafinejad et al. (1976), Sarma (1979), Tandon et al.
(1983), Belforte and Chiampi (1984), and Brauer (1993). To keep
up with more stringent design requirements that the industry de-
mands, designers of electrical machines have turned to computer
aided design (CAD) and especially to finite element techniques
for design and analysis of electrical machines (Chang et al., 2003;
Premkumar, 2006; Trowbridge and Sykulski, 2006; Yilmaz and
Krein, 2008; Guptha et al., 2009). Finite element method has
evolved as the fastest and the surest way to the prediction of
machine parameters at the design stage. Electro-magnetic field
solution is only the first step in the analysis process and further
the machine parameters are derived from the field solutions by
post-processing. The availability of affordable desk-top comput-
ing power and the arrival of powerful menu-driven softwares have
largely contributed to the acceptance of such methods in the de-
sign process.

Chiricozzi and Napoli (1978) developed a method for machine
modelling by FEM based on state-variable approach, for account-
ing the saturation effect in the iron parts and eddy currents in the
rotor winding. The method was based on assumptions that mag-
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netic field is produced by a step current impressed to the rotor
slot bar and the stator windings have three phase linear current
density which is a deviation from reality under actual situations.

Chari et al. (1981) presented the method of determining internal
state of a synchronous machine during steady state load opera-
tion. A two dimensional (2D) finite element model was employed
to compute the excitation values and direct and quadrature axes
reactances. The authors employed realistic representation of sta-
tor currents by allowing actual instantaneous coil currents in the
slots and discarded harmonic components of phase currents. This
is a compromise between the sinusoidal current sheet representa-
tion which is simple for analysis and the coil current representa-
tion in which the analytical solution is complex.

Ashtiani and Lawther (1983) described a possible technique for
using FEM to directly obtain values of the load angle and field
current in an alternator from the knowledge of terminal operating
conditions. The novelty of the method was that even in presence
of non-sinusoidal flux linkages, the terminal parameters could be
related to nodal MVPs which is important for analysis of salient
pole machines. The disadvantage of the method is that resulting
set of equations was non-symmetric and hence faced difficulty for
solving.

Benefit assessment of finite element based saturation model of the
synchronous generator is done by Schulz et al. (1987) and the
saturation representation of the machine model is improved by
non-linear magnetic finite element analysis (FEA). A comparison
of finite element algorithm and conventional algorithm is done
based on B-H characteristics of the magnetic material.

An improved model for the transient analysis of saturated salient
pole synchronous motors was presented by Ojo and Lipo (1989)
with the aid of saturation factors obtained by test or with finite
elements. Park’s equations (Park 1929) for the synchronous ma-
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chine were modified to independently account for the saturation
of d and q-axes magnetic flux linkages in the region of stator teeth
and rotor pole face as well as saturation of total flux linking the
stator core.

Small salient pole synchronous generators are normally skewed in
order to eliminate slot ripples from the induced EMF and current
waveforms. Williamson et al. (1995) outlined a technique which
enables two dimensional FE analysis to be applied to skewed
machines which involves representing the continuous skew in a
series of discrete steps. Each two dimensional slice corresponds
to a different position along the axis of the machine and non-
linear field solution is performed for each slice at each time step.
The disadvantage of this method is that deep bar effect is not
automatically included in the field solution since magneto-static
field solutions are used.

According to IEEE standard 115-1995, the d-axis dynamic reac-
tances and time constants can be computed from 3-phase short
circuit tests and the negative sequence reactance can be derived
from the line to line short circuit test. Susnjic (1997) reported on
numerical simulation of the sudden short circuit in the q-axis by
which the q-axis parameters of the synchronous generator were
predicted. Arjona and McDonald (1999) presented a steady state
model that describes synchronous reactance over the whole oper-
ating region of the machine, taking into account main and cross
axis magnetic saturation. The analysis presented saturation as a
function of total air gap ampere-turns of the machine. Wamkeue
et al. (2003) proposed a 2D time stepped finite element method
to simulate the line to line and 3-phase short circuit tests for pa-
rameter prediction of large hydro-generators. In the FE model
generated, the stator and rotor windings were not taken into ac-
count because of their small physical dimensions in comparison
with the overall machine geometry. But, this method suffered a
discrepancy of shift in the time axis between the computed and
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experimental parameters, which, as explained by the authors, is
due to the difficulty in matching of the initial rotor angle during
simulation with that in the experiment.

Amaya et al. (2003) reported on synchronous machine parameter
identification by simulation using FEM. By finite element anal-
ysis of the machine, the reactances and time constants in the d
and q-axes were obtained. Compared to the test procedures for
calculation of reactances and time constants, the results are more
accurate as it also considered the effect of saturation. Shima et
al. (2003) described a method for calculating the steady and
transient state leakage flux distributions, based on FEM. The
method analysed the leakage inductances that represent the cor-
responding leakage fluxes with magnetic saturation taken into
account. Kolondzovski (2004) explained the calculation of syn-
chronous generator reactances by FEA and compared results with
analytic solutions and experimental results. The magnetic flux
pattern in the machine was plotted and the prediction of transient
and sub-transient reactances of the machine was done. Kolond-
zovski and Petkovska (2005) reported on the determination of
synchronous generator characteristics like open circuit character-
istic (OCC), flux and flux density distribution in the air gap of
the machine, by finite element analysis.

Petkovska et al. (2008) described two different methods based on
FEM for computation of steady state and transient d-axis and q-
axis parameters. First method combined the results of magneto-
static FEM analysis as well as Matlab/Simulink simulation and
transient performance characteristics were predicted. Using the
machine parameters obtained by simulation of FE model of the
machine, the mathematical model of the synchronous genera-
tor in Matlab/Simulink environment was developed. Simulating
this model for 3-phase symmetrical short circuit, the time depen-
dant transient characteristics were also predicted. In the second
method, the transient analysis of the 2D FE model of the machine

School of Engineering, CUSAT 25



Chapter 2

was done using the FE software, which took into account the end
winding effects and saturation of core in the machine. The results
obtained by time stepping FE method proved to be more precise
and in close agreement with the experimental results. Okafor
et al. (2009) applied FEM for prediction of magnetic flux pat-
tern and the magnetisation curve of DC machines. The author
presented variational formulation for Poisson’s equation which
governs the approximating function, and the functional minimi-
sation using first order triangular finite elements.

The properties of permanent magnet brushless (PMBL) alterna-
tors like high power to weight raatio, small size, high efficiency,
high reliability, variable speed operation and good dynamic per-
formance make them suitable for aircraft and automobile appli-
cations. Due to stringent performance requirements like highly
competitive costs, low acoustic noise, high efficiency and unique
operating conditions, design of PMBL machines is challenging
and designers are constantly in search of effective methodologies
for design and performance prediction of such machines. Hence,
a wide variety of designs for such machines are proposed by re-
searchers. Spooner and Williamson (1996) designed and con-
structed two small multi-pole radial flux permanent magnet test
machines for use as a direct coupled generator in wind turbines.
The authors later proposed a modular design of permanent mag-
net generators for wind turbine. Chen et al. (2000) proposed the
methodology for design and finite element analysis of an outer
rotor permanent magnet generator for directly coupled wind tur-
bine applications. Comanescu et al. (2003) reported on the de-
sign and analysis of a 42 V permanent magnet generator for au-
tomotive applications.

Bhim Singh and Jally Ravi (2006) proposed a method based on
FEM for design and analysis of a 3 KVA, 28 V PMBL alterna-
tor for light combat aircraft. Main objective of the design was
to maximise the efficiency and minimise the volume of the al-
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ternator. The preliminary design was done based on analytic
equations and FE model developed based on these dimensions
was subjected to simulation. The simulation results were verified
for critical values of flux density in various parts of the machine.

Chan et al. (2005) studied the performance of a permanent mag-
net synchronous generator (PMSG) with inset rotor construction
by using a time stepped coupled field circuit FEM. The focus was
on the effect of inverse saliency on voltage regulation. The study
was limited to linear R-L loads and only steady state operation
was considered. Further, Chan et al. (2010) applied time step-
ping finite element analysis to study steady state and transient
performance of the PMSG when supplying an isolated resistive
load, at constant speed.

Synchronous reluctance machines are used in applications requir-
ing high dynamics, high efficiency and high flux weakening capac-
ity (Welchko, 2003). A permanent magnet is sometimes buried in
rotor flux barriers for the purpose of saturating iron bridges and
increasing the power factor. The anisotropy of the rotor causes a
high content of flux density harmonics which results in increased
iron losses. Barcaro and Bianchi (2010) developed an analyti-
cal model for the machine which on validation by FEM shows
the dependence of flux density harmonics on the rotor geometry.
A number of authors have presented models for calculating iron
losses in synchronous machines with anisotropic rotor (Mi, 2003;
Magnussen, 2004; Yamazaki, 2006; Roshen, 2007).

Shima et al. (2002) analysed the leakage flux distributions in a
salient pole synchronous machine using finite elements. The au-
thors presented a method for calculation of steady state and tran-
sient state leakage flux distributions in the machine. The method
analysed leakage inductances that represent leakage fluxes with
magnetic saturation also taken into account. The leakage in-
ductances were divided into the self-leakage, gap leakage, and
winding-differential leakage inductances. Cross-magnetizing in-
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ductances were also calculated. Weak magnetic influence of the
damper circuits on the armature in the d-axis was quantitatively
illustrated through values of the winding-differential leakage in-
ductances.

Chebak et al. (2010) presented the method for optimal design of
a high speed slot-less permanent magnet synchronous generator
with soft magnetic composite stator yoke and rectifier load, by
FEM. Lidenholm and Lundin (2010) estimated the parameters
of hydro-power generator through field simulation of the stan-
dard tests. The 3-phase short circuit test, slip test and the field
decrement test were implemented using a time stepping finite el-
ement software. The simulation results shown compliance with
the measured values of the hydro-power generator. Iamamura
et al. (2012) conducted a study on rotor static eccentricities of
turbo alternator using air gap flux sensors, by FEM. The method
also took into account the eddy currents in damper bars while
operating at rated load conditions.

Tessarolo et al. (2012) used time stepping finite element analysis
for predicting generator performance with different damper cage
designs. The results of FE analysis as a method to predict gen-
erator performance was assessed against test results for various
damper cage design alternatives. FE simulations gave accurate
results even without model tuning if continuous end rings were
used to short circuit the damper bars. Laldin et al. (2013) pro-
posed an analytical design model of a salient hybrid synchronous
machine that utilizes a field winding as well as permanent mag-
nets for excitation. The model was designed for use in a multi-
objective design process to establish the trade off between mass
and loss. The methodology validation was done by using a finite
element model of the machine. The calculated parameters in-
clude resistances, inductances, and the back-emf of the machine.
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2.2.2 Circuit Coupled FEM

Intensive efforts are being undertaken to explore suitable
methods to couple finite element machine models with external
circuit equations for analysing power electronic drives in time do-
main. There are situations where properties of the machine sig-
nificantly affect behaviour of the external circuit (Krause, 2013).
The trends and accomplishments in coupled field circuit prob-
lems have been presented by Tsukerman et al. (1993). There
are two different approaches to couple finite element models with
circuit equations: the direct method in which equations of FE
model and circuit model are handled as a single system and the
indirect method in which the finite element model of the ma-
chine is handled as a separate system which communicates with
the circuit model with the aid of coupling coefficients. Direct
coupling was used in conjunction with time domain simulation
by Hecht (1990) and Sadowshi et al. (1993). Drawback of di-
rect coupling is that the circuit equations are to be so formulated
that the sparse matrix solution technique still works when the
circuit models are added in parallel with the FE model, which
limits the freedom with circuit modelling. Vaananen (1996) pro-
posed a method for coupling FE models with circuit equations
based on indirect coupling. In this method, FE model is han-
dled as a circuit theoretical multi-port element which is treated
in same way as ordinary non-linear circuit elements within the
Newton-Raphson (N-R) iteration of the circuit equations.

Fixed parameter models give good insight into the operation of
the system as a whole, but are not accurate enough for design
optimisation. FE models give an exact representation of the mag-
netic field inside the machine, enabling iron saturation and skin
effect to be accounted with great accuracy. However, they are
expensive to time step at the rate demanded by the fast tran-
sients caused by the converter (Preston et al., 1991). Williamson
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and Volschenk (1995) proposed a hybrid technique which used a
circuit model and a FE model for representation of the generator
feeding rectifier load. The circuit model was time stepped un-
til changes in flux linkage indicated that the parameters needed
updation. Using the known orientation of rotor and the known
set of currents, the field model was run and the circuit model
parameters were updated. In this way, expensive field solutions
were carried out only when needed, rather than at a frequency
dictated by the fast acting transients generated by the converter.
This method is suitable for analysis of machines in which cur-
rents flow in well defined paths, for e.g., conductors of a winding
and bars of a damper cage. But, the method poses restriction to
accommodate eddy currents induced in massive iron structures
such as solid rotors in certain alternators.

Fu and Ho (2010) presented a general formulation of 2D FEM for
computation of magnetic field and electric circuit coupled prob-
lems. The authors extended the concept of windings to include
group of solid conductors and all excitations including stranded
windings and solid conductors were regarded as special cases of
the basic winding.

2.3 Excitation Systems in Alternators

Excitation system in brushless alternators has an important
role on machine dynamic performance, ensuring the quality of
generated voltage. More precisely, in brushless alternators, it
is the role of the excitation system to keep voltage regulation
within a specified tolerance band over the entire operating range.
Hence, all modern machines are equipped with a well designed
excitation system with automatic voltage control equipment as
shown in Figure 2.1 which serves to maintain a constant terminal
voltage under all load conditions.
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Fig. 2.1: Schematic of brushless excitation systems (Source: Opera-
tion manual, BHEL EML, Kasaragod)

2.3.1 Brushless Excitation Systems

The brushes and slip ring assembly for feeding power to the
rotating field of conventional synchronous generators results in
spark at the brushes, increased losses and frequent maintenance.
To overcome these disadvantages, the concept of brushless alter-
nators was introduced in 1980’s. Since then, there was a con-
tinuous up-gradation of the technology and today, all modern
brushless alternators are designed to be self generating and self
regulating, for maintaining the quality of power generated. To
meet this requirement, different configurations of the excitation
system are presently available.

Shibata et al. (1983) introduced the concept of a brushless, self-
excited 3-phase synchronous generator. Subsequently, Shibata
et al. (1990) developed brushless and exciter-less, single-phase

School of Engineering, CUSAT 31



Chapter 2

and 3-phase synchronous generators. In the 3-phase generator,
the stator armature winding was connected electrically with the
secondary winding of a transformer and the rotor was provided
with a bridge type field winding. In the single-phase generator,
armature winding was electrically connected with the excitation
power-supplied winding through a capacitor and the rotor was
provided with a balanced 2-phase field winding. In these gen-
erators, AC excitation current flows in the armature winding si-
multaneously with the load current and thus, the generator was
made brushless and exciter-less.

Inoue et al. (1992) proposed a brushless self-exciting 3-phase syn-
chronous generator which comprised 3-phase armature windings
on the stator, one field winding, one exciting winding on the rotor
with five times as many poles as that of the armature winding
and a 3-phase reactor connected to the terminal of the armature
windings. By utilising the 5th space harmonic component of ar-
mature EMF, small voltage regulation for various loads and no
oscillatory tension occurring at the rotor shaft were realised. The
basic constitution, principle of operations, and exciting charac-
teristics were also described.

A new variable speed synchronous generator system was pro-
posed by Nonaka and Kawaguchi (1992) which consisted of a
brushless self-excited synchronous machine and a voltage source
pulse width modulated (PWM) frequency changer. In this gen-
erator, the field current was obtained by superimposing another
field on the stator rotating field, which was achieved by control
of the PWM converter so that AC voltages are induced and half
rectified in the rotor field windings. This generator did not re-
quire an exciter or additional exciting equipment and in order to
superimpose the additional field on the stator field, two modu-
lation schemes of the PWM converter of the frequency changer
were provided.

Nonaka and Kesamaru (1994) described a new brushless genera-

32 School of Engineering, CUSAT



Chapter 2

tor without a rotating exciter, and having a stator with two in-
dependent windings designed for different pole numbers, the first
being single-phase load winding and the second, exciter DC wind-
ing. This generator had the advantage of presenting an almost
constant output voltage for large load variations and different
speeds.

More recently, Chan and Lai (2001) analysed the steady state be-
haviour of a single-phase self excited generator where the equa-
tions were derived using the symmetrical component method.
Detailed discussions of excitation control systems for brushless
synchronous generators were presented by Godhwani and Basler
(1996) and Erceg et al. (1999). Erceg proposed digitally con-
trolled excitation systems for the synchronous brushless genera-
tors. The control system had two feedback loops: one based on
generator’s voltage and the other based on excitation current of
the exciter. Besides basic function of a voltage controller, the
digital system had more control functions like limits of minimal
and maximal exciter current, compensation of the voltage, volt-
age/frequency characteristic, and possibility of communicating
with higher system levels. Different methods for control of field
excitation for better voltage regulation in generators were pro-
posed by Rabelo et al. (2004) and Boldea (2005).

