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ABSTRACT 

This thesis deals with applications of variable speed induction generators in stand-alone 

power systems. The plant consists of an induction generator, a reactive - power 

compensator and a control system. Four different reactive power compensation schemes 

for a stand-alone induction generator, namely parallel capacitor bank, voltage source 

inverter with scalar control of frequency, a current controlled PWM voltage source 

inverter (VSI) with direct stator flux oriented control, and a current controlled PWM 

voltage source inverter with direct rotor flux oriented control, have been investigated. 

Dynamics of self-excitation process of an induction generator, using fixed capacitor 

bank, have been investigated both experimentally and by simulation for a single-cage 

and a double-cage induction machine. Detailed experimental investigations of the 

induction generator self-excitation process with star and delta connected capacitor bank, 

under variable speed conditions, and evaluation of load voltage variation compensation 

using additional series capacitor bank, have been conducted and the results are 

presented. 

Simulation of variable speed operation of the induction generator with scalar control of 

a PWM voltage source inverter has been performed. Two novel vector control strategies 

for the PWM VSI based reactive power compensator, a direct stator flux oriented 

control scheme and a direct rotor flux oriented control scheme, with a goal of achieving 

constant flux operation of the generator under varying speed and load conditions, have 

been developed and verified by simulation. A novel saturation adaptive rotor flux 

estimator is developed for the case of rotor flux oriented control scheme. 

Rotor flux oriented control scheme offers the most favourable behaviour. The proposed 

vector controlled variable speed induction generators can be used to supply both 

autonomous a. c. power systems and autonomous d. c. power systems. 
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Chapter 1 

INTRODUCTION 

1.1 Electricity generation from alternative energy sources 

Emphasis on environmental problems throughout the world has led to enormous 

increase in activities correlated with electric energy generation from so-called 

alternative energy sources [Hammons (1993)]. Alternative energy sources are thought to 

be one of the solutions to the environmental problems and are expected to make a major 

contribution to the overall electric energy production in the next millennium. 

Alternative energy sources produce electricity without polluting the environment, thus 

reducing emission of huge amounts of harmful gases such as carbon dioxide (C02), 

nitrogen oxides (NO,, ) and sulphur oxides (SO, t) that are responsible for the greenhouse 

effect and acid rain. 

Among alternative energy sources such as wind, hydro, wave, tidal, solar, biomass and 

geothermal, wind energy could contribute significantly and economically due to its free, 

clean and renewable character and its extremely large potential. Wind is considered not 
just as an environment-friendly energy source, but as the least-costly choice of energy 

source as well. Wind as a potential source is obviously much higher than the world's 
hydro energy potential. It is sensible to expect that wind energy will become a 

significant component of total energy supplies in the near future, given the advanced 

state of wind turbine technology and availability of wind in the world. 

Wind turbine technology has by now matured enough for widespread and large-scale 

applications after 20 years of intensive development. Wind power is already a 

commercial technology since equipment is readily available from manufacturers 

worldwide. Large-scale wind power projects in both North America and Europe have 

been undertaken during the last decade. More than 16000 wind turbines are currently 
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Chapter I Introduction 

installed in California with a total generating capacity approaching 1700 MW [Gipe 

(1997)] which is more than the capacity generated from the nuclear power plants. 

Denmark and Netherlands are committed to generating about 10% of their power 

requirements by wind power. The world wind generating capacity has reached 6000 

MW in 1996 (Figure 1.1) and is expected to exceed 10000 MW by the end of the 

century [Gipe (1997)]. The production of wind-generated electricity has risen from 

nearly zero in the early 1980s to more than 10 Terawatt-hours (TWh) per year in 1996 

and generation will reach 20 TWh by the year 2000 (Figure 1.2). 

Today, the United States dominates the worfffor wind energy production, about 3 TWh 

of wind-generated electricity being now produced annually in America, but the lead is 

quickly evaporating as wind power plants are going on-line in different sites around the 

world. Wind turbines with a generating capacity in excess of 1400 MW have been 

installed in 1996 by manufacturers world-wide (Figure 1.3) [Gipe (1997)]. Germany and 

India account for three-quarters of new capacity. Germany has the most expanding 

market for wind energy in the world and the installed capacity in Germany was expected 

exceed the installed capacity in the United States by the end of 1997 [Gipe (1997)]. 

Figure I. I World wind guiwlalion cilhIciO I(i pc (I`)ý)l)f 

The ongoing and projected wind generations for some developing countries are 
impressive [Jayadev (1995)]. India has planned to produce nearly 1200 MW of wind 
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Chapter I Introduction 

power at the end of this century. Another country with ambitious plans is China, which 

announced that it had set a goal of having available I GW of wind power by the year 

2000. Estimate of wind resource that can be utilised in China is about 253 GW. China 

manufactures each year 30,000 small wind turbines. These small turbines provide 

electrical need in the rural areas of the country. 
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Figure 1.2 World wind generation [Gipe (I997)] 
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Figure 1.3 Wind capacity growth by region [Gipe (1997)] 
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Wind energy is one of the most promising sources of alternative energy as far as the UK 

is concerned, due to general availability of the wind and due to possibilities of realising 

electro-mechanical conversion with high efficiency [Halliday (1993)]. The UK has the 

largest wind resource in Europe. The overall accessible wind resource on land is greater 

than the UK's current electricity consumption [Blocklehurst (1996)] and the wind 

resource offshore is much lager than onshore due to the large areas with high wind 

speeds. There are now nearly 700 wind turbines installed on numerous wind energy sites 

with a total capacity of about 287 MW. Britain's newest and Europe's largest wind farm 

has just opened in 1997 at Carno in Powys, Wales. It is designed to generate up to 33 

MW, which will produce 15% of the country's total electricity consumption, 

contributing over 40% to electricity generation by the wind [CADDET (1997)]. 

1.2 Application of induction generators for stand-alone and 
embedded electricity generation 

In general, a wind electricity generation scheme can be operated as a part of an 

autonomous power system or it can be connected to the national grid. The first solution 

appears to be particularly attractive for remote areas with relatively low density of 

population where a large grid construction or expansion is too costly to build, while the 

second approach is more attractive for developed countries with high density of 

population and well-established national power system. Depending on whether a wind 

electricity generation scheme operates on autonomous power system or as a part of the 

national grid, the problems that are encountered differ considerably, especially when an 
induction machine is used as electric generator. 