Brown and Haydock (2003) presented a new brushless synchronous
alternator which combined permanent magnet and wound coil
excitations to provide a single stage brushless alternator. The
design procedure followed was based on lumped parameter mag-
netic circuit model. Singh et al. (2012) proposed a synchronous
generator with asynchronous excitation and uncontrolled recti-
fier bridge. The terminal voltage of the machine was regulated
through the field current. The methodology for modelling the
machine neglected harmonics due to saliency as well as rotor field
winding resistance and assumed the rotor speed to be constant.
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2.3.2 Brushless Exciter Modelling

Complete study of dynamic transient performance of brush-
less alternators needs development of a total gen-set system model
for which modelling the exciter machine is essential. Conven-
tional models of brushless exciters employ transfer functions, the
parameters of which usually decided by test, and the use of such
models is limited to small disturbances. Kabir and Shuttleworth
(1994) proposed a brushless exciter model which uses d-q param-
eters rather than a transfer function. The model was based on
steady state phasor diagrams, by the two-axis approach.

Darabi and Tindall (2002) reported on a methodology for pre-
diction of self and mutual inductances of a brushless exciter of
gen-set alternator for different rotor angle positions, by using
FEM. A real time model for the exciter, the load and the diode
bridge mounted on the rotor was proposed which was analysed
for parameter identification using a FE package. Subsequently,
Darabi et al. (2004) presented the model of a small brushless
generating set linking the finite element and time stepping cir-
cuit model of the main alternator as well as load, the real time
model of the analog AVR and a model based on the self and
mutual inductances of the exciter machine along with the diode
bridge rectifier. The complete model was used to study the tran-
sient and steady state performance of the whole generating set
under different load conditions including synchronous operation
in parallel with the mains. But, the composite model had the
limitation that the diesel engine dynamics was not included for
complete gen-set investigation.

Recently, Griffo et al. (2013) proposed the design methodology
and characterisation of a 3-phase brushless exciter for air-craft
generator. The authors evaluated a 3-phase AC main exciter
for a wound field synchronous starter generator for air-crafts,
capable of operating in both starting and generating modes. The
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output capabilities of the machine were predicted in all operating
conditions using 3D finite element model together with lumped
parameter circuit approach.

2.4 Virtual Prototyping and Parameter Pre-
diction of Electrical Machines

Electrical machines and devices experience transient electro-
magnetic disturbances during operation either in a stand-alone
mode or in conjunction with a system or network to which other
electrical apparatus are connected. Some of the more common
disturbances are switching transients, system faults, lightning
surges, and electromagnetic interference in communication lines.
Such occurrences result in over-voltages, which impair the dielec-
tric strength of the insulation, or current surges which causes
overheating and high mechanical stress in structural members,
thus affecting the performance and reliability of electrical ma-
chines. The severity of the disturbance is further enhanced by
saturation of iron parts and flow of induced currents in conduct-
ing media. To achieve design integrity and assure reliability of
operation, it is essential to evaluate the impact of these tran-
sient effects on machine performance at the design stage. As a
necessary first step, the designer has to determine the magnetic
field distribution accurately and in detail enabling performance
prediction of machines.

The performance analysis of synchronous generators employs steady
state two axis (d-q) model, transient two axis model or finite el-
ement model. When harmonic effects are neglected and linear
passive loads are considered, the steady state performance of the
machine can be computed using two axis model. Saturation ef-
fects may be taken into consideration using appropriate values of
synchronous reactances.
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Conventionally, field computation in rotating electrical machines
under steady state and transient conditions are carried out by
closed form and analog methods for simplified machine repre-
sentation (Chari et al., 1982). Numerical methods for solving
transient field problems have become popular these days and
techniques based on time-step integration procedures using either
explicit or implicit solution algorithms or a combination of the
two (Hughes and Liu, 1978) have been developed. In these meth-
ods, the solution to the field problem is expressed as a product of
functions in space and time. The function in space is determined
using an established finite element (Silvester and Chari, 1970)
or finite difference technique (Fuchs and Erdelyi, 1973) and the
function in time is evaluated by a time stepping procedure (My-
ers, 1971). Other methods applied to the solution of transient
electromagnetic field problems are the state-space technique as
reported by Demerdash and Lau (1976) which uses a finite differ-
ence model, the model analysis technique described by Konrad
et al. (1976) and the Fourier transform technique discussed by
Lawrenson and Miller (1978).

Owing to rapid advances in computational magnetics, FEM has
become a popular and powerful tool for performance analysis
of electrical machines. FEM is useful for dealing with irregular
geometries, complex material properties, local saturation, har-
monic effects and circuit non-linearities. Nonaka et al. (1991)
presented the magnetic field analysis of brushless 4-pole, 3-phase
synchronous generator in which the rotor of the generator con-
sisted of short circuited field coils with diodes. The characteris-
tics of this generator were analysed using finite element method.
Zhou Ji et al. (2000) presented a method for determination of
power angle curves of synchronous machines including saturation
and cross magnetizing effect, by FEM. The authors compared
two methods where in the first, the saturated power angle curve
was determined directly by FEM and in the second method the
saturated reactances were calculated by FEM and subsequently
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the saturated power angle curves determined indirectly based on
calculations.

Among different machine parameters, iron loss is an important
parameter directly affecting the efficiency and temperature rise
of the machine. Hence iron loss prediction is an important is-
sue in the machine design process. Due to complexities in the
machine structure, flux distribution and variation of flux under
rotor movement, prediction of iron losses in rotating electrical
machines is cumbersome. Ma et al. (2003) investigated on the
prediction of iron losses in the core of rotating machines, by FEM.
By this method, accurate prediction of iron losses was possible by
considering the influence of flux vector rotations and flux density
harmonics. Later, Nakahara et al. (2004) extended this method
by computing the additional losses in metal portions other than
the steel laminations.

Petkovska et al. (2008) presented a methodology for FEM cou-
pling for transient performance analysis of a salient pole syn-
chronous generator. The methodology focused on time-stepped
simulation of transients during 3-phase bolted short circuit at
the generator terminals. The analysis was based on the com-
bined solution of magnetic field equations and circuit equations
of windings. Ranlof et al. (2010) presented a permeance model
that was employed to estimate the no load damper current loss
and voltage waveform harmonics in large turbo-generators. The
computed harmonics were compared with the time-stepped FE
calculations and influence of pole to pole damper bar connections
and number of damper bars, on the voltage waveform was also
analysed.

Merkhouf et al. (2012) conducted a study on loss calculation
by simulation of core loss models including finite element model,
to predict the magnetic core losses in hydro-electric machines.
Petrinic et al. (2012) reported on a methodology based on FEM
for determination of synchronous generator load condition pa-
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rameters, awareness of which gives insight into the possible oper-
ational problems and helps prevention during design stage itself.
Calvano et al., (2013) introduced a technique based on integral
formulation of non-linear magneto-static model for investigations
on the influence of end effects on flux linkages of a large turbine
alternator.

2.5 Modelling Methods for Virtual Prototyp-
ing of alternators

Different analytic methods are available for modelling mag-
netic field problems to obtain closed form solutions (Mukhopad-
hyay, 2007). Some of these analytic solutions are obtained as-
suming certain situations, thereby making the solutions applica-
ble to idealised situations. Analytic solutions have an inherent
advantage of being exact and they make it possible to observe
behaviour of the solution when there is variation in problem pa-
rameters. However, analytic methods have the limitation that
solutions are available only for problems with simple configura-
tions. This poses difficulty in the electro-magnetic analysis of
rotating electrical machines as the geometry is very complex and
the magnetic materials used are non-linear. In general, analytic
models of rotating electrical machines support fast simulation but
at the cost of limited accuracy and flexibility.

When the complexities of analytic formula became intractable,
non-analytic graphical, experimental and analog methods are
used for solution of the field problem. Application of graphical
methods is a cumbersome and tedious process and is limited to
linear problems with constant material characteristics. Owing to
the effect of temperature and humidity variations and their effect
on measurements, the experimental and analog methods can not
be relied upon for accurate and consistent results. Hence all these
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methods are applicable only for limited cases where the geometry
of the problem domain is simple and the material characteristics
are linear.

The practical field problems in rotating electrical machines in-
volve complicated domains with regard to geometry, material
constitution, loads and non-linearities which forbid the use of an-
alytic solutions and the only alternative is to find solution using
numerical methods.

2.5.1 Lumped Parameter Models

In lumped parameter models, the inherently distributed na-
ture of the electro-magnetic interaction inside the generator is
lumped into a fairly limited set of equations. The field variables
in the problem domain are computed by solving these equations.

Permeance Model

The rotating field method determines air gap flux density in
an electrical machine and the same is calculated as product of
MMF and a permeance function. A calculation scheme that uses
this approach to derive the air gap flux density is referred to as
a permeance model (Knight et al., 2002; Ranlof et al., 2010).

The permeance model uses Amperes law to solve for magnetic
fluxes and magnetic fields. Simplifying assumptions must be
made, and hence this method cannot always give accurate re-
sults. For very simple problems, its results are often reasonably
accurate, but for electrical machine analysis, the geometry being
complex, the results are unreliable.

The permeance model when applied for electrical machine anal-
ysis, has several limitations as given below:
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• Fringing of flux in non-linear air gap is either ignored or
approximated with fringing factors.

• Since reluctance is inversely proportional to permeability,
prediction of non-linear B-H effects in steel is difficult.

• Losses in steel can be represented by use of complex reluc-
tance. However, obtaining values of complex reluctance is
often very difficult.

• Most real world devices have complicated geometries with
multiple flux paths that are difficult to analyse. However,
magnetic circuits can be constructed with series and paral-
lel reluctances to more accurately model such devices.

For many magnetic devices, the necessity of assuming flux
paths makes the reluctance method inaccurate. Thus, the
reluctance method cannot be accurately applied to model
many electro-magnetic devices.

Equivalent Circuit (EC) Alternator Model

In studies of the electro-magnetic interaction between alter-
nators and other electrical equipments, the alternators are fre-
quently represented by a set of electrical circuit equations. A
long tradition of elaborate refinement and adaptation of such cir-
cuit representations to fit almost any problem of interest, makes
this the most established and accessible form of alternator anal-
ysis. A number of factors determine the nature of an alternator
EC model (Yilmaz and Krein, 2008). Some of the most impor-
tant factors of EC modelling are briefly discussed below (Ranlof,
2011).

• Model quantities can be represented with physical units (V,
A and W) or, alternatively, units are eliminated from the
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calculations by expressing all quantities in terms of frac-
tions of specified base values. The latter approach called
per unit (p.u.) representation is convenient in power sys-
tems with many different voltage levels, and also facili-
tates the comparison of electrical equipments with dissimi-
lar power ratings.

• The armature can be modelled by its three physical sta-
tionary armature phases A, B, and C or, alternatively, by
means of fictitious rotor-fixed windings. A stator-fixed rep-
resentation is usually referred to as a phase domain model,
while the rotor-fixed representation is called a d-q-0 or two-
axis model. The d-q-0 representation brings about numer-
ous modelling advantages, such as time-independent circuit
inductances and decoupling of d and q-axis circuits if iron
saturation is neglected. The level of modelling detail should
be adjusted to the problem at hand and to the required ac-
curacy of results.

Limitations of the EC method in practical rotating machine anal-
ysis are:

• d-q-0 models are fundamental wave models, i.e., they only
consider the dominating space fundamentals of the mag-
netic flux density waves inside the generator.

• Linear EC models either neglect iron saturation or repre-
sent the effect by parameter values appropriate at the stud-
ied point of operation (saturated parameters).

The limitations imposed by analytic methods, their restriction to
homogeneous, linear and steady state problems, are overcome by
the use of numerical methods.
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2.5.2 Numerical Models

Since the distribution of electro-magnetic field in electrical
machines is represented by the second order partial differential
equation, the magnetic field parameters at each and every point
in the machine can be determined by solving this governing equa-
tion. For solution of the governing partial differential equations,
numerical methods have come into prominence and have be-
come more attractive with advancements in computational ca-
pabilities. The most commonly used numerical techniques in
electro-magnetics are the moment method or the boundary el-
ement method (BEM), finite difference method (FDM) and the
finite element method. Most electromagnetic problems are gov-
erned by either partial differential equations or integral equations.
Partial differential equations are usually solved by using FDM or
FEM whereas; integral equations are solved conveniently by us-
ing the moment method also known as BEM. Although numerical
methods give approximate solutions, the solutions are sufficiently
accurate for engineering purposes. The problem of solving field
equations by means of digital computing can be tackled with a
variety of numerical methods as detailed below:

Method of Moments (MoM) or Boundary Element Method
(BEM)

The method of moments (MoM) or BEM is a numerical com-
putational method of solving linear partial differential equations
which have been formulated as integral equations (i.e., in bound-
ary integral form). It has applications in many areas of engi-
neering and science including fluid mechanics, acoustics, electro-
magnetics, fracture mechanics and plasticity.

BEM requires calculation of only boundary values, rather than
values throughout the problem space and hence it is significantly
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more efficient in terms of computational resources for problems
with a small surface/volume ratio. Conceptually, it works by
constructing a mesh over the modelled surface. However, for
many problems, BEM is significantly less efficient than volume
discretisation methods like FDM, FEM and finite volume method
(FVM). Boundary element formulations typically give rise to fully
populated matrices. This means that the storage requirements
and computational time will tend to grow according to the square
of the problem size. In contrast, finite element matrices are typ-
ically banded (elements are only locally connected) and the stor-
age requirements for the system matrices typically grow linearly
with the problem size. Compression techniques can be used to
ameliorate the problems associated with the BEM, though at the
cost of added complexity and with a success rate that depends
heavily on the nature and geometry of the problem.

BEM is applicable to problems for which Green’s functions can
be calculated which usually involve fields in linear homogeneous
media. This places considerable restrictions on the range and
generality of problems suitable for boundary elements.

Finite Difference Method (FDM)

Among the various numerical methods employed for solu-
tion of partial differential equations, FDM has gained popularity
mainly due to its simplicity and computational economy. The un-
derlying principle of this method is to convert the partial differen-
tial equations describing the boundary value problem into differ-
ence equations and solving these by iterative methods. The con-
tinuous problem domain is discretised into a set of uniformly/non-
uniformly spaced discrete points, generally termed as grid points,
and the derivative terms in the governing differential equation
and in its boundary conditions are represented by their appro-
priate finite difference forms using Taylor’s series expansion, re-
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sulting in an algebraic equation for each grid point in the compu-
tational domain. The difference equation is written for each node
in the problem domain to obtain a set of simultaneous equations,
solution of which yields field variables in the problem domain
(Salon and Chari, 1999). FDM when applied to rotating elec-
trical machines for field analysis, poses the following difficulties
(Trowbridge, 1993).

• The discretisation schemes in FDM have fixed topology
which cause considerable difficulties when complex bound-
aries as that of rotating electrical machines are modelled.

• The extension of FDM for a higher order approximation by
including higher order terms in the Taylor’s series expansion
involves considerable complications.

The above difficulties are overcome in the Galerkin’s weighted
residual approach (Finlayson and Scriven, 1966; Finlayson, 2013)
which forms the basis of FEM.

Finite Element Method (FEM)

For electromagnetic analysis of electrical machines, FEM has
emerged as the most widely applied numerical method. Its pop-
ularity is linked to its ability to handle the complicated calcu-
lation geometries presented by rotating machinery. FEM allows
the field solution to be obtained even with time variable fields
and with materials that are non-homogeneous, anisotropic or
non-linear. Using FEM, the whole analysis domain is divided
into elementary sub-domains, called finite elements, and the field
equations are applied to each of them. By FEM, a meticulous
local analysis of the field problem is carried out, highlighting dan-
gerous field gradients, magnetic field strength and saturation. It
also allows a good estimation of performance characteristics of
the electromagnetic device by virtual prototyping, which permits
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a designer to reduce substantially, the number of prototypes dur-
ing the machine design and development process.

Finite Element method with its inherent ability to accurately
represent even intricate geometries, is used to evaluate magnetic
field distributions very accurately. Accurate evaluation of the
magnetic field distribution, in-turn, leads to accurate estimation
of field related machine parameters.

2.6 Prediction of THD by FEM

There is a growing demand for a method to predict the magni-
tude of various harmonics under no-load and full load conditions
of operation, from design data. In machines with loads applied
from line to neutral, the third harmonic voltage is of greatest
interest because of its large magnitude with respect to other har-
monics (Angst and Oldenkamp, 1956). Grabner et al. (2003)
investigated on the non-linear dependency of air gap magnetic
flux density of synchronous generators with fractional slot wind-
ings at various operational states, by FEA.

Finite element modelling of the machine combined with harmonic
analysis allows designers to rapidly investigate the source of flux
density harmonics during machine design process. In comparison
with analytical methods, the simulation time for finite element
analysis is significant, especially in large synchronous machines
where the physical size of the machine is such that, carrying out
time-stepped FEA of even a machine that is not skewed is pro-
hibitively expensive in the initial design stages. Standard 2D
FEA using multi-slice approach significantly increases time and
costs involved. Application of domain decomposition and par-
allel computation techniques has shown that multi-slice FEA of
machines with ratings in excess of 1 MW is possible. Zhan and
Knight (2008) studied the effect of axial skew on the flux density
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and open circuit voltage harmonics in large synchronous machines
and presented an approach that combines the advantages of FEA
with the low simulation time of analytical models. Using distinct
magneto-motive-force (MMF) and permeance functions for each
harmonic source, the approach gives designers the ability to trace
harmonics in the open circuit voltage to design parameters.

Time stepping FEM for prediction of machine parameters are
time consuming and simulation time depends principally on two
factors, viz., mesh complexity and step size. Mesh complexity
can be reduced with the use of symmetry where only one pole
pair of the geometry needs to be modelled for analysis. Step size
determines how far the machine rotates between solutions and
hence determines the number of solutions in a single revolution
of the machine which in turn determines the validity of harmon-
ics analysed. Therefore, to allow the critical analysis of high
order harmonics, a low time step is required, which increases the
computational time required for analysis.

To calculate the higher harmonic sequences in machines quan-
titatively, Ide et al. (1992) proposed a method based on FEM
considering rotor movement. The rotor movement was accounted
by using a slip surface on the moving boundary (Preston et al.,
1988) and the slip surface was placed at the centre of the air
gap. Nodes on the slip surface were arranged at the same pitches
in the direction of rotor movement and elements constructed by
these nodes were divided into 8 for one stator slot pitch. The
non-linearity of the iron core was accounted by Newton-Raphson
method. The authors neglected eddy currents flowing in the iron
core as stator and rotor cores were laminated. Damper currents
were also neglected, because a no-load steady state condition was
assumed. This method had the limitation that rotor movement
was considered only for a span of stator slot pitch of the syn-
chronous generator. Later, Hargreaves et al. (2010) proposed a
method for prediction of open circuit voltage distortion in salient
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pole synchronous generators with damper windings.

It is very important for the designer of salient pole synchronous
generators to be able to predict the no-load voltage waveform
accurately, since knowing in advance the harmonic content of the
no-load voltage is important for satisfying standard requirements.
Several authors attempted the prediction of harmonics by apply-
ing analytical, numerical and combined methods. Knight et al.
(2002) presented a combined analytical and FE modelling method
for calculation of harmonics including the effects of damper bar
currents. Schwery and Samek (2002) came up with a transient
FEM for prediction of no-load voltage waveform. Later, Schmidt
et al. (2002) applied a fast analytical method whose output can
be used as a criterion for selection of number of slots in salient
pole synchronous generators.

Keller et al. (2006) presented a combined analytical and FE
method for prediction of no-load voltage waveform of laminated
salient pole synchronous generators. The method took into ac-
count the saturation effects and by FEM simulations, the mag-
netic coupling of electrical conductors of the machine like damper
bars, field and stator windings, for different rotor positions were
calculated. By solving the governing differential equations, damper
bar currents and no load voltage were calculated. The methodol-
ogy assumed the field current to be constant and the eddy current
at the end region effects were neglected.

Shanming et al. (2001) investigated the effects of parameters and
operating conditions on the waveform and harmonic content in
the output voltage of synchronous generators. The results were
compared for multi-loop and FEM methods and the effects of
magnetic circuit geometry, saliency, saturation, winding layouts
as well as slotting on the space harmonics were studied. Kim
and Sykulski (2002) carried out harmonic analysis of the output
voltage in synchronous generators using FEM taking account of
the rotor movement. A 2D FE model was used for calculating
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the stator coil flux linkages and rotor movement was accounted
by moving band technique. Rotor movement can be implemented
by different schemes such as slip surface (Ide et al., 1992), mov-
ing band technique (Sadowski et al., 1992), lagrange multipliers
(Lombard and Meunier, 1993), incomplete shape functions ap-
proach (Biddlecombe, 1998) and lockstep mesh (Rapetti et al.,
2000) and novel technique based on integral formulation to treat
the motion in the analysis of electric machinery was proposed by
Calvano et al. (2012).

As reported by Premkumar (2006), FEM enables accurate esti-
mation of the magnetic field in electrical machines and devices
and therefore makes possible accurate estimation of various flux
related parameters, the induced voltage magnitude being one
among them. The author described a method for computation
of turbo-generator induced voltage waveform and its harmonic
content, at the design stage. FE approach has been used for the
accurate estimation of magnetic field in the turbo-alternator at no
load. Harmonic components computed from the air gap induction
profile were used to arrive at the harmonic voltage magnitudes.

Yonghong et al. (2008) presented a methodology based on tooth
flux method for prediction of harmonics in the no load electro-
magnetic field of synchronous generators. In the steady state,
flux distributions over one slot pitch in the stator occur peri-
odically and it is sufficient to analyse one period of such flux
distributions for calculating induced voltages. Hence, in tooth
flux method, the stator tooth was taken as the smallest analysis
unit and by FEM with rotor movement through one stator tooth
pitch, the magnetic vector potential in the centre of the stator
slot was calculated. The flux waveforms of each stator tooth for
different rotor positions were calculated and based on this, the
flux linkage of the fundamental windings and the third harmonic
windings were computed. In this method, the effects of the mag-
netic circuit geometry, saliency, saturation, windings and slotting

48 School of Engineering, CUSAT



Chapter 2

on the flux harmonics were studied.

Hargreaves et al. (2010) studied the influence of machine geom-
etry on the open circuit voltage distortion in salient pole syn-
chronous machines with damper bars, by magneto-static FEA.
Transient analysis of the machine was achieved by shifting the
position of stator conductors keeping the rotor stationary. The
method incorporated magnetic non-linearity and modelled damper
bar currents.

THD in the output voltage of alternators cause ill effects in the
performance of these machines. Hence, out of the different design
modifications available for reduction of harmonics, the designer
has the liberty to choose the design option based on the order of
the harmonic to be eliminated/reduced. This decision is taken
based on the simulation results of the FE model of the machine.

2.7 Methods for Reduction of Harmonics in
Salient Pole Alternators

Wakileh (2003) has reported on the impact of harmonics on
rotating electric machines. Formulae for the induced emf, pitch
factor and distribution factor were extended to include the ef-
fect of harmonics, thus allowing the computation of total har-
monic distortion. Methods for reducing harmonics in rotating
machines were also discussed and numerical examples were pro-
vided to show the effect of winding distribution and chording
on the phase voltage waveform. The advantage of using dis-
tributed and chorded windings to reduce harmonics was also
demonstrated. Harmonic reduction in the output voltage of salient
pole alternators is achieved by conventional methods like prop-
erly shaping the pole profile, introducing fractional slot winding
and the effect of slot harmonics is reduced by skewing either sta-
tor or the rotor (Knight et al., 2009). In addition to this, selected
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harmonics are eliminated by short chording the winding. Ignor-
ing slot harmonics, 3rd, 5th and 7th harmonics are the dominant
harmonics with different percentage of each in various conditions.

2.7.1 Winding Modifications

The familiar method for reducing space harmonic content of
MMF produced by a distributed poly-phase AC winding, is by
chording, although by itself this can selectively eliminate only
one of the major low order harmonics. To achieve a winding in
which all the winding factors other than the fundamental are zero
has been proved to be impossible. Several authors have reported
on the use of unconventional windings for producing an improved
MMF waveform. Charmers (1964) used interspersed windings for
an odd number of slots per pole per phase. Even though this has a
significant effect on the harmonic winding factors, it also brings
about a slight reduction in that of the fundamental. Hughes
(1970) divided the conventional 60o phase spread winding into
two parallel connected star delta windings, each with a phase
spread of 30o, thereby effectively producing a 6-phase machine
fed from a 3-phase supply with an improved winding factor of
0.987. Thus, with interspersed windings, a reduction, but not
elimination, of harmonics is brought about.

Use of non-uniformly distributed (or graded) windings, in which
the number of conductors per phase per slot in a double layer
winding varied linearly, was proposed by Krebs (1948) and later
refined by Smith and Layton (1963) who allowed the number of
conductors per slot to vary sinusoidally, resulting in the elimina-
tion of all non-slot harmonics with a fundamental winding factor
of 0.904. Centner and Hanistsch (2006) described a stator design
with two different slot shapes for use with fractional slot wind-
ings without changing the phase spread. The work by Kocabas
(2009) described a novel extension to this work in which both the
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winding arrangement and the peripheral slot pattern were uncon-
ventional. It was shown that the MMF waveform can be greatly
improved by the introduction of both non-uniform conductor and
slot distributions. There was no discrete phase spread for each
phase and the phase spreads were interspersed with one other.
The novel slot positions and the number of conductors per slot
were calculated for one phase using Newton-Raphson optimisa-
tion method to eliminate a given number of target harmonics.
Once a targeted space harmonic is eliminated from one phase,
it will not produce a rotating field in the overall winding and
there will not be any corresponding adverse effects. The winding
factor was checked after optimisation and a high value for the
fundamental was confirmed. In this method, the number of tar-
geted space harmonics that can be eliminated depends solely on
the number of slots. But, this method has the limitations that
the design is to be customized for different models of machines
and different slot designs are needed to accommodate different
numbers of conductors. The method is applicable for any con-
ventional 3-phase single layer AC winding having number of slots
in multiples of 12.

2.8 Third Harmonic Excitation of Brushless
Alternators

In certain configurations of brushless excitation systems, auxil-
iary windings are used for powering AVR. Different schemes of
this concept are used by different authors, the latest being the use
of a winding for harvesting third harmonic power for excitation.

Darabi (2005) reported on the use of auxiliary windings for
powering AVR of a brushless synchronous generator and the volt-
age induced in the auxiliary winding was used for excitation con-
trol in the machine. Shaogang et al. (2007) proposed the tooth
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flux method for calculation of third harmonic flux in the air gap of
synchronous generators. This method was based on the calcula-
tion of flux in each of the tooth in the machine stator, for different
rotor positions. According to the coupling relationship between
the coils and tooth, the winding flux linkage was calculated and
then the EMF induced in the winding was estimated as propor-
tional to the change in flux linkages. But, this method is useful
for calculation of the third harmonic voltage only under steady
state operation of the machine. Further, the authors described a
method for prediction of magnitude and waveform of harmonic
winding voltage in synchronous generator by computation of the
electromagnetic field, by tooth flux method.

Podgornovs and Zviedris (2007) proposed a methodology where
an auxiliary winding is placed in the armature of a machine to
use the third harmonic energy of a magnetic field and it was con-
cluded that the energy of magnetic field third harmonic is enough
to provide supply of synchronous motor excitation winding in no-
load operation.

Chicco et al. (2011) reported on the explicit role of the triplen
harmonics in unbalanced 3-phase systems with distorted wave-
forms and the triplen harmonics contribute to the neutral cur-
rent when 3-phase systems power single phase loads. Abdulla et
al. (2014) has developed third harmonic model for salient pole
synchronous generator in symmetrical component domain, under
balanced load.

2.9 Conclusion

The main feature of a brushless alternator excitation system
is the ability to keep voltage regulation within the specified tol-
erance bands. Output parameters of brushless alternators like
THD and winding inductances play important role in the per-
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formance of the machine. Prediction of these parameters in the
design stage helps to save cost and time for machine development.
Hence, virtual prototyping is adopted for advance prediction of
machine parameters and of the different methods available, FEM
proves to be an accurate method as it accounts for the mate-
rial non-linearities. The details of research related to parameter
estimation of machines using FEM, as reported in literature is
summarized in Table 2.1.

After the extensive literature review, it is observed that appli-
cation of third harmonic excitation system for improvement in
THD and voltage regulation in brushless alternators has not so
far been reported. The main objective of the present research
work is to use FEM based virtual prototype of an alternator to
design the third harmonic winding in the brushless excitation
system and to ascertain the effectiveness of the third harmonic
excitation system as a damper of triplen harmonics in the output
phase voltage of the alternator.
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Table 2.1: Summary of literature on parameter estimation of ma-
chines using FEM
Reference Method used Parameter estimated
[4] 2DFEM Xd, Xq

[6] 2DFEM Load angle, field current
[18] 3Dmagnetostatic FEM Endwinding inductances
[20] Time stepped 2DFEM Induced voltage and currentwaveforms
[24] 3Dmagnetostatic FEM Magnetic flux and flux density distribution
[26] 2DFEM Xd, Xq

[34] 2DFEM Self andmutual inductances
[37] Time stepped 2DFEM V oltage and currentwaveforms
[57] 2DFEM THD inno− load output voltage
[65] 2DFEM Magnetic flux output voltagewaveforms
[67] 2DFEM Power angle characteristics
[72] 2DFEM Damper bar currents, voltagewaveform
[73] 2DFEM Output voltageHarmonics
[76] 2DFEM Output voltage harmonics
[79] 2DFEM Steady state and transient reactances
[80] 2DFEM Air gap flux density distribution, OCC
[92] 2DFEM Iron losses
[95] 2DFEM Magnetic core losses
[104] 2DFEM Air gap flux density, OCC
[108] Time stepped 2DFEM Xd, Xq

[109] 2DFEM Load parameters
[111] 2DFEM OCC
[113] 2DFEM Telephoneharmonicfactor
[118] Time stepped 2DFEM Output voltage harmonics
[132] 2DFEM Output voltage harmonics
[134] 2DFEM Output voltage harmonics
[141] 2DFEM Flux density plot
[145] Time stepped 2DFEM Field and phase currentwaveforms
[155] Time stepped 2DFEM ShortCircuit fault simulation
[158] Time stepped 2DFEM Output voltagewaveformand harmonics
[159] Time stepped 2DFEM Phase voltage and currentwaveforms
[163] 2DFEM Output voltage harmonics
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Finite Element
Formulation of the Field
Problem

3.1 Introduction

Computer aided analysis of field distribution has become the
most effective method for performance prediction of electrical
machines. A typical electro-magnetic field problem is described
by defining the geometry, material properties, currents, bound-
ary conditions and the governing field equations. Solution of
the governing equation, yields the primary variable, i.e., MVP
at each and every point in the problem domain. From the pri-
mary variable, the secondary variables like magnetic flux, flux
density, induced emf, inductances and other machine parameters
are derived. Combining analytical methods with FEM solution,
performance characteristics of the machine like THD are calcu-
lated.

FEM was originally used to study problems in structural me-
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chanics. Its employment for solution of electro-magnetic vector
field problems presented by electric machinery became popular
in 1980’s. Today, FE analysis is a widely applied tool in electrical
machine analysis, and the method finds its application for study-
ing problems of electro-magnetic, thermal, mechanical,coupled or
multi-physics nature.

To start with the electrical machine design process, it is nec-
essary to have the basic design of the machine. This involves
dimensioning of the magnetic and electric circuits which is usu-
ally carried out by applying analytical equations. Subsequently,
actual performance of the machine is accurately predicted using
the FEM model and based on the results, fine tuning of the de-
sign is done. With FEA, the effect of a single parameter on the
dynamic performance of the machine can be studied and some
tests which are not feasible in laboratory circumstances can be
virtually performed.

3.2 Analytic Design of Electrical Machines

Design of an electrical machine basically involves dimension-
ing of the electric and magnetic circuits and quantitative determi-
nation of magnetic flux in the machine. In the design of magnetic
circuit, the precise dimensions for machine parts are determined,
the required current linkage for the magnetic circuit and the mag-
netizing current are calculated. Further, the magnitude of losses
occurring in the magnetic circuit are estimated.

Design of magnetic circuit is based on Ampere’s law which states
that sum of magnetic potential differences calculated around the
magnetic circuit is equal to surface integral of the current den-
sities over surface S of the magnetic circuit, where surface S
indicates the surface penetrated by the main flux (Say, 1952;
Pyrhonen et al., 2009). Ampere’s law can be rewritten as:
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υtot =
∑

υi =

∮
l

H · dl =

∮
S

J · dS =
∑

I = Θ (3.1)

i.e., Sum of magnetic potential differences, υtot around the mag-
netic flux path is equal to the sum of magnetizing currents in the
circuit, that is the current linkage Θ. The integration path S is
the main flux path of the machine.

Analytical methods using classical magnetic field equations can
only estimate magnetic flux magnitude and distribution within
the machine. Magnetic leakage and changes in material per-
meability cannot be accommodated using classical fundamental
equations. Analytical calculation methods work fine if testing a
prototype is practical.