Many electric machines have been considered for use in wind energy generation 

including DC machine, permanent magnet synchronous machine, synchronous machine 

with wound rotor, switched reluctance machine, wound rotor induction machine and 

cage induction machine [Catto (1996)]. 

A separately excited DC machine is very simple to control and this is its main good 
feature. However, it has a more complex construction and hence is more expensive in 
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comparison with induction machines. The presence of commutator and brushes that 

require regular maintenance is considered as a serious drawback because the wind 

turbines are often located in remote regions and will be off-shore in the future, where 

the air is salty. 

Synchronous generators with excitation winding are generally used in high power 

applications above 1 MW because of their high efficiency. Their operation does not 

require presence of the utility grid and they do not need external reactive power source 

for magnetisation. Synchronous generators with excitation winding require more 

maintenance and are much more expensive than the induction generators. 

Permanent magnet (PM) synchronous machine is attractive because of high efficiency, 

smooth torque production and high power factor, but PM machines are more expensive 

than induction machines. PM machines are not widely used at power levels greater than 

20 kW due to the requirement for costly magnet material. Direct-drive variable speed 

wind energy systems (that eliminate the use of gearbox), based on a specially designed 

permanent magnet machine, are being developed [Spooner and Williamson (1996), 

Spooner et al (1996)]. 

Wound rotor induction machines allow the control of rotor current and hence the slip. 

They are therefore used in variable speed operation of large wind turbines [Pena et al 
(1996)]. The machine can be controlled by means of a power electronic converter placed 
in the rotor circuit. The required power rating of the converter is therefore smaller than 

when the converter is at the stator side. However, wound rotor induction machine has 

the high maintenance cost problem due to brushes and the slip rings and there is also the 

increased probability of rotor faults. When compared to a cage induction machine, the 

price and size of such machine for the same power rating is much higher because of the 

wound rotor winding and slip rings. 

The switched reluctance machine has the following benefits: simple and reliable 

construction, control simplicity, higher efficiency compared to induction machine and 
theoretically it could be built to run at any speed. Switched reluctance machines in the 
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power range greater than 100 kW have not been built yet. Use of switched reluctance 

machines as generators in wind energy systems is still in early stage of development. It 

appears that switched reluctance machines are a promising alternative for high 

efficiency variable speed operation in the future[Abouzeid (1998)]. 

Squirrel-cage induction machines are simple, of low cost, robust, rugged and require 

virtually no maintenance. Induction machines as generators for low cost, reliable and 

efficient electric power generation from alternative energy sources are nowadays the 

most popular choice among many types of electric machines [Catto (1996), Ermis et al 

(1992), Singh (1995)]. 

The most important parameter that influences the feasibility of wind electricity 

generation is the amount of wind energy available at potential sites. The cubic relation 

between instantaneous wind speed and available energy means that if the wind speed 

doubles then the energy of the wind increases by a factor of eight. However the total 

energy output of a power plant strongly depends on wind electricity generation system 

design. Two options are in general possible, variable shaft speed and constant shaft 

speed operation of the generator. 

Grid connected wind generation system in which a generator is directly connected to the 

utility grid forces the generator to run at a constant frequency and therefore at nearly 

constant speed. The generator will commonly be either an induction machine or a 

synchronous machine. The induction machines are much cheaper than the synchronous 

machines. The advantage of constant speed wind energy system is the simplicity and 

reliability. Up to now, the majority of wind turbines in operation run at constant speed 
in synchronism with the utility grid. 

When the induction generator is externally excited by the power grid, the induction 

machine takes its excitation in terms of lagging magnetising current from the power grid 

to produce its rotating magnetic field necessary for generation. The induction machine 

starts generating when running above its synchronous speed, which is dictated by the 

frequency of the power grid and the number of poles in stator winding of the induction 
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machine. The generator generates active electrical power and supplies it to the power 

grid, while taking reactive power from the grid. The voltage and frequency at the 

terminal output are the same as the frequency and voltage of the power grid. 

Unlike induction generators connected to the power utility grid, the major difficulty 

associated with an induction generator used in autonomous power systems as a stand- 

alone unit is that the induction machine does not have the inherent ability to produce the 

reactive power required for its excitation and by the load. Therefore, the reactive power 

required by the induction machine must externally be provided by a reactive power 

generator of some sort connected to the machine stator terminals. 

A variable speed, squirrel-cage induction generator based wind energy conversion 

scheme has numerous advantages when compared with a constant speed conversion 

scheme [Ermis et al (1992)]. The most important advantage is better wind energy 

capture, yielding approximately 10% higher energy output for the same wind 

conditions. Another obvious advantage is that induction generator itself is cheaper than 

other types of generators. Other advantages are reduction of mechanical stresses and 

acoustic noise at low wind speeds. However, due to inherent lack of reactive power 

source within a squirrel-cage induction machine, an external reactive power source is 

always required. 

The emphasis in this research is placed on utilisation of cage induction generator based 

variable speed wind electricity generation in autonomous power system. When the 

generator operates on autonomous power system, it is possible to utilise as reactive 

power source either a capacitor bank or a static VAr compensator. In either case, self- 

excitation of the machine has to occur first, followed by, if possible, constant flux 

operation regardless of the operating speed, driving torque and loading conditions. As 

self-excitation process and subsequent constant flux operation are entirely dependent on 

the shape of the magnetising curve of the machine, it is absolutely necessary to account 
for main flux saturation Was (1992)] in any analysis which encompasses variable speed 

operation of self-excited induction generator. 
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1.3 Static reactive power compensators 

Static reactive power VAr compensator as a source of reactive power for the induction 

generator is the second important component of the system under consideration. There 

are four types of static VAr compensators that are commonly used [Gyugyi (1979)]: 

1. Thyristor-controlled reactor (TCR). 

2. Thyristor-switched capacitor (TSC). 

3. Current source inverter (CSI). 

4. Voltage source inverter (VSI). 

Additionally, a bank of fixed capacitors connected in parallel or series with stator 

winding may be used under certain conditions. Shunt capacitors increase the power 

factor of an inductive load and can be used as reactive power source for an isolated 

induction generator. Series capacitors are used to compensate for the series inductance 

in the power system. The series capacitors reduce the system reactance and hence 

compensate for the voltage variation. However, the use of series capacitors can cause 

instability problems, that can be overcome by careful system design [Saad-Saoud et al 

(1995)]. 

Thyristor based static VAr compensators such as thyristor controlled reactor and 

thyristor switched capacitor provide fast, repetitive, in some cases continuous control of 

the effective fundamental frequency susceptance presented to the power system by a set 

of inductors and capacitors. The circuit topologies are based on the naturally 

commutated thyristors. 

In thyristor-controlled reactor (TCR) scheme, a reactor and an anti-parallel connection 

of two thyristors are incorporated in each phase branch (Figure 1.4). The split 

arrangement of the reactor in each phase provides extra protection to the thyristor 

controller in the event of a reactor fault. The power is changed by controlling the current 

through the reactor by means of a valve with anti-parallel connected thyristors which 
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conduct on each half-cycle of the supply frequency. The duration of conduction interval 

is controlled by delaying in each half-cycle the firing angle of the thyristor valve in 

relation to the natural current zero. The current can be changed from zero to maximum 

lagging within one half-cycle. The TCR has a characteristic of continuously varied 

current, without steps, between zero and a maximum value corresponding to full 

conduction. The current is essentially reactive, lagging the voltage by ideally 90 

degrees, so that reactive power can only be absorbed. Full conduction is obtained with a 

gating angle of 90 degrees. The effect of increasing the gating angle, from 90 degrees to 

180 degrees (the firing angle range corresponding to the voltage peak and voltage zero 

crossing), is to reduce the fundamental harmonic component of current which is 

equivalent to an increase in the inductance of the reactor, reducing its reactive power as 

well as its current. Increasing the gating angle leads to a decrease of the power losses 

both in the thyristor controller and the reactor, but the TCR generates harmonic current 

as the current waveform becomes less sinusoidal. A TCR is used together with a fixed 

capacitor when reactive power generation is required. The fixed capacitor must be of 

higher rating than the inductor in order to provide variable leading VArs. Reactive 

power can then be changed within one half-cycle from maximum leading to maximum 

lagging or vice versa [Miller (1982)]. 

0 
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Figure 1.4 Three-phase thyristor-controlled reactor (TCR) compensator 

In thyristor switched capacitor (TSC) scheme (Figure 1.5), a shunt capacitor bank is 

divided into a suitable number of branches depending on the maximum allowable step 
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change of reactive current. A small current limiting inductor (not shown in the figure) is 

used in series with each capacitor bank to limit the current. The controllable leading 

VAr for an a. c. system is provided by switching in or out appropriately dimensioned 

capacitor banks by means of the thyristor valves. Switching occurs when the a. c. Voltage 

is equal to the pre-charge voltage across the capacitor bank, thus providing almost 

transient-free switching due to natural zero crossings of the capacitor current at the 

instants of switching. It takes at least one cycle for switching in a non-conducting 

capacitor bank and at least one half-cycle for switching out a conducting capacitor. 

There are no harmonics generated. The disadvantage of TSC scheme is that the VAr 

compensation is not continuous [Miller (1982)], each capacitor bank requires a separate 

thyristor switch and it is not economical for high-voltage application unless a step-down 

transformer is used. 

(a) (b) 

Figure 1.5 Single-phase three-stage (a) and three-phase single-stage (b) thyristor-switched capacitor 
(TSC) compensator 

With a combined TSC/TCR compensator (Figure 1.6), continuous variable reactive 

power is obtained throughout the complete control range as well as the full control of 
both the inductive and the capacitive parts of the compensator. The maximum reactive 

power that can be absorbed is equal to inductor reactive power rating while the 

maximum leading power that can be supplied corresponds to the sum of all the capacitor 

ratings. This combination significantly reduces the inductor rating as the total 

capacitance is subdivided into small units. This is an advantageous feature permitting 

optimum performance during large voltage disturbances in the power system as all the 

capacitors can be switched out of the system. However, the combined device is more 
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expensive than a single device although the reactor rating is reduced. 

The thyristor controlled compensators consist of energy storage components such as 

inductors and capacitors which enable production or consumption of reactive power. 

They cannot provide instantaneous VAr control because of their inherent time delays 

[Gyugyi (1979)]. 

Reactive power compensators, described so far, are predominantly used at transmission 

and distribution voltage levels within power systems. Their limited speed of response 

makes them inappropriate for use in variable speed induction generator based 

autonomous power systems. It is for this reason that the three topologies introduced in 

the preceding text, will not be considered in any greater depth in the remainder of the 

thesis. 

Current source type inverter (CSI) and voltage source type inverter (VSI) based static 

VAr compensators (SVCs) function as controllable a. c. current and voltage sources. The 

force commutated CSI can provide both leading and lagging VArs since it is capable of 

operating over the firing angle range 0-3600 and the magnitude of the a. c. line current 

can be controlled by adjustment of the firing delay angle. However the response time of 

this type of SVC is slow since current through an inductor cannot be changed 

instantaneously. Additionally, it introduces considerable amount of harmonic currents 

into the system as the current reflected in the mains is the worst case quasi square-wave 

[Gyugyi (1979)]. 

ýý 
u 

Figure 1.6 Three-phase combined TSC/TCR compensator 
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When a voltage source inverter is used, the reactive power can be controlled from full 

leading to full lagging by controlling the amplitude of the output voltage and it can 

provide continuously variable leading and lagging VArs without using large energy 

storage components. The fundamental harmonic of the inverter output voltage is 

controlled to be in phase with the system voltage, so that only reactive currents flow 

through the inductance between the network and the inverter. When inverter voltage is 

higher than the network voltage, reactive current is delivered to the network. When the 

inverter voltage is smaller than the network voltage, reactive current is drawn from the 

network. The rating of the d. c. side capacitor is typically 20% of the rating of 

conventional SVCs [Craig and Davidson (1995)]. This gives a substantial reduction in 

size which is particularly important at higher ratings. 

VSI, operated in pulse width modulation (PWM) mode with high switching frequency, 

enables very fast control of the converter so that it reacts to the demand change 

practically instantaneously. High frequency PWM scheme of SVCs eliminates the 

harmonics generated by the compensator itself as the inverter is interfaced with the 

power system through interconnecting inductors or interconnecting transformers so that 

the current harmonics that are injected into the system are of high frequencies and very 

small amplitude. The PWM VSI based SVC compensator appears to be the most 

attractive option [Gardner (1996)] and is therefore reactive power source predominately 

dealt with in the thesis. 