3.3 Governing Equations for Electro-magnetic
Fields in Electrical Machines

Electro-magnetic phenomena in electrical machines is described
by Maxwell’s equations and constitutive relationships (Chari and
Silvester, 1980; Sadoku, 2000; Zhou, 2012). The quantities in-
volved in the phenomena are the following:

• Electric field strength, E

• Magnetic field strength, H

• Electric flux density, D

• Magnetic flux density, B

• Current density, δ

• Electric charge density, ρ
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Maxwell’s equations are written in differential form as:

∇×H (P, t) = δ (P, t) +
∂D (P, t)

∂t
(3.2)

∇× E (P, t) = −∂B (P, t)

∂t
(3.3)

∇.B (P, t) = 0 (3.4)

∇.D (P, t) = ρ (P, t) (3.5)

The constitutive relationships are:

B (P, t) = µ (P )H (P, t) (3.6)

D (P, t) = ε (P )E (P, t) (3.7)

δ (P, t) = σ (P )E (P, t) (3.8)

Combining Maxwell’s equations and the constitutive relation-
ships, the quasi-stationary electromagnetic field distribution in
the machine structure is described by the governing equation
known as Poisson’s equation (Chari and Salon, 2000), as given
by:

1

µ
∇2Az = −δz (3.9)

∂2Az
∂x2

+
∂2Az
∂y2

= −µδz (3.10)

Solution of the non-linear partial differential equation by FEM
yields magnetic vector potential Az from which the magnetic flux
density B having components only in the (x,y) plane is computed
using the relation:

B (P, t) = ∇× A (P, t) (3.11)

In 2D magneto-static problems, the difference between vector
potentials in two points (x1, y1) and (x2, y2) represents the flux
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through a surface having unitary length in z-direction with the
sides of the coil parallel to z-axis. (Bargallo, 2006). In a coil with
sides 1 and 2, the flux per unit length φ is given by:

φ = A1 − A2

The flux linked with the coil is given by:

ψ =
1

S

∫
A · dS

As per Faraday’s law, induced e.m.f. in the conductor can be
obtained by numerical derivation of the flux linkage. Thus, from
the value of the primary variable obtained from the field sim-
ulation, all secondary variables are derived and hence machine
parameters like induced voltage, inductances, d and q-axes reac-
tances, saturation factor are computed (Bianchi, 2001) based on
the fundamental electro-magnetic principles.

3.4 FE Formulation of Electro-magnetic Field
Problems

Design optimisation of electrical machinery is a challenging
job for the designer because it demands competitive price, high
power to weight ratio and high degree of reliability in operation.
This necessitates virtual prototyping and parameter estimation
of the machine under development. But, complex geometry to-
gether with presence of non-linear magnetic materials pose diffi-
culty in analysis and prediction of magnetic field pattern in such
machines.
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In order to predict the performance of electrical machines accu-
rately at the design stage, magnetic field mapping of the ma-
chine structure is necessary which requires accurate modelling
of the machine. Conventional methods are based on approxima-
tions and hence inaccurate. FEM offers an efficient and accurate
means of predicting the magnetic field distribution in machines,
taking into account non-linearity of the iron material.

3.4.1 Formulation of Brushless Alternator Field Prob-
lem

3D analysis of the synchronous generator involves dividing
the whole structure by 3D finite elements which require heavy
processing and results in long computation time. The magnetic
field existing in the machine structure can be approximated to be
2D since there exists a symmetry due to repetition of the physical
phenomena, plane by plane. This happens as the currents flow
in a direction parallel to the z-axis and the transverse sections to
this axis always present same geometry and the same materials,
point by point (Bargello, 2006) Considering planar symmetry of
the field problem as shown in Figure 3.1, the field properties of
the machine are invariant along the z-axis and the dimension-
ality of the problem can be reduced to two, thereby consider-
ably reducing the computational time (Bianchi, 2005; Bargello,
2006; Pyrhonen et al., 2009). Hence, the brushless alternator field
problem under the present study is reduced to 2D field analysis
without compromising the accuracy of results.

Study of the 2D field problem with planar symmetry has been
detailed as follows:

1. The current density vector δ has z-axis component only.
i.e.,

δ = [0, 0, δz] (3.12)
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Fig. 3.1: 2D field and boundary conditions for a salient pole syn-
chronous machine(Source: Pyrhonen et al. (2009))

2. The magnetic vector potential A is parallel to the vector δ,
thus it has z-axis component only. i.e.,

A = [0, 0, Az] (3.13)

As regards the divergence of the magnetic vector potential,
Coulomb’s gauge is adopted, i.e., divA = ∇ · A = 0

3. The flux density vector B has components only in the (x,y)
plane and is derived from A using the formula:

B = curlA = ∇× A = ∇× [0, 0, Az]

=

[
∂Az
∂y

,−∂Az
∂x

, 0

]
(3.14)

4. With a constant magnetic permeability, the magnetic field
distribution along the cross section of a synchronous ma-
chine is described by the two dimensional Poisson’s as given
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in Equation 3.10. MVP can be determined from Poisson’s
equation, at each point in the problem domain if the cur-
rent density δ is fixed and the value of Az is known on the
boundary Γ of the domain, i.e., in a part of the domain,
say Γ1 , the value of Az is assigned, and in the remaining
part of the boundary, say Γ2 , the value of the derivative of
Az normal to the boundary line is assigned.

5. Since the flux lines are tangential to the outer boundary
of the machine structure, no flux lines cross the boundary.
Hence homogeneous Dirichlet’s condition (Bianchi, 2005) is
assigned, fixing the MVP, Az = 0 along the outer boundary.

6. The magnetic behaviour in the machine structure has pe-
riodic symmetry among pole pairs around the z-axis. The
machine under study being 4-pole, the domain under anal-
ysis is reduced to one fourth on account of the periodic
symmetry of the field pattern, which further reduces the
computational time for field analysis. Therefore, along the
axes of periodic symmetry, the periodic boundary condi-
tions are applied. Since the flux density components cannot
be discontinuous across the symmetry axis, the flux lines
must be normal to the axis. Hence the Neumann’s bound-
ary condition, i.e., ∂A

∂n
= 0, is applied along the symmetry

axis (Bianchi, 2005).

3.4.2 Formulation by Galerkin’s Method

Let Â be the approximate solution of the magnetic vector
potential. Substituting the approximate solution Â in Equation
(3.10), the residue R can be made available as (Silvester et al.,
1996; Bianchi, 2005; Virjoghe et al., 2012):

R =
1

µ

∂2Â

∂x2
+

1

µ

∂2Â

∂y2
+ δ (3.15)
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The weighted integral form for 2D solution is:∫∫
Ω

R ·W dxdy = 0 (3.16)

where W is the weight function (Finlayson and Scriven, 1966;
Finlayson, 2013). Substituting the value of R in the weighted
integral form,

−
∫∫

Ω

W

(
1

µ

∂2Â

∂x2
+

1

µ

∂2Â

∂y2

)
dx dy =

∫∫
Ω

Wδ dx dy (3.17)

Integrating L.H.S. of Equation (3.17) by parts,

−
∫∫

Ω

1

µ

(
∂W

∂x

∂Â

∂x
+
∂W

∂y

∂Â

∂y

)
dx dy −

∮
c

1

µ
W
∂Â

∂n̂
dc

=

∫∫
Ω

Wδ dx dy (3.18)

where n̂ is the outward unit vector on boundary c.

Discretisation of the problem domain in Equation (3.18) is per-
formed using 2D finite elements. Six noded triangular elements
are used for discretisation of the problem domain which has three
nodes at the vertices of the triangle, three mid-side nodes and the
variable interpolation within the element is quadratic in x and y
(Bastos and Sadowski, 2003). For ′M ′ triangular elements,

∑
M

[
1

µe

∫∫
Ωe

(
∂W e

∂x

∂Âe

∂x
+
∂W e

∂y

∂Âe

∂y

)]
dx dy

− 1

µe
∂Âe

∂n̂

∮
c

W e dc = δ

∫∫
Ωe
W e dx dy (3.19)

Geometry of the machine discretised with second order triangular
elements are shown in Figure 3.2.
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Fig. 3.2: Geometry of the machine discretised with triangular ele-
ments

The approximate solution of A at any point (x,y) in the element
is represented in terms of the nodal values of A and the shape
functions,

Âe(x,y) =
[
N1 N2 N3 N4 N5 N6

]

A1

A2

A3

A4

A5

A6

 (3.20)

Three digit numbering is given for each node of the second order
triangular element, where α, β and γ are integers satisfying the
relation, α + β + γ = n, and n is the order of the interpolation
function for the element (Chari and Silvester, 1980; Hoole, 1989;
Humphries, 1997; Salon et al., 1999). Triple-subscript designa-
tion is used for the interpolation functions, so that ζαβγ (ξ1, ξ2, ξ3)
will denote the shape function for node P (α, β, γ) in terms of the
area coordinates ξ1, ξ2, ξ3. As per Silvester’s method (Chari and
Salon, 2000), the interpolation function for an nth order triangu-
lar element is derived by the formula:

ζαβγ (ξ1, ξ2, ξ3) = ζα (ξ1) ζβ (ξ2) ζγ (ξ3) (3.21)
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where

ζα (ξ1) =
α∏
i=1

nξ1 − i+ 1

i
, α ≥ 1 (3.22)

The interpolation functions for the six noded second order trian-
gular element, with n = 2 and three-digit notation for each of
the nodes, ζ200, ζ020, ζ002 for the three vertices and ζ101, ζ110, ζ011

for the three mid-side nodes respectively are evaluated by the
formula:

For node 1,
α = 2, β = 0, γ = 0

ζα = ζ2 = ξ1 (2ξ1 − 1)

ζβ = ζ0 = 1

ζγ = ζ0 = 1

i.e.,

N1 = ζ200 = ζ2 (ξ1) ζ0 (ξ2) ζ0 (ξ3) = ξ1 (2ξ1 − 1) (3.23)

Shape functions for the remaining nodes are derived as:

N2 = ζ020 = ξ2 (2ξ2 − 1) (3.24)

N3 = ζ002 = ξ3 (2ξ3 − 1) (3.25)

N4 = ζ101 = 4ξ3ξ1 (3.26)

N5 = ζ110 = 4ξ1ξ2 (3.27)

N6 = ζ011 = 4ξ2ξ3 (3.28)

As per the iso-parametric interpolation formula,


1
x
y

Â

 =


1 1 1 1 1 1
x1 x2 x3 x4 x5 x6

y1 y2 y3 y4 y5 y6

A1 A2 A3 A4 A5 A6



N1

N2

N3

N4

N5

N6

 (3.29)
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in which the natural derivatives are:

∂N

∂ξ1

=


4ξ1 − 1

0
0

4ξ2

0
4ξ3

 (3.30)

∂N

∂ξ2

=


0

4ξ2 − 1
0

4ξ1

4ξ3

0

 (3.31)

∂N

∂ξ3

=


0
0

4ξ3 − 1
0

4ξ2

4ξ1

 (3.32)

Then, the magnetic vector potential A is expressed as:

Â =
6∑
i=1

Ni (x, y)Ai (3.33)

In Galerkin’s weighted residual method, weight function is the
shape function itself.i.e.,

W e =


N1

N2

N3

N4

N5

N6

 =


ζ200

ζ020

ζ002

ζ101

ζ110

ζ011

 (3.34)
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The shape function logic is concerned with computation of the
partial derivatives of the shape functions with respect to x and
y at any point in the element. For this purpose, a generic scalar
function, w (ζ1, ζ2, ζ3) is considered that is quadratically interpo-
lated over the triangle by,

w = w1N1 + w2N2 + w3N3 + w4N4 + w5N5 + w6N6

=
[
w1 w2 w3 w4 w5 w6

]
NT (3.35)

where w stands for 1, x, y or A . Taking partials of Equation
(3.35) with respect to x and y and applying the chain rule twice
yields,

[
∂Ni
∂x

∂Ni
∂y

]
=
[

∂Ni
∂ξ1

∂Ni
∂ξ2

∂Ni
∂ξ3

]
P (3.36)

In matrix form,

[
∂w
∂x

∂w
∂y

]
=

[
∂ξ1
∂x

∂ξ2
∂x

∂ξ3
∂x

∂ξ1
∂y

∂ξ2
∂y

∂ξ3
∂y

]
∑6

i=1 wi
∂Ni
∂ξ1∑6

i=1 wi
∂Ni
∂ξ2∑6

i=1 wi
∂Ni
∂ξ3

 (3.37)

Transposing both sides of Equation (3.37) while exchanging sides
yields,

[ ∑6
i=1 ωi

∂Ni
∂ξ1

∑6
i=1 ωi

∂Ni
∂ξ2

∑6
i=1 ωi

∂Ni
∂ξ3

]
∂ξ1
∂x

∂ξ1
∂y

∂ξ2
∂x

∂ξ2
∂y

∂ξ3
∂x

∂ξ3
∂y

 =
[

∂ω
∂x

∂ω
∂y

]
(3.38)

Making w = 1, x, y and stacking the results row-wise,
∑6

i=1
∂Ni
∂ξ1

∑6
i=1

∂Ni
∂ξ2

∑6
i=1

∂Ni
∂ξ3∑6

i=1 xi
∂Ni
∂ξ1

∑6
i=1 xi

∂Ni
∂ξ2

∑6
i=1 xi

∂Ni
∂ξ3∑6

i=1 yi
∂Ni
∂ξ1

∑6
i=1 yi

∂Ni
∂ξ2

∑6
i=1 yi

∂Ni
∂ξ3




∂ξ1
∂x

∂ξ1
∂y

∂ξ2
∂x

∂ξ2
∂y

∂ξ3
∂x

∂ξ3
∂y

 =


∂1
∂x

∂1
∂y

∂x
∂x

∂x
∂y

∂y
∂x

∂y
∂y


(3.39)
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But, ∂x
∂x

= ∂y
∂y

= 1 and ∂1
∂x

= ∂1
∂y

= ∂x
∂y

= ∂y
∂x

= 0 because x and y

are independent coordinates. Since
∑6

i=1Ni = 1, the entries of
the first row of the coefficient matrix are equal to a constant C,
which can be scaled to unity because the first row of the right
hand side is null. Therefore, Equation (3.39) gets reduced to, 1 1 1∑6

i=1 xi
∂Ni
∂ξ1

∑6
i=1 xi

∂Ni
∂ξ2

∑6
i=1 xi

∂Ni
∂ξ3∑6

i=1 yi
∂Ni
∂ξ1

∑6
i=1 yi

∂Ni
∂ξ2

∑6
i=1 yi

∂Ni
∂ξ3




∂ξ1
∂x

∂ξ1
∂y

∂ξ2
∂x

∂ξ2
∂y

∂ξ3
∂x

∂ξ3
∂y

 =

 0 0
1 0
0 1


(3.40)

The coefficient matrix of equation (3.40) is called the Jacobian
matrix denoted by J. For compactness, Equation (3.40) is written
as

JP =

 1 1 1
Jx1 Jx2 Jx3

Jy1 Jy2 Jy3




∂ξ1
∂x

∂ξ1
∂y

∂ξ2
∂x

∂ξ2
∂y

∂ξ3
∂x

∂ξ3
∂y

 =

 0 0
1 0
0 1

 (3.41)

Solving this system gives,
∂ξ1
∂x

∂ξ1
∂y

∂ξ2
∂x

∂ξ2
∂y

∂ξ3
∂x

∂ξ3
∂y

 =
1

2J

 Jy23 Jx32

Jy31 Jx13

Jy12 Jx21

 = P (3.42)

in which Jxji = Jxj − Jxi, Jyji = Jyj − Jyi and

J = 1
2
detJ = 1

2
(Jx21Jy31 − Jy12Jx13)

Substituting into Equation (3.37):

∂w

∂x
=

6∑
i=1

wi
∂Ni

∂x
=

6∑
i=1

wi
2J

(
∂Ni

∂ξ1

Jy23 +
∂Ni

∂ξ2

Jy31 +
∂Ni

∂ξ3

Jy12

)
(3.43)
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∂w

∂y
=

6∑
i=1

wi
∂Ni

∂y
=

6∑
i=1

wi
2J

(
∂Ni

∂ξ1

Jx32 +
∂Ni

∂ξ2

Jx13 +
∂Ni

∂ξ3

Jx21

)
(3.44)

The shape function derivatives are,

∂Ni

∂x
=

1

2J

(
∂Ni

∂ξ1

Jy23 +
∂Ni

∂ξ2

Jy31 +
∂Ni

∂ξ3

Jy12

)
(3.45)

∂Ni

∂y
=

1

2J

(
∂Ni

∂ξ1

Jx32 +
∂Ni

∂ξ2

Jx13 +
∂Ni

∂ξ3

Jx21

)
(3.46)

in which the natural derivatives ∂Ni
∂ξj

can be read off Equations

(3.30) to (3.32). Use of the P matrix defined in Equation (3.42),
yields Equations (3.45) and (3.46) in compact form as,[

∂Ni
∂x

∂Ni
∂y

]
=
[

∂Ni
∂ξ1

∂Ni
∂ξ2

∂Ni
∂ξ3

]
P (3.47)

These differentials are substituted in the weighted integral form
of Equation (3.18) and the second term in the equation,∮
c

1
µ
W ∂Â

∂n̂
dc = 0 as the component of Â along the outward unit

vector n̂ on boundary c is zero. Also,

∫ ∫
ω
Wδ dx dy = δ

3


0
0
0
1
1
1

∆ = δ∆
3


0
0
0
1
1
1

 (3.48)

Product of the current density, δ and area of the triangle, ∆ gives
the total current flowing through the triangle. Hence, the gov-
erning partial differential equation of the field form represented
by Equation (3.18) gets reduced to the matrix form,

[S][A] = [I] (3.49)
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where [S] is the stiffness matrix which depends only on the nodal
coordinates of the triangular element and [I] is the forcing func-
tion at the nodes of the triangular element. Several triangles
when used to discretise the problem domain under analysis, re-
sults in a k × k matrix equation, where k is the total number of
nodes. Each triangle used for discretisation may have a different
constant permeability and applied current density (zero or non-
zero). With advanced software/hardware, matrices with thou-
sands of rows/columns and millions of matrix entries are solved
within a few minutes. In general, both storage requirements and
computation time are proportional to the number of unknowns
(k) to a power between 2 and 3.