1.4 Aims of the Research 

1.4.1 Research objectives 

The PhD project deals with so-called variable speed wind energy generating system, 

aimed at supplying an autonomous power system. The major components of such a 

system are an induction generator, a static reactive power compensator and an 

associated control circuitry. As optimal variable speed operation of an induction 

generator results only if flux is kept at constant value, the role of control is to achieve 

such an operation under varying operating conditions. As flux is to be kept at constant 
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value during both transient and steady-state operation, application of advanced static 

reactive power compensators and advanced control techniques is mandatory. The main 

objectives of the project can be summarised as follows: 

" Investigation of induction generator self-excitation with reactive power being 

provided by capacitor bank and by static VAr compensator of VSI type 

" Investigation of load voltage variation compensation for stand-alone induction 

generator using an additional auxiliary series capacitor bank, apart from the main 

parallel capacitor bank 

" detailed experimental investigation of the induction generator self-excitation and 
load voltage variation compensation, using fixed capacitor banks, with emphasis on 

variable speed operation 

" Investigation of scalar control of a PWM voltage source inverter based reactive 

power compensation 

" Investigation of current control strategies for static VAr compensator of current 

controlled PWM voltage source inverter type 

" Investigation of stator flux oriented control in conjunction with control of the 

induction generator and static VAr compensator 

" Investigation of rotor flux oriented control in conjunction with control of the 

induction generator and static VAr compensator 

1.4.2 Originality of the research 

Application of variable speed induction generators in wind energy generation systems is 

a rather new research topic, which has attracted significant attention of the research 

community worldwide only recently. One specific aspect, investigated in this thesis, is 

application of such generating plants in as stand-alone units in autonomous power 

systems. Original research results, arrived at during the course of the project, constitute 

major portions of Chapters 4,5,6,7 and 8. The original contributions of the thesis can 
be summarised as follows: 
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1. Investigation of the self-excitation process, using fixed capacitor bank, in doubled- 

cage induction machines by means of reduced-order single-cage induction machine 

model. 

2. An experimental investigation of the self-excitation process, using fixed capacitor 

bank, under variable speed operating conditions, and experimental evaluation of 

load variation compensation using additional series capacitor bank. 

3. Development of the an original implementation of the voltage source inverter model 

in MATLAB/SIMULINK environment. 

4. Detailed simulation analysis of performance of an induction generator with voltage 

source inverter type of reactive power compensator with scalar method of inverter 

control, with the emphasis placed on variable speed operation. 
5. Development and verification by simulation of a novel stator flux oriented control 

scheme for an induction generator with reactive compensator of current-controlled 

voltage source type. 

6. Development and verification by simulation of a novel rotor flux oriented control 

scheme for an induction generator with reactive compensator of current-controlled 

voltage source type. 

7. Development of a novel, saturated adaptive, rotor flux estimator. 

1.5 Organisation of the thesis 

The thesis is divided into nine chapters. The first Chapter highlights the importance of 

alternative energy due to increasing concern for environmental damage caused by the 

uncontrolled emission of greenhouse effect related gases from conventional power 

stations, explains why an induction machine is the most popular generator for reliable, 

efficient and low-cost electric power generation from alternative energy sources, and 

introduces the concept and need for static reactive power compensation in the 

autonomous power system in which the induction generator is a stand-alone unit. 

A thorough literature review of schemes for reactive power compensation of induction 

generators has been undertaken and is summarised in Chapter 2. Compensation schemes 

using a capacitor bank, current source inverters and voltage source inverters are 
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described with emphasis on a PWM voltage source inverter based reactive power 

compensator. Aspect of embedded systems are reported as well although the research 

project concentrates on the induction generators applied in autonomous power systems. 

Chapter 3 explains the need for utilisation of saturated induction machine models and 

further details mathematical modelling techniques for saturated single-cage and double- 

cage induction machines. A simplified single-cage representation of saturated double- 

cage induction machines is developed and described. 

Self-excitation of induction generator by means of a capacitor bank has been analysed 

both experimentally and by simulation for a single-cage and for a double-cage induction 

machine and results of no-load self-excitation and loading transients for both single- 

cage and double-cage induction machines are given in Chapter 4. Load voltage variation 

compensation for stand-alone induction generator using an additional auxiliary series 

capacitor bank, apart from the main parallel capacitor bank, has also been investigated. 

Chapter 4 concludes with results of the experimental study of induction generator 

operation with capacitor based reactive power compensation. 

Chapter 5 deals with modelling and simulation of static reactive power compensator 
based on a PWM voltage source inverter. Detailed model implementation using 
SIMULINK package is presented. Simulation results related to operation of a single- 

phase and a three-phase PWM voltage source inverter for different operating conditions 

are shown. 

Chapter 6 focuses on the scalar control scheme with a PWM VSI reactive power 

compensator for the stand-alone induction generator system. Simulation results are 

given and the disadvantages of this control scheme are addressed. 

Various vector control techniques aimed at providing constant flux operation of 
induction generator are examined next. Chapter 7 deals with stator flux oriented control 

of a PWM VSI reactive power compensator for a stand-alone induction generator. The 

design of stator flux and d. c. link voltage control loops is outlined. The design of current 
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controller and the stator flux estimator is presented. Simulation results showing dynamic 

performance of the system operating in base speed region and in the field weakening 

region are given. 

Chapter 8 describes the control a PWM VSI reactive power compensator in a reference 

frame aligned with rotor flux space vector for a stand-alone induction generator. A rotor 

flux control strategy based on the direct field orientation approach is developed. 

Development of a novel, saturation adaptive rotor flux estimator is presented. 
Simulation results of self-excitation, load application and speed variation both in base 

speed region and in field weakening region are given, for two specific loading 

situations: load placed at a. c. side of the inverter and load placed at d. c. side of the 

inverter. 

The thesis concludes with chapter 9, which contains conclusions that have been drawn 

from this study and recommendations for future work. 
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Chapter 2 

REVIEW OF SCHEMES FOR REACTIVE POWER 
COMPENSATION OF INDUCTION GENERATORS 

2.1 Three-phase parallel capacitor bank 

The phenomenon of self-excitation in induction machines has been known for many 

years. When induction generators are used to supply electricity to autonomous power 

systems, self-excitation of the induction generators must be provided and maintained 

throughout the operation. Self-excitation of induction generator can occur when the 

machine is driven at certain speed and an external reactive power source is provided by 

a capacitor bank or a static VAr compensator. Self-excitation is most frequently 

achieved by the use of a capacitor, bank connected in parallel to the induction generator 

stator terminals [Elder et al (1983)]. In this case, self-excitation depends on the value of 

capacitance, speed of rotation and the load. As self-excitation is dependent on the 

operating point at the magnetising curve of the machine, non-linearity of the 

magnetising circuit has to be accounted for in any analysis. , 

The analyses of self-excitation of induction generator using a capacitor bank have been 

extensively, covered in literature. The per-phase equivalent circuit of an induction 

machine has been used for study of steady-state performance of self-excited induction 

generators with a capacitor bank. Murthy et al (1982), Malik and Al-Bahrani (1990) 

have adopted the loop-impedance method. They have derived polynomials from loop 

equations of equivalent circuit of the induction machine. Two non-linear simultaneous 

equations in terms of per unit frequency and magnetising reactance are obtained by 

equating the real and imaginary parts of the complex loop impedance to zero. The 

obtained non-linear equations are arranged for unknown variables such as magnetising 

reactance and frequency, while the rest of the machine parameters and operating regime 

are considered to be constant. Newton Raphson numeric method is used for solving 
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these equations. The steady-state performance of the self-excited induction generator is 

computed for the given value of the capacitance, load and speed. Unlike the above 

methods which need the separation of real and imaginary components of the complex 

impedance and need different models for different types of loads and capacitor 

connection configurations at the machine terminals, a method, based on the impedance 

of equivalent circuit considering the core loss of the induction machine, has been 

reported by [Singh and Jain (1995)] where the evaluation of steady-state performance of 

self-excited induction generator is formulated as multivariable unconstrained non-linear 

optimisation problem. The optimisation problem is solved employing numeric 

technique, Rosenbrock' methods of rotating coordinates, to calculate performance of 

self-excited induction generators in steady-state operating conditions. Quazene and 

McPherson (1983) and Chan (1993) have proposed the nodal admittance method. In the 

method proposed by [Quazene and McPherson (1983)], the admittances connected 

across the air gap nodes are considered. A polynomial in terms of per unit frequency is 

obtained by equating the sum of real parts to zero, while the magnetising reactance can 

be determined by equating the sum of imaginary parts to zero using the value of per unit 

frequency. Based on the nodal admittance method applied to the equivalent circuit 

model, Chan (1996) develops a simple iterative method to determine the per unit 

frequency of self-excitation, where only simple algebraic manipulations are involved 

and the complete equivalent circuit is solved. A circle diagram approach based on the 

induction machine equivalent circuit has been used by Muljadi et al (1993) to illustrate 

the operation of an isolated induction generator. The changes of the operating condition 

of self-excited induction generator can be visualised from the admittance diagram as the 

parameters, such as capacitance and load resistance, are changed. 

There is a minimum and maximum capacitance requirement to sustain self-excitation 
for a specific rotor speed and load. Numerous numerical methods based on steady-state 

equivalent circuit models have been proposed to find the minimum capacitance for self- 

excitation of induction generator by solving non-linear simultaneous equations. Malik 

and Mazi (1987) have proposed an indirect method that requires initial guess in a trial- 

and-error procedure to find the minimum capacitor value required for self-excitation. Al 

Jabri and Alolah (1990), Chan (1993), Chakraborty and Bhadra (1996) have presented a 
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direct method to compute minimum capacitance for self-excitation. Malik and Al- 

Bahrani (1990) and Chan (1993) have tried to find the maximum value of capacitance as 

well. Wang and Lee (1997a) proposed a new method based on eigenvalues and 

eigenvalue sensitivity analyses, instead of solving a non-linear polynomial, to determine 

both minimum and maximum capacitor values for induction generator self-excitation. 

While most of the analyses are based on per-phase equivalent circuit model, a method 

for predicting the minimum values of capacitance, necessary to initiate self-excitation, 

using the d-q axis model has been proposed by Grantham et al (1989) and Teissier et al 

(1992). 

The per-phase equivalent circuit approach, valid for a steady-state condition, can not be 

used for studying transient behaviour of a self-excited induction generator. Transient 

analysis of stand-alone self-excited induction generators has received considerable 

attention for many years. Small signal saturated machine models [Melkebeek (1983a)] 

have been used, where the effect of saturation is taken into account by computing the 

saturated magnetising inductance and dynamic inductance. In the corresponding large 

signal mode, machine currents are again selected as state-space variables and 

differential equations are solved considering the ratios of magnetising flux to 

magnetising current and derivative of magnetising flux with respect to magnetising 

current as instantaneous and incremental values of the magnetising inductance [Levi and 

Rauski (1993), Vas (1992)]. In other case, flux linkages in the machine are selected as 

state-space variables in the analysis of transient performance of self-excited induction 

generators [Sakkoury et al (1993)]. 

2.2 Voltage source inverter 

The static VAr compensators mentioned in Chapter one, namely, TCR, TSC and 

combined TCR and TSC, function as variable inductance and variable capacitance. In 

contrast to this, voltage source inverters and current source inverters can be used as 

static VAr compensators that function as controllable a. c. voltage source or controllable 

a. c. current source. The power switches in the compensator operate as force commutated 

devices and the instant of turn-on/turn-off of the semiconductor devices can be 
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controlled. The power electronic circuits implemented in the compensator are capable of 

operating as both a rectifier and as an inverter. 

4-0 

Figure 2.1 Three-phase voltage source inverter based static VAr compensator 

A three-phase voltage source inverter (VSI), connected to the power utility grid, is 

shown in Figure 2.1. A diode is connected in parallel with each power, switch and the 

capacitor on the d. c. side can be replaced with a battery. The inverter output is 

connected to the grid through a set of three-phase inductors or through an interfacing 

transformer. The voltage source inverter operates in 180 degrees conduction mode (six- 

step mode) so that at any instant time three switches are on. The inverter output voltages 

are kept in phase with the grid voltage for purely reactive power flow. The reactive 

power can be controlled from full leading to full lagging by controlling the amplitude of 

the inverter output voltages. Reactive power will flow from the inverter to the grid if 

fundamental harmonic of the inverter output voltage is greater than the system voltage; 

reactive power will flow from grid to the inverter if fundamental harmonic of the 

inverter output voltage is smaller than the system voltage. The current will be either 

leading or lagging and the magnitude of the current depends on the voltage difference 

between the grid and the system, and values of inductors inserted between the grid and 

the inverter. If the inverter output voltages are kept in phase with the grid voltages, the 

inverter absorbs no real power from the grid. Therefore a d. c. source, like a battery, 

would have to be used to cover the inverter losses. However a capacitor can supersede 

the battery and each inverter output voltage can be made to lag slightly the 

corresponding grid voltage. Then a real component of current flows from the grid to the 

inverter and the internal losses in the inverter will be covered by the a. c. system instead 
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of d. c. source. In this case, there is active power flow from grid to the d. c. side of the 

inverter, while reactive power can flow in either of the two directions. 