The stiffness matrix gives a relationship between the nodes in an
element and some of the nodes are part of neighbouring elements.
By enumerating the nodes and adding all the matrices together,
stiffness matrix for the problem domain is obtained. From Equa-
tion (3.49), the unknown nodal values of A are calculated.

After computation of all nodal vector potentials, magnetic flux
density in each triangle is calculated using the equation,

B =

√(
∂A

∂x

)2

+

(
∂A

∂y

)2

(3.50)

Since permeability in iron parts of the machine is non-linear and
field dependent, the solution to the field problem can not be
obtained by solving matrix equation for discretised field region,
only once. As solution to the problem is piecewise continuous,
permeability of different sub-regions or finite elements spanning
the iron parts cannot be determined a priori (Trowbridge, 1990).
Therefore, solution of non-linear equations is done by Newton-
Raphson (N-R) method (Wait, 1979).

N-R method is based on derivatives of the function or quantity to
be updated, and the procedure yields rapid convergence, with the
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error in a given step decreasing as square of error in the previous
step. The acceptable limit of error for convergence is fixed as
0.5%. Application of this procedure consists of finding a change
in the potential as a result of change in the permeability, which
again varies as a function of the potential, the flow chart given
in Figure 3.3.

Therefore, matrix Equation 3.49 gets modified to,

ν(A)[S][A]− [I] = 0 (3.51)

where ν(A) is a matrix of field dependent non-linear reluctances.
Differentiating Equation 3.51 by each of the nodal potential Ak,

J = ν(A)[S] +
∂ν

∂Ak
[S][A] (3.52)

where J is the Jacobian matrix of derivatives. Further expanding
the derivative ∂ν

∂Ak
by chain rule of differentiation,

∂ν(A)

∂Ak
=
∂ν(A)

∂|B|2
· ∂|B|

2

∂Ak
(3.53)

From Equation (3.50), for the two dimensional region, flux den-
sity B in each element is defined in terms of the x, y derivatives
of vector potential A as,

B2 =

(
∂A

∂x

)2

+

(
∂A

∂y

)2

(3.54)

Substituting for B in the derivative term of B with respect to
Ak in Equation (3.53), and performing the necessary algebraic
operations,

∂ν

∂Ak
= 2 ∂ν

∂|B|2

[(
∂A
∂x

)
∂
∂Ak

(
∂A
∂x

)
+
(
∂A
∂y

)
∂
∂Ak

(
∂A
∂y

)]
= 2 ∂ν

∂|B|2 ((S)(A))T (3.55)

School of Engineering, CUSAT 71



Chapter 3

Substituting the result from Equation (3.55) into Equation (3.52),
the Jacobian is obtained as,

J = ν(A)(S) + 2
∂ν(A)

∂|B|2
((S)(A))((S)(A))T (3.56)

The N-R algorithm can then be written as,

(J)δ(A) = −(R) (3.57)

where (R) is the residual vector given in terms of vector potential
at start of the iteration as,

ν(A)(S)(A)− (I) (3.58)

Solving the set of algebraic equations resulting from Equation
(3.57) in each iterative step of the N-R scheme, the changes in
vector potential A are obtained. The new vector potential in the
(k + 1)th iterative step is found in terms of its value in the kth

step as follows:
(A)k+1 = (A)k + (δA)k (3.59)

From the vector potential obtained in (k + 1)th iteration, flux
density B is calculated and new value of derivative of the re-
luctivity with respect to B2 is found from material characteristic
curve. Finite element solution is once again obtained as described
in Equations (3.51) through (3.58) and the new value of vector
potential is computed. When magnitude of the residual vector
given by Equation (3.58) is less than an acceptable limit, the it-
erative process is discontinued and solution vector is saved and
used for post-processing.

3.5 Conclusion

In this chapter, The basic steps to solve the governing Pois-
son’s equation using quadratic triangular finite elements are de-
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scribed. By this method, the continuous partial differential equa-
tion describing electro-magnetic field distribution in the prob-
lem domain is replaced with a set of discrete algebraic equations
which are then solved by standard procedures. The resulting ma-
trix has a banded and symmetric structure which minimises the
computational overhead.

Finite element formulation of electromagnetic fields in rotating
electrical machines with linear triangular elements is less com-
putationally intensive. But, to get accurate computation of field
variables, elements in the air gap of the machine has to be dense
and the resulting matrices are large necessitating huge computer
storage. To improve accuracy of computation, quadratic trian-
gular elements are used where the field variable at six nodes of
each element are computed and then interpolated to estimate the
field variable at each and every point in the analysis domain. Iso-
parametric elements used for discretisation help modelling com-
plex geometry of the machine accurately.
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Fig. 3.3: Flow chart of Newton-Raphson method
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Parameter Prediction by
FEM Based Virtual
Prototyping

Virtual Prototyping (VP) is a technology which involves use of
virtual reality and computer technologies to create digital proto-
type of a product under development. In a conventional product
development cycle, prototype development is a costly and time
consuming process, still carried out to prove design concepts,
evaluate design alternatives, test product manufacturability and
product conformance to the specified requirements. With the
goal of replacing physical prototype digitally, a virtual prototype
serves the same functions and even more of a physical prototype,
regardless of which techniques are used for the virtual prototype
development. A virtual prototype is used to test conformance
to specifications and performance of the product in order to aid
product analysis and design modifications at the machine design
stage and helps improve the product development process (Wang,
2002; Lau, 2005).
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Virtual prototyping shortens the product development cycle and
carries out virtual testing so as to accurately predict and improve
product performance as well as quality. By adopting modern vir-
tual prototyping/analysis techniques and following simple design
guidelines, the cost, in terms of time and money towards design-
ing a custom machine is greatly reduced.

4.1 Importance of Prototyping in Electrical
Machine Development Cycle

Electric machines are being used in mission critical applica-
tions throughout the world, driven by the need for greater power
efficiency in the transportation, aerospace, defence and industrial
automation markets. The electric machine is a very complex de-
vice being multi-domain by nature involving electro-magnetics,
thermal and mechanical effects. In the face of global competi-
tion, electric machine manufacturers, like manufacturers in most
industries, are searching for ways to reduce cost, optimise designs
and deliver them quickly to market. Hence, designers are con-
fronted with the task of designing machines with high power to
weight ratio, high efficiency and low cost per KVA output. While
designing such machines, accurate prediction of machine charac-
teristics is essential to minimise development cost and time.

Several calculation techniques are available to predict electrical
machine performance, including classical closed form analysis,
lumped parameter models and non-linear time-domain finite ele-
ment analysis. The choice is the trade-off among model complex-
ity, accuracy and computing time. Analytic methods for mag-
netic field calculations in rotating electrical machines are based
on averaging assumptions of magnetic field parameters in the air
gap and in the core of the machine. The results of machine per-
formance characteristics by analytic methods are accurate only

76 School of Engineering, CUSAT



Chapter 4

at steady state operation of the machine and the results are un-
reliable for transient operation. Hence, prototyping is necessary
for the performance evaluation of any electrical machine, but,
it is very expensive and time consuming to build real proto-
types for rotating electrical machines as it involves investment
on tool development for stator/rotor/exciter stampings each time
a design modification is implemented during the machine de-
velopment process. To tackle this issue, virtual prototyping is
adopted to design, optimise, validate, and visualise products dig-
itally and evaluate different design concepts before incurring the
cost of physical prototypes. Present day analysis techniques in-
clude combined CAD/FEA using solid modelling and finite ele-
ment magnetic simulation. This, along with first order analysis,
gives accurate machine performance predictions and such evalu-
ation techniques that do not require expensive equipments help
to quickly confirm machine performance. All these techniques,
applied at the alpha prototype phase, can help prove a machine
design and secure resources for further development using more
conventional analysis, tooling, and evaluation techniques. Thus,
VP helps to evaluate whether the machines designed meet the
specified requirements and if they do not, provides means to rec-
onciling the measured performance with analysis and improve the
design in future iterations.

4.2 Parameter Prediction in Brushless Alter-
nators

Performance prediction in brushless alternators is convention-
ally carried out using traditional methods which combine analyt-
ical and empirical knowledge. These methods lack accuracy due
to complex geometry and non-linear characteristics of magnetic
materials associated with the machine. In these methods, per-
formance characteristics of the machine such as losses, currents,
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magnetisation characteristics and induced voltage are calculated
based on assumptions for the magnetic field in the air gap and the
core. These assumptions lead to inaccurate results of machine
performance characteristics under transient operation. Hence,
numerical field computation methods like finite difference method
(FDM), boundary element method (BEM) and FEM have been
employed for prediction and analysis of machine characteristics
(Brauer, 2006; Okafor et al., 2009) by electro-magnetic field anal-
ysis. Out of these techniques, FEM is increasingly used by design-
ers due to its ability to handle complex geometry and presence
of non-linear magnetic materials. Due to the advancements in
computational capabilities over recent years virtual prototyping
by FEM has become an attractive alternative to conventional
semi-analytical and empirical design methods as well as to the
still popular trial and error approach (Yilmaz and Krein, 2008;
Guptha et al., 2009), for prediction of machine characteristics
during the design and development process.

4.3 Virtual Prototyping by FEM

Finite element model is the magnetic field model of the al-
ternator that determines the electrical performance directly from
magnetic field distribution in the active parts (stator, air gap and
rotor) of the generator. The magnetic field distribution across
the machine geometry is determined from Ampere’s law, which
is appropriately formulated using the geometrical data, material
properties, winding data, the boundary conditions and period of
symmetry.

The brushless alternator under study is analysed with a 2D field
model. Virtual prototyping of the machine is done by modelling
using FEM software, Ansys Maxwell 2D. By FEM, governing
equation of electro-magnetic field existing in the geometry of
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the machine is solved for MVP having component only along z-
axis, from which magnetic flux density having components in the
(x, y) plane is computed. Applying basic principles of electro-
magnetics, from the calculated value of B, all field values are
computed and the machine parameters are predicted.

4.3.1 Calculation of Geometry and Material Property
Assignment

Basic design of an electrical machine, i.e., the dimension-
ing of magnetic and electric circuits, is carried out by applying
conventional design methodology, using analytical equations and
empirical formulae. The material for different parts are chosen
based on the operating point and permissible losses.

4.3.2 Winding Data

The brushless alternator under study is provided with a 3-
phase, full pitched concentric winding which is a simple, single
layer winding designed for 4-poles. The winding layout is shown
in Figure 4.1.

The 3-phase stator winding is having two parallel paths per phase
and each coil in the concentric winding is provided with 25 turns
of 1.12mm copper wire. The phase windings can be either star
or delta connected as required by the customer.

4.3.3 Boundary Conditions

Conditions that express the behaviour of field on boundaries
are called boundary conditions. Among these conditions, a con-
stant value for the field variable along boundary, known as the
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Fig. 4.1: Winding layout of 45 KVA full pitched brushless alternator

Dirichlet’s condition, or a given value for the derivative of field
variable normal to the boundary, known as Neumann’s condi-
tion, can be assigned. In the machine structure under consider-
ation, no flux lines cross the outer boundary since flux lines are
tangential to outer boundary. Hence, the homogeneous Dirich-
lets condition is assigned, fixing MVP, Az = 0 along the outer
boundary.

The periodic condition exploits repetitive features of magnetic
field inside the machine, and relates the values of Az on two
boundaries. Structure of the brushless alternator under study
has symmetry along the computational domain since geometry
and magnetic phenomena of the machine structure are repeated
identically under pole pairs. The machine being of 4-pole, the do-
main under analysis during no-load condition is reduced to one
fourth on account of periodic symmetry of field pattern, which
reduces computational time for field analysis. Therefore, along
axes of periodic symmetry, periodic boundary conditions are ap-
plied. Since flux density components cannot be discontinuous
across the symmetry axis, the flux lines must be normal to the
axis. Hence the Neumann’s boundary condition, i.e., ∂A

∂n
= 0 is
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applied along the symmetry axes.

4.4 Determination of Important Parameters
of the Brushless Alternator

Finite element solution of the field problem computes MVP,
A at the nodes and using this information, the machine param-
eters such as flux, flux density, leakage flux, saturation factor,
winding inductance, d and q-axes reactances and open circuit
characteristics (OCC) are computed by post-processing (Salon,
1995; Bianchi, 2005).

4.4.1 Computation of Flux

The term, total flux, as applied to synchronous generators, is
defined as the flux generated due to excitation winding, in the
present case, the flux generated in the rotor. In magneto-static
solutions, amount of flux passing a prescribed line per unit axial
depth is obtained as the line integral of flux density along the
line. Application of this method on a line described over a pole
pitch inside the rotor body of the machine yields the flux gener-
ated per unit axial length of the machine. This quantity, further
multiplied by the net iron length, results in total flux per pole in
the machine. From basics of electro-magnetics, flux is computed
by the formula,

φ =

∮
S

B · dS =

∮
S

(∇× A) dS (4.1)

Applying Stokes theorem, φ =
∮
l
A · dl where the closed line

integral path encloses the surface S. Therefore, the magnetic flux
crossing a surface of effective length le and spanning between the
points (x1, y1) and (x2, y2) is,
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φ = le(Az(x1, y1)− Az(x2, y2)) (4.2)

Useful flux is defined as the flux linking the stator winding and
causing the induced voltage. This flux is lesser than the total flux
by the amount of leakage flux. On similar lines as the computa-
tion of total flux, the useful flux can also be derived. However,
the line for integration now lies at the mean airgap diameter. i.e.,
Useful flux per pole is the integral of radial value of air gap flux
density over one pole pitch given by the equation,

φU =

∫
airgapline

Brad · dl (4.3)

4.4.2 Computation of Air Gap Flux Density

From the computed value of MVP, the flux density is computed
by,

B = ∇× A (4.4)

Since magnetic vector potential A has components only in z-
direction, flux density vector B has components in x-y plane only.
Therefore,

Bx =
∂Az
∂y

(4.5)

By = −∂Az
∂x

(4.6)

Bz = 0 (4.7)

4.4.3 Computation of Leakage Coefficient

Leakage coefficient is defined as the ratio of the total flux to the
useful flux at a given field excitation and is computed using the
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expression,

Cl =
φT
φU

(4.8)

This coefficient is of greater significance in salient pole construc-
tions. Largely, it reflects saturation in the stator teeth on d-axis.

4.4.4 Computation of Flux Linkage

Flux linkage ψ of an arbitrary machine winding is calculated as,

ψ =
le
S

(∑
n+

∫
S+

Az dS −
∑
n−

∫
S−
Az dS

)
(4.9)

where n+ and n− are the total number of positively and nega-
tively oriented winding conductors respectively, and S+ and S−
are corresponding conductor areas.

4.4.5 Computation of Induced EMF

The induced winding EMF is derived from flux linkage as,

ew = −dψ
dt

(4.10)

For AC voltages of frequency f Hz, this can be written as,

V = −j2πfψ (4.11)

In AC analysis, the angular frequency (rad/s) =2πf , and thus,

V = −jωψ (4.12)
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4.4.6 Computation of Winding Inductance

The field winding inductance can be computed through a magneto-
static simulation with the armature open circuited and the field
energised as in the no-load case. The conventional definition of
inductance is given as flux linkages per unit current. Since the
flux linking all the turns is not the same, values computed using
this approach could be erroneous. A better and accurate value
of inductance is obtained using the formula,

L =

∫ ∫
S

A · δ dS
I2

Li (4.13)

4.4.7 Computation of Direct Axis Inductance

The air gap in synchronous machines of salient pole construc-
tion is non-uniform, much larger at the quadrature axis than
at the direct axis and hence flux produced along direct axis is
greater than that along the quadrature axis resulting in the di-
rect axis synchronous reactance Xd having a higher value than
the quadrature axis synchronous reactance Xq.