In order to improve the harmonic content of the inverter output voltages (harmonics of 

the order 5,7,11,13 and so on are present when inverter is operated in six-step mode), a 

number of inverters, connected in parallel at the d. c. side, are used. All the inverters 

operate in six-step mode and the output voltages of the inverters are shifted one with 

respect to the other. Six voltage source inverters can be used [Sumi et al (1981)] and the 

resulting output waveform obtained at the output is a 36-pulse waveform instead of a 

six-pulse waveform which results with a single inverter. A 48-pulse multiple inverter 

system based on GTO devices has been reported in [Mori et al (1993)]. The multiple 

inverter configuration is usually applied in high power applications of reactive power 

compensators. 

The modern approach to static reactive power compensator design is the use of pulse 

width modulation (PWM) technique for control of inverter output voltage and 

frequency. VSI SVCs operated in PWM mode provide the possibility to generate 

compensating current with response times much faster than the fundamental power 
frequency cycle [Van Wyk et al (1986)]. The application of PWM controlled voltage 

source inverter reduces harmonic content of the currents injected into the power system. 
Harmonic content of the PWM voltage waveform depends on the switching frequency 

of the inverter. Higher frequency PWM leads to generation of harmonics in the inverter 

output voltages of higher frequency. At high switching frequencies, the current 
harmonics injected into the network are greatly attenuated by the interfacing reactors. 
Only current harmonics of high frequency and small amplitude are injected into the 

network. However, increasing the inverter switching frequency will increase the inverter 

switching losses as well. 

A well-known method of PWM is the sinusoidal PWM where three-phase sinusoidal 

reference voltages are compared with a triangular carrier wave of fixed frequency and 
fixed amplitude. The inverter voltage outputs contain the frequency and fundamental 

component equal to the reference sinusoidal signal. By varying the modulation ratio 
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(i. e., varying the amplitude of the reference sine wave), amplitude of the fundamental 

output voltage is varied, hence the reactive power flow can be controlled. In order to 

provide reactive power flow from the inverter to the mains, it is necessary that the value 

of d. c. voltage at the inverter d. c. side is sufficiently high so that the fundamental 

harmonic at the inverter output can be made greater than the power system voltage. 

It is possible to build VSI type compensators without energy storage components if 

reactive power compensation is implemented on the basis of instantaneous reactive 

power rather than the fundamental reactive power compensation in steady-state. An 

instantaneous reactive power compensator based on current controlled PWM VSI was 

reported by [Akagi et al (1984)]. Instantaneous reactive power compensation is provided 

using hysteresis current control technique where the current references are calculated 

without time delay by using the instantaneous voltages and currents on the load side. 

The system requires very small value of capacitors while still providing full reactive 

power compensation in both transients and steady-states. Three-phase inverter is not 

suitable for unbalanced loads although it can handle some degrees of unbalance in the 

three-phase system. In the case of three-phase unbalanced loads, three single-phase 

PWM VSIs building a three-phase unit should be used, with each single-phase inverter 

providing independent reactive power control for each phase. 

2.3 Current source inverter 

A three-phase current source inverter (CSI) is given in Figure 2.2 where the 

commutation circuit is not shown. The CSI without commutation circuit operates as 

thyristor bridge rectifier and is capable of supplying only lagging VAr [Gyugyi and 

Taylor (1979)]. The CSI with the commutating diodes and capacitors is capable of 

providing both leading and lagging VAr. The d. c. side consists of an inductor in which 

the resistance of the choke is not shown. If the inductance of the choke is high enough 

then the current at the d. c. side is almost constant. For lagging VAr operation, the line 

currents lag the mains voltage by an angle equal to the firing delay angle. If pure 

inductor is assumed at the d. c. side, the average voltage at the d. c. side must be kept at 

zero at all time, then the firing angle must be equal to 90 degrees for lagging VAr 
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operation. In practice, the firing angle is less than 90 degrees so that enough d. c. voltage 

is provided to cover the losses in the choke resistance and in semiconductors. For 

leading VAr operation, the inverter input currents lead the mains voltage by 90 degrees. 

In practice, the firing angle is advanced, with respect to the earliest point of natural 

commutation, slightly less than 90 degrees in order to establish and maintain the d. c. 

current in the inductor. The magnitude of the d. c. current and the amplitude of the a. c. 

current can be controlled by adjusting the firing delay angle. CSI can provide both 

leading and lagging line currents since the forced commutated converter can operate 

over the firing angle range from 0 to 360 degrees. 

0 

Figure 2.2 Three-phase current source inverter 

In practice, it is unnecessary to have a high value of inductance. If a smaller value of 

inductance is chosen then the fundamental component of the line current will be smaller 

resulting in smaller corresponding reactive power. In a study on optimising the value of 

the choke inductance [Alexandrovitz et al (1984)], it is indicated that the choke 

inductance appears to be necessary to assure operation of the compensator over a wide 

range rather than for compensation capability. The choke inductance can be greatly 

reduced in a three-phase circuit as energy storage components are not required for 

reactive power compensation. Dynamic performance of CSI type static VAr 

compensator is similar to the fastest TCR compensators. It is indicated in [Walker 

(1986)] that static VAr compensator based on CSI is slightly faster in response than 

TCR in lagging mode and slightly slower in leading mode of operation. This is the 

shortcoming of current source inverter and is due to the fact that current flowing through 

the inductor can not be changed instantaneously. The harmonic currents of order 5th and 
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7th can be very high when the inverter operates in six-step mode. Two inverters can be 

connected in a 12-pulse configuration to reduce the harmonics [Walker (1986)]. 