The synchronous direct axis inductance is defined as the induc-
tance of that phase whose axis coincides with polar axis, when
the 3-phase windings are simultaneously fed. In computation
of the direct axis inductance Ld, the magnetising current is set
to be zero and stator windings are fed in such a way as to ob-
tain a MMF distribution with maximum value coincident with
direct axis. Since magnetic field is synchronous with the rotor, a
magneto-static simulation is possible. The boundary conditions
are assigned to constrain the flux lines to be tangential along po-
lar axis and normal to the inter polar axis. Once the distribution
of winding is fixed, the 3-phase currents are chosen so that maxi-
mum of the MMF distribution coincides with polar axis (d-axis).
This corresponds to setting Id = Im and Iq = 0.
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At this moment, currents satisfy the relation,

Ia = Im (4.14)

Ib = −Im
2

(4.15)

Ic = −Im
2

(4.16)

Then, the magnetic field axis is same as the phase axis, and
direct axis of rotor is lined with the phase axis. Performing 2D
magneto-static analysis, the direct axis synchronous inductance,
Ld is computed by,

Ld =
ψa
Ia

=
ψd
Im

(4.17)

4.4.8 Computation of Quadrature Axis Inductance

The phase currents and the winding distribution are so chosen
as to have a MMF distribution with maximum value coincident
to the inter-polar axis. i.e., the q-axis. The phase currents are
then,

Ia = 0 (4.18)

Ib = −
√

3

2
Im (4.19)

Ic =

√
3

2
Im (4.20)

which in turn gives Id = 0, Iq = Im.

The inductance is then calculated by,

Lq =
ψq
Iq

=
ψq
Im

(4.21)

School of Engineering, CUSAT 85



Chapter 4

4.4.9 Pre-determination of Machine Characteristics

FEM is used to simulate steady state operation of synchronous
generator. During steady state, the 3-phase currents and volt-
ages vary sinusoidal with time. The simulation is carried out as
follows:

Input quantities:

• A constant synchronous speed is considered, and then the
operating electrical frequency is pωm.

• Rotor speed is fixed.

• Magnetising current If is fixed.

Open Circuit Characteristic (OCC) and Air Gap Line

In the FE model of brushless alternator, field winding formed
by Nf turns is fed by a constant current If . The armature wind-
ings are open circuited so that they do not carry any current and
considered to have null conductivity. Stator and rotor magnetic
material is described by appropriate B-H characteristics.

Boundary conditions are assigned, considering that the flux lines
of half a pole are mirrored flux lines of other half of the pole.
Then, a value of MVP is fixed along the polar axis (Dirichlet’s
condition), while a normal flux density vector is assigned along
the inter-polar axis (Neumann’s condition). Since flux lines do
not exit from the yoke, a null MVP is assigned along the external
circumference of the stator.

Field winding composed by Nf turns and carrying the excitation
current If is modelled by an equivalent conductive bar carrying
total current NfIf . Once the field problem is solved, the z-axis
component of MVP, Az(x, y) is obtained at each point of the
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analysis domain. Then, flux linkages with each of the 3-phase
windings are estimated and the rms line-to-line voltage is com-
puted by the formula,

EL−L = ω
√
ψ2
A + ψ2

B + ψ2
C (4.22)

4.5 Results

Virtual prototyping of a 45 KVA, 415 V, 3-phase, 4-pole
brushless alternator is done by modelling the machine using An-
sys Maxwell 2D. A brief listing of the machine specifications and
design parameters used for modelling is provided in Table 4.1.
The computer system used for simulation is having Intel i5 pro-
cessor, 3.3 GHz with 4 GB RAM. Two dimensional non-linear
parametric FE analysis of the machine in steady state regime
of operation is carried out for estimating the significant electro-
magnetic parameters. Simplifying assumptions and boundary
conditions, generally associated with analysis of rotating elec-
trical machines, as detailed below, are applied for modelling the
machine in Maxwell 2D.

• It is assumed that the contribution to the induced voltage
from the fringe field at the end of the machine is negligible.
The end effects are, therefore, neglected and, hence, any 2D
section along the linear length of the machine is considered
representative.

• B-H characteristics of the stator and rotor iron are assumed
to vary as furnished by specifications of the core material
used.

• The insulation thickness surrounding strands of conductor
are neglected, resulting in representation of the conductor
area as uniform ampere-turn distribution.
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• It is assumed that the entire flux in the stator is confined
to the core region only. Hence, the stator lamination outer
edge is considered as a Dirichlet boundary.

• At no-load, perfect magnetic symmetry exists along the
d-axis. The excitation along this axis is also symmetric.
Therefore, d-axis is considered as a Dirichlet boundary.

• Along q-axis, mirror symmetry exists at no-load. There-
fore, q-axis is considered as a Neumann boundary.

Table 4.1: Geometrical data of the prototype machine

Parameter Value
Machine capacity 45 KVA
Voltage 415 V
Speed 1500 rpm
Operating temperature 75oC
Rated p.f. 0.8
Winding connection Star
Inner diameter of stator 240 mm
Outer diameter of stator 356 mm
Core length 130 mm
Number of stator slots 36
Inner diameter of rotor 90 mm
Outer diameter of rotor 238.2 mm
Pole arc offset 4.7 mm
Pole shoe width 123 mm
Pole body width 87 mm
Pole body height 54 mm
Stator conductor 1.12 mm copper
Rotor conductor 4.5 x 2.24 mm
Core material M 43 C4

The software employed in the analysis has adaptive mesh gen-
eration algorithm, which iteratively increases the mesh density
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to keep the error due to discretisation within the specified norm.
The specification of the error norm for adaptive meshing is more
heuristic than logical. In such situations, when change in the
computed parameter due to increase in meshes become saturated,
the iteration is terminated, since any further increase in elements
will produce nearly no change in the terminal quantities of inter-
est. The 2D parametric analysis feature in the Maxwell software
allows definition of one or more quantities as variable(s) and eval-
uation of the end-study parameter as a function of the variable.
The variable(s) can be any one or all of the following:

• model dimensions, component displacement or angular ro-
tation

• material properties

• excitations

• boundary conditions

The results of the parametric analysis are viewed and compared
using plots or tables to determine how each design variation af-
fects the performance of the machine. In the virtual prototype
of the machine under investigation, rotation is implemented by
parametrics, varying the rotor angle in steps, each time comput-
ing the machine parameters of interest, by magneto-static solu-
tion.

Figure 4.2 shows finite element model of the alternator developed
in Ansys Maxwell 2D software. Core material used in the machine
model is M43C4 and field excitation is input as field ampere
turns. Number of turns of field winding around each pole being
48 having only one parallel path, and field excitation chosen as
25 A, field ampere turns is input as 48 × 25 = 1200. Flux plot
obtained by simulation of FE model at 25 A field excitation is
shown in Figure 4.3. As the number of stator slots/teeth under
both halves of a pole is equal, the flux lines are symmetrically
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Fig. 4.2: Finite element model of the alternator

distributed. Flux density distribution and the flux density vector
plot across the machine geometry are given in Figures 4.4 and 4.5
respectively.

Inter-polar leakage flux of the salient poles under no-load con-
ditions is plotted in Figure 4.6. As a stator slot is aligned with
inter-polar axis, the reluctance is maximum along that axis and
hence flux density is minimum. Moreover, since stator slots are
symmetrically aligned with respect to the inter-polar axis, flux
lines are symmetrically distributed.

Figure 4.7 shows the radial air gap flux density distribution under
a pole pitch for 25 A field excitation. Radial component of the air
gap flux density is computed by calculating normal component
of flux density vector in the air gap. The component of Bairgap

normal to the air gap line drawn over a pole pitch is calculated by
the fields calculator of Maxwell software and is plotted over a pole

90 School of Engineering, CUSAT



Chapter 4

Fig. 4.3: Flux plot at 25 A field excitation

pitch. Since the machine under analysis has periodic symmetry,
the same distribution of Brad is repeated under remaining three
poles.

Figure 4.8 shows the growth of radial component of air gap flux
density Brad over two pole pitches as field excitation is varied
from 0 to 80 A. As inferred from the figure, the effect of stator
slotting on radial flux density is becoming severe with increased
field excitation, due to saturation.

In Figure 4.9, the distribution of tangential component of air gap
flux density vector, i.e., Btan over a pole pitch is plotted and
Figure 4.10 shows the growth of Btan over two pole pitches, with
field excitation varying from 0 to 80 A. As seen in the figure,
saturation effects become severe with increased excitation.
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Fig. 4.4: Flux density distribution at 25 A field excitation

Fig. 4.5: Flux density vector plot at 25 A field excitation
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Fig. 4.6: Inter-polar leakage flux of the salient pole structure

Fig. 4.7: Radial air gap induction at 25 A field excitation

School of Engineering, CUSAT 93



Chapter 4

Fig. 4.8: Growth of Brad with excitation over two pole pitches

Fig. 4.9: Tangential air gap induction at 25 A field excitation
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Fig. 4.10: Growth of Btan with excitation over two pole pitches

As the rotor rotates, flux lines linking with stator windings are
changed and due to this rate of change of flux linkage, an EMF
is induced in the winding. The variation of flux linkages in the
A, B and C phases of the stator winding is shown in Figure 4.11.

As field excitation of the machine is increased in steps, flux set
up in the pole also increases. When field excitation is increased
beyond certain values, there is no proportional increase in flux
produced, due to core saturation. This is clear from Figure 4.12
which shows the variation of total and useful flux per pole with
field current. Total flux φT is computed as flux passing through
the pole body and useful flux φU as that actually links with the
stator winding. Therefore, φU is computed from the calculated
value of Brad.

From the computed values of φT and φU , leakage coefficient Cl
is calculated and normal desirable value of Cl for a perfectly
designed machine is around 1. As observed in Figure 4.13, the
maximum value of Cl is 1.041 for the machine under analysis and
from the plot, it is seen that leakage flux grows with respect to
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Fig. 4.11: Stator winding flux linkages with rotation of field

Fig. 4.12: Variation of total and useful flux per pole with field current
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field excitation and becomes significant at saturation.

Fig. 4.13: Variation of leakage coefficient with field current

As per machine design practices, there are limiting values of B
normally permitted in different parts of the machine in order to
limit losses on account of core losses due to saturation. So, the
designer normally makes a check of these values before finalising
the design. Hence, the average values of B, i.e., Bavg in the ma-
chine parts like stator, air gap and rotor are plotted (Figure 4.14)
for different field excitations, by simulating the virtual prototype
of the machine. Figure 4.15 shows plot of the maximum values
of B, i.e., Bmax in different machine parts with field excitation
varying from 0 to 80 A. It is ascertained that the value of Bmax is
not crossing the saturation limits for the core material selected.

As shown in Figure 4.14 , Bavg is minimum at the air gap, mod-
erate in stator core and maximum in the pole body. Flux density
in the pole body is kept high as it is DC flux and will not be
causing eddy current losses. As shown in Figure 4.15, Bmax is
minimum at the air gap, moderate in the stator tooth and max-

School of Engineering, CUSAT 97



Chapter 4

Fig. 4.14: Variation of average values of B in the machine parts

imum at the rotor tip and is not crossing saturation limits for
M43C4 core material.

Figure 4.16 shows variation of field coil inductance L as a function
of field current. Winding inductance is calculated by Equation
(4.13) and since it varies inversely as square of current, the value
of L decays exponentially with field current.

Figure 4.17 shows flux plot across geometry of the machine with
only d-axis current assigned to the 3-phase stator winding and
field winding assigned with zero excitation. As seen in the figure,
stator MMF axis is coincident with the field direct axis. This is
achieved by assigning current distribution in the 3-phase stator
winding in such a way that maximum value of stator MMF co-
incides with the polar axis. Figure 4.18 shows variation of Xd

with linear variation of stator current. At high values of stator
current, the reactance Xd reduces drastically due to saturation
of iron in the flux path. The saturated value of Xd per phase at
rated stator current is observed to be 5.7615 Ω. For prediction of
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Fig. 4.15: Variation of maximum values of B in the machine parts

Fig. 4.16: Variation of field coil inductance with field current
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Fig. 4.17: Flux plot with only d-axis current in the stator winding

Fig. 4.18: Variation of Xd with stator current
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the quadrature axis reactance of the machine, only q-axis current
is assigned to the 3-phase stator winding. Figure 4.19 shows the
flux distribution in the machine under this condition with field
excitation made null. As seen in the flux plot, the stator MMF
is in phase with the quadrature axis. This is achieved by as-
signing current distribution in the 3-phase stator winding in such
a way that the maximum value of stator MMF coincides with
the inter-polar axis. Then, the stator current is varied linearly
by parametrics and variation of Xq is plotted as in Figure 4.20,
which shows non-linear variation of Xq at higher values of stator
current, due to saturation of iron parts in the flux path. From
the plot, saturated value of Xq per phase at rated stator current
is observed to be 4.3362 Ω.

Fig. 4.19: Flux plot with only q-axis current in the stator winding

The induced phase voltage in the 3-phase synchronous machine
is arrived at from the useful flux per pole, φU computed, together
with the stator winding details. The open circuit characteristics
obtained for the machine together with the air gap line is shown
in Figure 4.21. As can be seen, OCC is a replica of the B-H
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Fig. 4.20: Variation of Xq with stator current

characteristics of the core material and exhibits non-linearity at
high values of field excitation due to saturation effects. From
OCC, the no-load excitation requirement of the machine is read
as 27.45A.

Saturation factor is the ratio of voltage on the air gap line to
voltage on the OCC for a given excitation. Saturation curve is
an indication of level of saturation in the machine and same for
the generator under investigation is shown in Figure 4.22. The
value of saturation factor at rated excitation of the machine under
analysis is 1.6326.

Normally, operating point of the machine is chosen based on ma-
chine parameters and characteristics plotted by simulation of the
virtual prototype. By judging characteristics and the parameters
predicted, the designer can judiciously select operating point of
the machine. If parameters deviate from typical design values,
modifications can be incorporated in the virtual prototype by
changing the dimensions/ geometry/material used, which saves
time and cost incurred towards design and development of ma-
chines.
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Fig. 4.21: OCC and Air Gap Line

Fig. 4.22: Variation of Machine Saturation factor
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4.6 Conclusion

In this chapter, a simple, fast and efficient method based
on 2D FEM for predicting the performance characteristics of a
salient pole brushless alternator is presented. FEM together with
computer is used to investigate effect of various parameters on
the machine performance, to gain a better understanding of the
machine being analysed. It is cost effective and saves time on
account of material resources for the multitude of physical ex-
periments needed to gain the same level of understanding, in
laboratory environments.

FEM with its inherent ability to accurately represent complex ge-
ometries without any simplification of the original machine struc-
ture, is used to evaluate magnetic field distributions in the brush-
less alternator. Accurate evaluation of the magnetic field distri-
bution, in-turn, leads to accurate estimation of field related ma-
chine parameters, such as, induced voltages, voltage waveforms,
harmonic magnitudes, machine reactances, leakage coefficients,
induction and saturation effects. Evaluation of these parameters
is significant when a comparison of design options is sought.
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Improved Excitation
System for Brushless
Alternators

5.1 Introduction

Low voltage brushless alternators are provided with excita-
tion systems designed to keep terminal voltage of the alternator
within specified tolerance band of the rated value, under all load
conditions. The excitation current should be increased to over-
come the internal voltage drop within the machine, under loaded
conditions. In brushless alternators, power supply for the exciter
field is conventionally obtained in one of the following ways:

• from a separate 3-phase permanent magnet generator (PMG).

• from the output terminals of the alternator itself, by means
of a step down transformer.

• from an auxiliary stator winding located in the same slots
as the main stator winding.
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These excitation systems have certain disadvantages like increased
cost for PMG, delay in response and difficulties experienced in
generating sufficient residual voltage on start up. Disadvan-
tages of the conventional excitation methods are surmounted by
third harmonic excitation (THE) system attempted in the present
study. In this method, machine provided with two auxiliary wind-
ings embedded in the main stator slots but electrically isolated
from the main winding, are used for providing excitation cur-
rent to the exciter field winding (Darabi, 2005; Podgornovs and
Zviedris, 2007). In this compound excitation system, the com-
bined effect of one auxiliary winding with 2/3rd pitch and another
third harmonic auxiliary winding with 1/3rd pitch, ensure good
voltage regulation without an electronic AVR and greatly reduces
the total harmonic content in the output voltage cost effectively.

5.2 Overview of Practical Excitation Systems

Practical excitation systems for low voltage brushless alter-
nators may be divided into three generic groups:

1. Static excitation which consists entirely of static equip-
ments, i.e., no rotating machines are involved other than
the generator itself. The field excitation of the machine is
derived from its own armature terminals, through an as-
sembly of static components, such as current and voltage
transformer and rectifiers. The excitation current is fed to
the alternator field coil mounted on the rotor through slip
rings and brushes.