2.4 Compensation schemes for stand-alone applications 

An induction machine used as an autonomous generator requires a reactive power 

supply to magnetise the machine. The reactive power is supplied by either a capacitor 

bank or a static converter connected to the machine terminals. The solution using a 

capacitor bank is the most common, the simplest and gives satisfactory results under 

certain conditions. Such a solution is acceptable if generator speed is reasonably 

constant, so that a single capacitor bank can be used. When self-excited induction 

generators with a bank of capacitors connected to the machine terminals run at variable 

speed, the value of capacitance required for self-excitation is almost inversely 

proportional to the square of the prime mover speed [Salama and Homles (1996)]. So 

large values of capacitance are required at low speeds. Furthermore capacitance has to 

be varied as function of speed. Capacitor bank is therefore not suitable for variable 

speed operation of wind generation systems. An adjustable VAr generator connected to 

the stator terminals is necessary. A TCR reactive power compensator can be used 

[Uctug and Demirekler (1988)]. But the control of reactive power is'tedious and is not 

continuous. 

Novotny et al (1977), Melkebeek and Novotny (1983) presented a detailed study of self- 

excited induction generator operation using either current source inverter or voltage 

source inverter, both operated in six-step mode. Comparison of different converters and 

steady-state analysis has been carried out to study the conditions under which the 

voltage can be sustained and the effects of parameters like stator and rotor resistances, 

slip, nonlinearity of magnetising curve and load resistance on the output voltage have 

been investigated. A system consisting of a d. c. capacitor connected to the induction 

generator through a PWM voltage source inverter was proposed by Bhadra et al (1996) 

and Leplat et al (1996), where the d. c. load was connected across the capacitor. The 

dynamic analysis indicated that it is possible to maintain constant d. c. voltage over a 

wide range of prime mover speeds and loads by controlling inverter frequency and the 
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modulation index without the need for change of capacitor value. However, the system 

is very sensitive to rotor speed and load variation as it is an open loop system. A single- 

phase induction generator excited by a battery-fed PWM voltage source inverter and by 

a current controlled voltage source inverter have been reported by Ojo and Gonoh 

(1996) and by Mucko and Gientkowski (1994), respectively. Margato and Santana 

(1996) present a study of an induction generator excited by a current source inverter. 

Their conclusion is that good performance is only achieved by current or voltage closed- 
loop control. 

Kragset and Nilssen (1994) proposed a simple control method for excitation of 

induction generators with PWM converter where only the d. c. link capacitor voltage is 

measured and used as input for the control. The system configuration is the same as in 

Bhadra et al (1996) and Leplat et al (1996), except that closed-loop power control is 

used. The active and reactive power flow in the induction generator are controlled by 

varying the stator voltage frequency. It is noted that a large value of capacitance must be 

used in the PWM converter. 

Vector control techniques have recently been applied to the control of PWM voltage 

source inverter in conjunction with stand-alone induction generators. Both stator flux 

oriented [Silva and Lyra (1993), (1995), Lyra et al (1995)] and rotor flux oriented 

control [Jacobina et al (1996), Colliez et al (1997)] are applied with flux space position 

calculation using either. indirect method or a variety of direct schemes. The PWM 

voltage source inverter is operated with either current control in stationery reference 
frame [Silva and Lyra (1993), (1995), Lyra et al (1995)] or in rotational reference frame 

[Jacobina et al (1996), Colliez et al (1997)]. Methods of obtaining instantaneous flux 

space vector spatial position include stator flux position calculation from measured 

stator voltages and currents [Silva and Lyra (1993), (1995)], rotor flux position 

estimation using indirect feed-forward approach [Jacobina et al (1996)] and rotor flux 

position calculation from measured stator currents and rotor speed. Vector controlled 
, 

induction generator operated in variable speed mode can be used to supply an 

autonomous power system consisting of either a. c. load [Lyra et al (1995), Miranda et al 
(1997)] or d. c. load [Silva and Lyra (1993), (1995)]. 
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2.5 Compensation schemes for embedded generation 

When the induction generator is used for embedded generation, the voltage and 

frequency at the stator terminals are the same as the voltage and frequency of the utility 

grid to which the generator is connected, provided that interfacing of generator to the 

grid is direct. The reactive power required by the induction generator for excitation is 

supplied by the utility grid and the generator returns real power to the utility. The 

induction generator output frequency depends on the rotor speed. For the constant 

frequency of 50 Hz dictated by the utility, the induction machine must be operated in a 

very restricted speed range. 

Variable speed operation of induction generators is preferred in order to capture 

maximum energy over a wide range of speed. In applications such as wind energy 

conversion systems, the wind turbine drives the induction generator which generates 

three-phase voltage at a frequency dependent on wind speed. The induction generator 

must be interfaced with the utility grid by means of power electronics, i. e., a. c. -d. c. -a. c. 

conversion or a. c. -a. c. conversion [Simoes and Bose (1997)]. In the a. c. -d. c. -a. c. 

conversion system, the variable frequency a. c. voltages are at first rectified into d. c. 

voltage. Next, the second converter, a d. c. -a. c. converter is used to provide a. c. voltages 

at utility frequency. The rectifier can be either controlled or uncontrolled. In the case of 

an uncontrolled rectifier, a d. c. chopper may be used to maintain the d. c. link voltage at 

constant value, while the reactive power is furnished by adding a capacitor bank at the 

machine terminals. 

Uncontrolled rectifiers or line-commutated converters are not appropriate for use as 

line-side converters due to the fact that their power factor decreases when the firing 

angle increases. Furthermore the 5th and the 7th harmonic of the line currents are 

relatively high as they are six-pulse phase controlled converters. To tackle the problem, 

a force-commutated line-side converter, based on advanced power transistors like 

IGBTs to achieve fast switching and minimum harmonic distortion, should be used. By 

controlling the line-side converter, the voltage and the frequency at the inverter output 

terminals can be kept constant regardless of the rotor speed and the load. The PWM 
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voltage source inverter appears to be the most attractive due to its excellent dynamic 

performance and the possibility of power factor control. The high performance of PWM 

inverter is possible only if the d. c. voltage at the inverter input terminals is kept 

constant. 

Jones and Smith (1993) have proposed an embedded generation system where a wind 

turbine driven induction generator is interfaced to the utility grid using two back-to- 

back vector controlled PWM voltage source converters. The generator side converter is 

vector controlled. The advantage of utilisation of vector control technique is that it 

allows the separate control of active and reactive power. The PWM converter is 

controlled in such a way that the active power is consumed in order to maintain a 

constant d. c. link voltage, while the reactive power necessary for magnetisation is 

supplied to the induction generator. The network side converter operates as a sinusoidal 

rectifier and is controlled using pulse width modulation technique. The control scheme 

is intended to achieve unity power factor supply to the network as the network side 

converter can produce leading and lagging VArs by adjusting the reactive power 

reference. The implementation of such system on a wind turbine has later been reported 

by Jones and Gilmore (1995). The use of vector controlled cage induction generator has 

the advantages of wide speed range, good overloading capacity and fast torque response. 