2. DC excitation which employs a rotating DC exciter, with
or without an AC or DC pilot exciter.

3. AC excitation employing a rotating AC exciter, with or
without a pilot exciter.
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In modern machines, especially in the power range under the
scope of this study, it is established that systems employing sep-
arate excitation through shaft driven DC exciters are no longer
in use (Mahon, 1992). In practice, systems either use direct self-
excitation or some form of AC or brushless excitation (indirect
self-excitation) or separate excitation with permanent magnet pi-
lot exciter.

5.2.1 Direct Self Excitation

Direct self excitation system provides very fast modification of
excitation following load changes because it gives direct control
of main field of the generator without having to work through
an intermediate exciter field. Hence this system is suitable for
generators with frequent load changes, but it requires slip rings
and brush gear to carry large excitation current to the rotor main
field winding. Also, AVR must include some provision for build-
ing up the terminal voltage from residual magnetism of the field
poles.

5.2.2 Indirect Self Excitation

In this scheme, AVR is required to supply current to the
exciter field and not directly to the main field winding. Hence,
the output of AVR can be smaller, but response will not be as
fast compared to the direct self excitation system.

5.2.3 Separate Excitation

This system provides excitation power from a source indepen-
dent of the power output. It makes use of a permanent magnet
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generator coupled to the common generator and main AC ex-
citer shaft. Since the permanent magnet pilot exciter provides
near constant power excitation under all operating conditions,
performance under starting and short circuit conditions tends to
be superior, but the exciter response is more due to presence of
exciter time constants.

5.3 Third Harmonic Excitation System

Conventional excitation system for an alternator is a shunt
excitation system in which excitation power is taken from alter-
nator main terminals through a step down transformer. In this
system, when alternator is loaded with non-linear loads, the out-
put voltage waveform gets distorted and this distorted power fed
to AVR causes erratic functioning of the AVR. Also during a 3-
phase short circuit at the terminal, power to AVR become zero
and excitation system collapses. A good excitation system should
provide some amount of excitation to the alternator even during
short circuit at the terminal, so that 2 to 3 times rated current is
maintained through the short circuit to ensure positive tripping
of protective relays. Also any failure of the AVR causes complete
breakdown of generator set since excitation is fed through the
electronic AVR.

Diesel engine driven brushless alternators with full pitched main
winding when used for powering single phase loads, have high
harmonic content across line and neutral. Hence, single phase
loads connected across such machines are affected by triplen har-
monics. To circumvent this problem, conventionally, the main
winding is wound at 2/3rd pitch which introduces complexity in
winding, additional insulation requirements in slots as well as in
winding overhang and reduces KVA due to poor winding factor
leading to increase in size by about 13%. The disadvantage of
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high harmonic content in the output phase voltage of brushless
alternator with full pitched main winding is overcome by resort-
ing to an improved excitation system utilising third harmonic
power, still preserving the advantages of having a full pitched
main winding in the machine. In this method, the machine with
full pitched main winding provided with two auxiliary windings
embedded in stator slots and electrically isolated from the main
winding, is used for providing excitation current for exciter field
winding. In this compound excitation system, the combined ef-
fect of one auxiliary winding with 2/3rd pitch and another third
harmonic auxiliary winding with 1/3rd pitch, ensure voltage reg-
ulation and reduces the total harmonic content in the output
phase voltage.

In the third harmonic excitation system implemented, a volt-
age proportional to output voltage is induced in main auxiliary
winding with 2/3rd pitch. Second auxiliary winding is designed
in such a way that only triplen harmonic flux produced in the air
gap during loading of the alternator links with it. The triplen
harmonic flux produced in the air gap vary linearly with percent-
age loading of the alternator and by suitably selecting number of
turns of this auxiliary winding, the voltage induced in the wind-
ing is made exactly equal to the additional excitation required to
compensate armature reaction produced by the load. Rectified
voltages from these two windings are fed to two different wind-
ings on each pole of the exciter field, so that MMF produced by
main auxiliary winding is strengthened by the third harmonic
auxiliary winding. When flux produced by these two windings
are additively fed to exciter field air gap, output of the alterna-
tor is maintained within permitted voltage tolerance band from
no-load to full-load conditions. To achieve fine voltage control,
an optional AVR is also added. The scheme of this excitation
system is shown in Figure 5.1.
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Fig. 5.1: Block diagram of third harmonic excitation system

5.4 Triplen Harmonics in Generated Voltage

The output voltage waveform of a practical AC generator
is not perfectly sinusoidal. The time variation of the induced
EMF in a conductor of the stator winding in an AC generator
has the same form as the space distribution of flux density in
the air gap. Therefore, only a sinusoidal air gap flux density can
result in a sinusoidal induced EMF. Several factors such as shape
of the rotor pole face, core saturation, slotting and style of coil
disposition render realisation of a sinusoidal air gap flux wave
impossible (Premkumar, 2006).

5.4.1 Flux Density Harmonics

Non-sinusoidal distribution of winding and permeance vari-
ations over the air gap cause production of air gap flux density
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harmonics in alternators . The main field winding of the machine
is concentrated around salient poles, which causes MMF in the
air gap due to field winding to be non-sinusoidal. The permeance
variations in the air gap are caused by slot openings in the stator,
saliency in the rotor poles, damper bars in the rotor pole face,
saturation of the core and eccentricity of the rotor (Langsdorf,
1955; Jokinen, 1973; Arkkio, 2007).

Magnetic flux in air gap is the product of air gap MMF and air
gap permeance. The flux density is given by,

B =
υΛ

τpLi
(5.1)

where τpLi is the area of one pole through which the flux flows.

The flux density harmonics arise from harmonic contents in both
the MMF and permeance. The total air gap MMF is the sum
of MMFs due to currents in both the stator winding and field
winding in the rotor. The most important source of permeance
variations is the saliency of the rotor poles. The three sources
of flux density harmonics are analysed in the following sections
limiting the analysis to the fundamental and third harmonic flux
density components.

5.4.2 Harmonics due to Stator Winding

In the stator frame of reference, MMF caused by a m-phase
stator winding with a current I is a function of time and angle θ
along the stator frame. The distance x along the stator frame is
given by,

x =
ds
2
θ =

pτp
π
θ

where ds is the diameter of stator bore and p is the number of
pole pairs. When the MMF axis is set in the middle of first coil

School of Engineering, CUSAT 111



Chapter 5

in a coil group as in Figure 5.2, the MMF of stator winding can
be written using a Fourier cosine series as,

υs = υs,0 +
∞∑
n=1

υ̂s,n cos

(
nπ

x

τp
− ωt− Φs + β

)
(5.2)

The alternator under study has a 3-phase main winding in the

Fig. 5.2: Location of the MMF axis and MMF of the first coil (Source:
Arkkio, 2007 )

stator, and total air gap MMF due to stator winding is the vector
sum of MMFs caused by the different phases. As these vectors
are summed, the third harmonic components of MMF in each
phase cancel each other and as such, no third harmonic MMF
component is generated due to the stator current between lines.
Thus, the MMF of the stator winding can be assumed to be
purely sinusoidal and can be expressed as,

υs = υs,1 cos

(
π
x

τp
− ωt− Φs + β

)
(5.3)
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5.4.3 Harmonics due to Field Winding

To determine the MMF harmonics caused by field winding
on the rotor, winding is assumed to fill the whole space between
pole tip and the pole arc. The linear current density of the field
winding is presented in Figure 5.3.

Fig. 5.3: Linear current density of the field winding (Source: Arkkio,
2007 )

Since the linear current density axis is set in the middle of each
rotor pole, current density can be expressed using a Fourier sine
series. If x is the distance along rotor frame and wp, width of the
pole, linear current density in rotor frame of reference is given
by,

AF =
∞∑
n=1

ÂF,n sin

(
nπ

x

τp

)
(5.4)

Field winding MMF, υF is obtained by integrating the linear
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current density.

υF =

∫
AF dx =

∞∑
n=1

∫
ÂF,n sin

(
nπ

x

τp

)
dx

= −
∞∑
n=1

υ̂F,n cos

(
nπ

x

τp

)
(5.5)

where υ̂F,n = ÂF,n
τp
πn

.

In the stator frame of reference, the air gap MMF varies with
time as the rotor rotates. The mechanical speed of the rotor be-
ing denoted by ωm, while transforming the equations into stator
frame of reference, distance x must be replaced with,

x→ x− ds
2
ωmt = x− 2pτp

2π
= x− τp

π
ωmt (5.6)

where ωmp is the synchronous frequency. The time and space
dependent MMF in the stator frame of reference is,

υF = −
∞∑
n=1

υ̂F,n cos

(
nπ

x

τp
− nωt

)
(5.7)

The total MMF in the air gap of the machine is given by,

υ = υ̂s,1 cos

(
π
x

τp
− ωt− Φs + β

)
−
∞∑
n=1

υ̂F,n cos

(
nπ

x

τp
− nωt

)
(5.8)

5.4.4 Harmonics due to Salient Rotor Poles

For analysis of the permeance harmonics caused by salient
poles of the rotor, the stator surface is assumed to be smooth,
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i.e., stator slotting is not taken into account. The rotor pole
shoe is assumed to be cylindrical with a uniform air gap. The
permeance is approximated to be constant over a pole and zero
outside the pole. The approximation is shown in Figure 5.4. The

Fig. 5.4: Permeance variation due to salient rotor poles (Source:
Arkkio, 2007 )

permeance due to rotor poles can be expressed using a Fourier
cosine series since the permeance axis is set in the middle of the
rotor pole. Hence, the permeance is given by,

Λ = Λ0 +
∞∑
n=1

Λ̂n cos

(
(2nπ

x

τp

)
(5.9)
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where Λ0 = 1
τp

∫ +τp
2

− τp
2

Λ dx = Λp
1
wp

∫ τp
2

−wp
2

dx = Λp
wp
τp

is the average

permeance, and the amplitudes of the harmonics are given by,

Λ̂n =
2

τp

∫ +τp
2

− τp
2

Λ cos

(
2nπ

x

τp

)
dx =

2

τp
Λp

∫ +wp
2

−wp
2

cos

(
2nπ

x

τp

)
dx

= Λp
2

πn
sin

(
nπ

wp
τp

)
(5.10)

When saturation is not taken into account, the constant perme-
ance over a pole is Λp = µ0

τpL′

l′g
, where the equivalent air gap

l′g is obtained by multiplying the actual air gap lg with Carter’s
coefficient kc. i.e., l′g = kclg. In stator frame of reference, the
permeance also varies with time in a similar manner as the field
winding MMF. Using Equation (5.6), the time and space depen-
dent permeance is,

Λ = Λ0 +
∞∑
n=1

Λ̂n cos

(
(2nπ

x

τp
− 2nωt

)
(5.11)

The half waves of the permeance distribution are not symmet-
rical and both even and odd harmonics exist in the permeance
spectrum.
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Flux Density

The flux density is obtained as product of total MMF and
permeance. i.e.,

B =
1

τpL′

[
υ̂s,1 cos

(
π
x

τp
− ωt− Φs + β

)
−

∞∑
n=1

υ̂F,n cos

(
nπ

x

τp
− nωt

)]

×

[
Λ0 +

∞∑
n=1

Λ̂n cos

(
2nπ

x

τp
− 2nωt

)]
(5.12)

As is evident from Equation (5.12), flux density consists of both
time and space harmonics. Magnitude of induced voltage is in-
versely proportional to frequency of the harmonic component and
thus lower order time harmonics induce higher voltages in the
auxiliary winding.

Since harmonics in both MMF and permeance are co-sinusoidal,
the harmonic frequencies in the flux density are obtained as sum
and difference of frequencies in the MMF and permeance. As
amplitudes of MMF and permeance harmonics are inversely pro-
portional to their number of order, only the lowest order harmon-
ics have significant effect on total flux density. Hence, main and
third harmonic auxiliary windings are designed to utilise first and
third order space harmonics respectively.

Only the air gap permeance distribution has even harmonic com-
ponents and thus the odd flux density harmonics can only be
formed of odd MMF harmonics and even permeance harmon-
ics. Since the permeance varies periodically with a fundamental
period of one pole pair, flux density space fundamental can be
obtained either as the product of MMF fundamental and con-
stant permeance or as product of the third MMF harmonic and
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second permeance harmonic. Therefore, fundamental component
of the flux density is given by,

B1 =
υs,1Λ̂0

τpL′
cos

(
π
x

τp
− ωt− Φs + β

)
− υ̂F,1Λ0

τpL′
cos

(
π
x

τp
− ωt

)
− υ̂F,3Λ2

2τpL′
cos

(
π
x

τp
− ωt

)
(5.13)

The third space harmonic can be obtained either as product of
the third MMF harmonic and constant permeance or the MMF
fundamental and second permeance harmonic. Combining these
yields,

B3 =
υs,1Λ̂2

2τpL′
cos

(
3π

x

τp
− 3ωt+ Φs − β

)
− υ̂F,3Λ0

τpL′
cos

(
3π

x

τp
− 3ωt

)
− υ̂F,1Λ2

2τpL′
cos

(
3π

x

τp
− 3ωt

)
(5.14)

The previous study gave an approximation for the magnetic flux
density in the air gap taking into account MMF caused by stator
winding as well as field winding and the permeance variations
due to salient rotor poles.

5.5 Design of Third Harmonic Winding

Design of third harmonic winding by analytic methods de-
mands accurate calculation of third harmonic flux density in the
air gap of the machine. Estimating amplitude of third harmonic
flux in air gap of a machine accurately by conventional design
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procedures is difficult due to complex geometry of the machine
and non-linear characteristics of the magnetic materials. Hence
design of third harmonic winding is done by finite element based
virtual prototyping.

5.5.1 FEM Based Virtual Prototyping of the Machine
with Third Harmonic Winding

Virtual prototype of the machine is developed by modelling
using Ansys Maxwell 2D (Ansys Maxwell 2D V14 documenta-
tion manual). FEM modelling of the synchronous machine is
done using the geometrical data, material properties, winding
data, period of symmetry and the boundary conditions. Wind-
ing data are prepared separately for conventional full pitched
machine and the full pitched machine with THE winding. De-
sign settings in Maxwell software for the parametric analysis of
the machine is given in Table 5.1. FEM models of the two con-
figurations are analysed separately for harmonic content in the
output phase voltage to ascertain the effect of third harmonic
excitation winding on triplen harmonics. The virtual prototype
of the machine with third harmonic winding (THW) is subjected
to detailed analysis for the EMF induced per turn of THW and
based on this, the number of turns of THW is selected.

By conventional design procedures, the no load exciter field cur-
rent of the machine estimated is 0.9 A and that at full load, 0.8
p.f. is 2.2 A. With an exciter field winding having 9 Ω resistance,
the voltage required from main auxiliary winding under no-load
and that required from third harmonic auxiliary winding under
loaded conditions are estimated. Combining these data with sim-
ulation results of induced EMF per turn in the main and the third
harmonic auxiliary windings, the numbers of turns of auxiliary
windings are calculated.
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Table 5.1: Design settings in Maxwell 2D for parametric analysis

Variable Name Value
V A 45000V A
V oltage 415V
PowerFactor 0.8
Frequency 50Hz
NoOfPoles 4
RotorRadius 119.1mm
AirGap 0.9mm
StatorBoreRadius (RotorRadius+ AirGap)
StatorCoreWidth 58mm
StatorOuterRadius (StatorBoreRadius+ StatorCoreWidth)
spu 1
rpu 1
StParPath 2
PotorParPath 1
Iphase spu ∗ V A/(sqrt(3) ∗ V oltage)
Theeta 120 ∗ Pi/180
w 2 ∗ Pi ∗ Frequency
IParPath Iphase/StParPath
CurA IParPath ∗ cos(w ∗ t)
CurB IParPath ∗ cos(w ∗ t− Theeta)
CurC IParPath ∗ cos(w ∗ t+ Theeta)
StatorTurns 25
AphAT CurA ∗ StatorTurns
BphAT CurB ∗ StatorTurns
CphAT CurC ∗ StatorTurns
F ieldTurns 48
IField 75
FieldAT rpu ∗ FieldTurns ∗ IField
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Fig. 5.5: FEM model of 45 KVA alternator with full pitch winding

Fig. 5.6: FEM model of 45 KVA alternator with third harmonic and
fundamental auxiliary windings
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FE models of two configurations of the generators with the two
different winding layouts are shown in Figures 5.5 to 5.6 and flux
density plots in Figures 5.7 to 5.8.

Fig. 5.7: Flux density plot of 45 KVA full pitched alternator with
rotor rotated through 15o

On simulation of the machine models, it is observed that the
induced voltage per turn of the fundamental auxiliary winding
is 8.5 V and that of the THW is 3.2 V as evident in Figure 5.9.
Based on the exciter field resistance and the voltage per turn
developed in the auxiliary windings, the number of turns of the
main auxiliary and the third harmonic windings are designed to
keep the terminal voltage under no load and loaded conditions of
the machine within tolerance limits.

The voltage induced in the third harmonic winding under differ-
ent load conditions are also plotted (Figure 5.10). For this, the
stator current is varied from 0.2 to 1.4 p.u. and it is observed that
voltage induced in THW increases with increase in load current.
This ensures suitability of the third harmonic winding in meeting
the additional excitation power during loaded conditions of the
machine.
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Fig. 5.8: Flux density plot of 45 KVA alternator with THE winding
and rotor rotated through 15o

5.6 Experimental Machine

In the third harmonic excitation system implemented, addi-
tional excitation power to compensate for armature reaction ef-
fect during loaded conditions of the alternator is taken from the
air gap flux density harmonics using THW embedded in stator
slots of the alternator. Similar to the way the flux density funda-
mental induces a voltage into the main winding of the machine,
the flux density harmonics induce voltages in the auxiliary wind-
ings as well. In the improved excitation system, the fundamental
and third harmonic flux components are utilised to produce the
excitation power under no-load and loaded conditions. The aux-
iliary windings are wound into the stator slots together with the
main winding and located on top of the slot between main wind-
ing and the air gap.

In synchronous machines, the synchronous speed, n = 60×f
p

,
where f is the frequency and p is the number of pair of poles
of the machine. The third harmonics of the magnetic field ro-
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Fig. 5.9: Induced voltage waveforms of fundamental auxiliary wind-
ing and third harmonic winding

tate with synchronous rotating frequency of n3 = 60×f3
p

, where
f3 is the third harmonic frequency. The number of poles, 2p3 is
three times higher in comparison with number of poles, 2p of the
fundamental. Therefore, THW is wound for 2p3 = 6p number
of poles with winding pitch y3 = S

6p
, where S is the number of

stator slots. The third harmonic excitation is implemented in a
45 KVA, 415 V, 3-phase, 4 pole synchronous brushless alternator.
The main winding is a full pitched concentric winding and THW
is wound for 1/3rd pitch so that only third harmonic voltage is
induced in it. The winding layout of the 45 KVA machine with
third harmonic excitation system is shown in Figure 5.11.

The excitation requirement for the machine is estimated as 2.2 A
maximum, at 10 V. For third harmonic winding, two turns of 1
mm dia. round copper wire per harmonic pole is wound. These
additional turns are accommodated in the stator slots having 112
conductors of 1.12 mm dia. of main winding. As area of addi-
tional turns is only 6% of main winding copper area, this could
be easily accommodated in the same stator slot. Wound stator
of the experimental machine with main winding and auxiliary
winding is shown in Figure 5.12.
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Fig. 5.10: Voltage induced in THW for varying load conditions

The third harmonic excitation system of the experimental ma-
chine is shown in Figure 5.13 and the assembled machine with
THE system is shown in Figure 5.14.

The induced voltages in the main auxiliary and the third har-
monic windings are shown in Figure 5.15. In order to ascertain
the capability of the THW to meet excitation requirements dur-
ing loaded conditions, experiments were conducted on the pro-
totype machine under different load conditions. The excitation
voltage produced by the THW under different load conditions for
both resistive (R) and resistive-inductive (RL) loads are given in
Table 5.2. The tabulations show that excitation voltage produced
by THW vary linearly with the load applied on the alternator and
hence is capable of providing additional excitation during loaded
conditions of the alternator, compensating the armature reaction
effect.
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Fig. 5.11: Winding layout of the 45 KVA brushless alternator with
third harmonic excitation

Fig. 5.12: Main and auxiliary windings in the stator
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Fig. 5.13: The third harmonic excitation system of the experimental
machine

Fig. 5.14: The 45 KVA experimental machine with third harmonic
excitation system
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Fig. 5.15: Induced voltage waveforms of fundamental auxiliary wind-
ing and third harmonic winding in the experimental machine

Table 5.2: Generated voltage across third harmonic winding at dif-
ferent load conditions

Nature of load Load p.f. % Load Induced voltage in THW(V)

(R) UPF 25% 6.4
UPF 50% 6.82
UPF 75% 8.48
UPF 100% 8.75

(RL) 0.8 pf 25% 5.38
0.8 pf 50% 6.39
0.8 pf 75% 7.852
0.8 pf 100% 8.766
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5.7 Conclusion

In this chapter, a simple, reliable and cost effective excitation
system for low voltage brushless alternators is presented with two
auxiliary windings embedded into the stator slots. The winding
layout of the third harmonic winding is designed for 1/3rd pitch
so that only third harmonic flux in the air gap links with it.
To finalise the number of turns and conductor dimensions of the
third harmonic winding, it is necessary to predict third harmonic
flux in the air gap of the machine. Since calculation of third
harmonic flux by analytic methods is inaccurate, the prediction
is done by virtually prototyping the machine using FEM. Based
on the FEM results, the design of the THW is finalised and an
experimental machine with THE system is developed.

On measuring the voltage induced in the third harmonic aux-
iliary and the fundamental auxiliary windings of the prototype
machine, it is observed that the experimental results are in close
agreement with the simulation results.
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Impact of Third Harmonic
Excitation System on
Voltage Regulation and
Output Voltage Harmonics

6.1 Introduction

The basic function of excitation systems in brushless alter-
nators is to provide necessary direct current to the field winding
of the synchronous generator, to maintain the required terminal
voltage, even under varying load conditions. Thus, excitation sys-
tems have a powerful impact on generator dynamic performance
ensuring quality of energy delivered to the consumers.

Present study focussed on the design and development of a brush-
less alternator with third harmonic excitation which utilizes third
harmonic flux generated under load conditions, in the air gap of
the machine, for excitation purposes. The experimental machine
with THE was tested for voltage regulation to check the effec-
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tiveness of the new excitation system. Since the novel excitation
system utilizes third harmonic flux for generating exciting power,
the suitability of the same as a damper of triplen harmonics in
the output phase voltage was also verified.

6.2 Impact of THE on Voltage Regulation

The excitation system of a brushless alternator should be ca-
pable of keeping the voltage regulation of the machine within
prescribed limits, under all load conditions. The specified volt-
age regulation of the machine under study being ±1% , effective-
ness of third harmonic excitation system was verified by measur-
ing voltage regulation of the experimental machine under various
load conditions, with R load and RL load separately. The results
are given in Table 6.1.

Table 6.1: Voltage regulation of the alternator under different load
conditions
Nature of load Load p.f. % Load Output voltage (line to line)

AB (V) VR(%) BC (V) VR(%) AC (V) VR(%)
R UPF 25% 415 0 413.88 0.27 411.23 0.91

UPF 50% 414.25 0.18 416.36 -0.33 418.85 -0.93
UPF 75% 411.22 0.91 417.41 -0.58 417.12 -0.51
UPF 100% 413.79 0.29 411.15 0.93 413.11 0.45

RL 0.8 25% 415.95 -0.23 418.57 -0.86 419.11 -0.99
0.8 50% 411.97 0.73 411.22 0.91 412.18 0.68
0.8 75% 413.49 0.36 414.25 0.18 418.02 -0.73
0.8 100% 413.49 0.36 414.4 0.15 412.81 0.53

Experimental results show that the THE system implemented in
45 KVA alternator is capable of limiting the voltage regulation
within the prescribed limits, thereby proving effectiveness of the
system under different load conditions.
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6.3 Output Voltage Harmonics

FEM models of 45 KVA machine with the two different wind-
ing layouts were simulated for 0.8 p.f., full load, and output volt-
age harmonics were analysed in each case. A prototype machine
rated for 45 KVA with THE system was developed, and experi-
ments were conducted to validate the simulation results.

6.3.1 Simulation Results

Virtual prototypes of synchronous generator with different
winding layouts are modelled in FEM software Ansys Maxwell 2D
and analysed for output voltage harmonics. Output phase volt-

Fig. 6.1: Output voltage waveform of 45 KVA full pitched generator

age waveforms and their harmonic distribution for the machine
with conventional excitation system and that with THE system
are compared. Figure 6.1 shows the voltage in the three output
phases A, B and C of the machine with full pitched main wind-
ing having conventional excitation system. The phase voltage is
distorted due to high triplen harmonic content and the harmonic
content in the phase voltage is computed by FFT analysis and
Figure 6.2 shows the harmonic spectra. As observed, presence of
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Fig. 6.2: Harmonic spectra of the output voltage waveform of the
full pitched generator

Fig. 6.3: Output voltage waveform of full pitched generator with
THE

3rd and 5th harmonics in the phase voltage is significant. Voltage
in the three output phases of the machine with THE is shown in
Figure 6.3. The harmonic content in the phase voltages are signif-
icantly reduced due to the effect of third harmonic winding. The
harmonic spectra of the phase voltage (Figure 6.4) shows that 5th

harmonics is completely eliminated and there is reduction in 3rd

harmonic content by 17.1%. On comparing the harmonic spec-
tra of the output voltages, as shown in Figures 6.2 and 6.4, it
is clear that, by adopting THE in the full pitched machine, the
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Fig. 6.4: Harmonic spectra of the output voltage waveform of the
full pitched generator with THE

triplen harmonics are reduced which confirms the suitability of
third harmonic winding as damper of triplen harmonics in the
output phase voltage.

6.3.2 Experimental Results

Experiments were conducted on the 45 KVA prototype ma-
chine with the third harmonic excitation system and output volt-
age waveforms were analysed for total harmonic distortion. The
output voltage waveform for 0.8 p.f., full load applied on the
machine without THE is shown in Figure 6.5 and output volt-
age waveform of the machine with THE is shown in Figure 6.6.
THD of the output voltages were obtained as 7.116% and 4.886%
respectively, for the conventional machine and the machine with
THE. Analysis of output voltage harmonics of the generator with
THE confirmed reduction in total harmonic distortion as com-
pared to that in generator without THE. This is attributed to
the reduction in triplen harmonics under loaded conditions util-
ising third harmonic power for excitation.
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Fig. 6.5: Output voltage waveform (line to neutral) of experimental
machine without THE, at full load, 0.8 p.f.

Fig. 6.6: Output voltage waveform (line to neutral) of experimental
machine with THE, at full load, 0.8 p.f.
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6.4 Conclusion

The compound excitation system using third harmonic wind-
ing helps to eliminate use of expensive compounding transformer
or shunt AVR otherwise required, reducing overall cost of the
machine at the same time enhancing reliability of the system.
Simulation results show that, by utilising third harmonic flux
in the air gap for excitation purposes during loaded conditions,
triplen harmonics in the output phase voltage are reduced. Pro-
totype of the experimental machine with THE system designed
and developed based on FEM analysis proved effective in keep-
ing the voltage regulation within specified limits and has added
advantage of reduced harmonics in output phase voltage.
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Summary, Conclusion and
Future Scope

7.1 Summary

Chapter 1 introduces the background of the research problem
followed by Chapter 2 which presents a thorough review of lir-
erature available on the topic. The essence of the research work
is incorporated in Chapters 3 to 6. The finite element formu-
lation of the field problem in brushless alternators is explained
in chapter 3. FEM based virtual prototyping for parameter pre-
diction in synchronous generators is discussed in chapter 4 and
the parameters of the machine predicted by simulation of the vir-
tual prototype are analysed. Chapter 5 describes the design and
implementation of an improved excitation system for brushless
alternators utilising third harmonic flux in the air gap of the ma-
chine. Chapter 6 discusses the influence of the THE system on
the voltage regulation and THD in the output phase voltage of
the machine.
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7.1.1 FE Formulation of the Field Problem

The magnetic field distribution along the cross section of the
brushless alternator is described by Poisson’s equation. The field
properties of the machine are invariant along z-axis and hence 2D
FEM formulation is sufficient for analysis of the machine thereby
considerably reducing the computational time. The field vari-
ables computed in the problem domain by FEM, are used for
deriving the machine parameters, by post-processing.

To improve the accuracy of computation, the quadratic triangu-
lar elements are used where field variable at the six nodes of each
element in the problem domain are computed and then interpo-
lated to compute the field variable at each and every point in the
analysis domain. Iso-parametric elements used for discretisation
help modelling the complex geometry of the machine accurately.

7.1.2 Parameter Prediction by FEM based Virtual Pro-
totyping

Virtual prototyping of the machine is done by modelling the
machine using FEM software, Ansys Maxwell 2D. The FE mod-
elling of a brushless alternator of 45 KVA capacity is done using
geometrical data, material properties, winding data, period of
symmetry and the boundary conditions. Simulation of the virtual
prototype of the alternator is carried out and based on electro-
magnetic field analysis, the machine parameters are predicted.
FEM proves to be an efficient numerical tool for prediction of
performance characteristics of electrical machines in the design
stage thus saving development time and cost by avoiding expen-
sive and time consuming prototyping.
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7.1.3 Improved Excitation System for Brushless Alter-
nators

A third harmonic excitation system for brushless alternators
is designed with two auxiliary windings embedded in the stator
slots, electrically isolated from the main winding. In the funda-
mental auxiliary winding, a voltage proportional to the output
voltage is induced. The third harmonic auxiliary winding is de-
signed in such a way that only triplen harmonic flux produced in
air gap of the alternator links with the winding. Triplen harmonic
flux produced in the air gap vary linearly with percentage load-
ing of alternator and by suitably selecting the number of turns of
THW, voltage induced in the winding is made exactly equal to
the additional excitation required to compensate armature reac-
tion caused by the load. Rectified voltages of both the auxiliary
windings are fed to two different windings on each pole of the
exciter field, so that MMF produced by fundamental auxiliary
winding is strengthened by the third harmonic auxiliary wind-
ing under loaded conditions. When flux produced by these two
windings are additively fed to the exciter field, output of the al-
ternator is maintained within permitted voltage tolerance band
from no load to full load conditions.

A finite element model of the machine with THE is simulated for
predicting the induced EMF per turn in the fundamental and the
third harmonic auxiliary windings, thereby calculating the num-
bers of turns of the auxiliary windings. The voltage induced in
the third harmonic winding for different load conditions are also
plotted and it shows that the induced voltage in THW is suffi-
cient for providing additional excitation for the machine under
loaded conditions. A prototype brushless alternator of 45 KVA,
415 V, 3-phase, 4 pole with THE is developed and experimented
to validate the simulation results.
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7.1.4 Impact of THE System on Voltage regulation and
Output Voltage Harmonics

In the compound excitation system using third harmonic
winding, the combined effect of the fundamental auxiliary wind-
ing with 2/3rd pitch and the third harmonic auxiliary winding
with 1/3rd pitch, ensures desired voltage regulation and reduces
the total harmonic content in the output phase voltage. Ex-
periments conducted on the 45 KVA prototype machine with
THE system and the output phase voltage waveforms analysed
for THD exhibited considerable reduction as compared to that
in generator without THE. This is attributed to the reduction
in triplen harmonics under loaded conditions, by utilising third
harmonic power for excitation. The compound excitation sys-
tem using THE system eliminate use of expensive compounding
transformer or shunt AVR otherwise required, thereby drastically
reducing overall cost of the machine, at the same time enhancing
reliability of the system.

7.2 Conclusion

The present investigation successfully designed and imple-
mented a simple, reliable and cost effective excitation system for
low voltage brushless alternators, with two auxiliary windings
embedded into the stator slots. Since the number of turns of
auxiliary windings are very small compared to main winding of
the machine, same could be accommodated in the stator slots. To
finalise the number of turns and conductor dimensions of THW,
it is necessary to predict third harmonic flux in the air gap of the
machine. Since calculation of third harmonic flux by analytic
methods is inaccurate, the prediction is done by virtually proto-
typing the machine using FEM. Based on the simulation results,
the design of THW is finalised and an experimental machine with
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THE system is developed.

Analysis of THD in the output phase voltage of the alterna-
tor with THE exhibited reduction in total harmonic distortion
as compared to that in generator without THE. The compound
excitation system using THW eliminates use of expensive com-
pounding transformer or shunt AVR thereby reducing the overall
cost of the machine, at the same time reliability of the system is
enhanced.

FEM proves to be an efficient numerical tool for virtual proto-
typing for prediction of performance characteristics of electrical
machines in the design stage thereby avoiding expensive and time
consuming prototyping. The numerical test platform based on
FEM can replace costly and hazardous tests conducted in con-
ventional test beds.

7.3 Suggestions for Future Reaearch

• Field analysis of synchronous machines is of multi-physics
nature which includes electric, magnetic, thermal and me-
chanical aspects. The work presented here is restricted only
to analysis of electric and magnetic phenomena within the
machine structure.

• The present work is limited to the study of impact of THE
system on voltage regulation and THD of output phase volt-
age. There is scope for extending the investigation to other
important performance criteria of brushless alternators like
TVD/TVR and Short circuit characteristics.

• From results of the present study it is obvious that fifth
harmonics is also a predominant component in the genera-
tor output voltage. Therefore, by suitably changing pitch
of the harmonic auxiliary winding, fifth harmonic flux can
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also be utilised for generating excitation power, so that to-
tal harmonic content in the output phase voltage of the
alternator can further be reduced.

• Present study is limited to the parameter prediction by
magneto-static analysis together with parametric investi-
gation of the machine model. The transient parameters
of the machine can also be predicted by resorting to tran-
sient analysis where movement modelling of the rotor also
is considered.
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