The additional good feature is very low harmonic content of the current being injected 

into the network compared with the case using a six pulse phase controlled converter. In 

a similar study reported by Hayakawa et al (1993), an even better quality of three-phase 

a. c. voltage or a. c. current (5th harmonic current = 0.4925% of the amplitude of the 

fundamental current) has been achieved, by using current control technique for both the 

generator side converter and the line-side converter. Additionally, the d. c. link voltage is 

controlled to an almost constant value against the rotating speed from stop to rated 

point, with the aid of energy storage battery combined with solar-photovoltaic system 

and fuel cell systems. 

2.6 Other possibilities 

Solutions for reactive power compensation, reviewed in Section 2.1 to Section 2.5, 
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apply to the case when induction generator is of cage-type. If the induction machine is 

of wound-rotor type, then some other solutions exist as well. In particular, so called 

doubly-fed induction generators (DFIG) can be used [Pena et al (1996)]. The advantage 

of such a system is the reduction in power rating of the rotor side converter (a fraction 

of generator power rating, which depends on the operating speed range of the 

generator), but the increased cost and maintenance requirements for the slip ring system 

of wound rotor induction machines may outweigh the reduction in rating and cost of the 

power converters. Two configurations for embedded systems using Static Kramer and 

Static Scherbius schemes are reported. In the Kramer scheme, a diode rectifier and a 

line-commutated converter are used between the rotor and the stator of the DFIG and 

the operation of the generator is restricted to subsynchronous speeds. Two back-to-back 

converters connected between the rotor and the stator of the generator are used in the 

Scherbius scheme where the operation of the generator can be extended to 

supersynchronous speed. The Scherbius scheme can be implemented using two back-to- 

back vector controlled PWM voltage source converters in order to reduce the harmonics 

generated into the utility grid and to control the system power factor [Pena et al (1996)]. 

Another method of variable speed constant frequency operation, applicable in 

conjunction with doubly-fed induction generator, is the use of a direct matrix converter 

to avoid two-stage power conversion (a. c. -d. c. -a. c. ) and costly energy storage 

components in the d. c. link [Zhang et al (1997), Zuckerberger et al (1994), (1996)]. 

Matrix converters are still in the development stage and the problems associated with 

requirement for a switch with bi-directional current flow are likely to prevent their 

wider application in near future. 

As this thesis is primarily concerned with squirrel-cage induction generators, schemes 

specifically developed for DFIG are not considered further on. 

2.7 Load types in stand-alone applications 

The common application of stand-alone systems is to provide electrical supply in 

remote areas. Self-excited induction generators using capacitor bank connected at the 
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machine terminals are particularly useful in the situations where frequency regulation is 

not a requirement, such as lighting, resistive heating and water pumping for irrigation or 

drinking. In these cases the generator supplies a. c. loads. These systems are reliable, 

simple to operate and have low capital cost and minimal maintenance. 

The common stand-alone application in the developing countries has been water 

pumping, especially on remote farms. An economic solution to the energy storage 

problem is the utilisation of variable speed operation of induction generator directly 

applied to water pumping [Shaltout (1995), Miranda et al (1997)]. The system consists 

of a wind-driven induction generator directly feeding an induction motor without any 

power electronic converters. The generator is driven by a wind turbine and the motor is 

driving a water pump. 

Another possible application of the stand-alone system is a plant comprising a self- 

excitation induction generator that charges a storage battery by means of an a. c. -d. c. 

converter. The feeding of remote loads is provided in parallel with the battery charging. 

The energy of the battery is delivered to the users when the generator does not produce 

sufficient energy. Two conversion topologies, using a thyristor bridge '[Gerlando et al 

(1994)], and using a diode bridge and chopper [Dezza et al (1995,1997)], have been 

studied. It is shown that the solution using a controlled thyristor bridge allows a wider 

speed range and a higher battery recharging energy, while the solution using a diode 

bridge and chopper provides better control of the static conversion system. 

Self-excited induction generators can be used as a d. c. power supply source to feed 

remote d. c. loads. Margato and Santana (1996) present a d. c. power supply source 

comprising an induction generator, a current source inverter and a diode bridge. The 

current source inverter supplies the reactive power needed for the induction generator, 

while the diode bridge supplies the active power to the load. 

Summarising, a stand-alone system can be used to supply a variety of d. c. and a. c. loads. 

The type of the load has significant impact on the choice of the reactive power 

compensator. 
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Chapter 3 

MODELLING OF SATURATED INDUCTION MACHINES 

3.1 Introduction 

Induction machines are becoming preferred choice for alternative energy generating 

systems, due to numerous advantages that their application offers when compared to a 

synchronous machine. Simulation analysis of such a system requires that main flux 

saturation is included in the induction machine model. Indeed, the classical induction 

machine model, which assumes that magnetising flux varies linearly with the 

magnetising current, will lead to unsatisfactory results of modelling and simulation of 

induction machines under a number of steady-state and transient conditions. For 

example, dynamic analysis of self-excitation requires application of a model of an 

induction machine that accounts for main flux saturation. It is important to incorporate 

the effects of main flux saturation in modelling of stand-alone application of self-excited 
induction generators [Melkebeek (1983b)] and other applications like inverter-fed 

induction motor drives and vector-controlled induction machines. Self-excitation study 

of a stand-alone induction generator where reactive power is provided by a capacitor 

bank connected to the machine terminals can not be modelled and simulated without 
incorporating the main flux saturation. A small signal saturated induction machine 

model with currents selected as state-space variable was derived in [Melkebeek 

(1983a)]. This model was then used to investigate the dynamic behaviour of a voltage- 
fed induction motor and of a self-excited induction generator. The main flux saturation 

effects are much more important when the induction machine is fed from a current 

source than when it is fed from a voltage source. The main flux saturation effect, in this 

case, influences the system behaviour significantly and should be accounted for. On the 

other hand, the effect of main flux saturation can be neglected if the induction machine 
is fed from the mains or from a voltage source inverter, provided that the voltage to 

frequency ratio is kept constant and that the value of the magnetising inductance in the 

30 



Chapter 3 Modelling of saturated induction machines 

linear model corresponds to the steady-state saturated value of the magnetising 

inductance at the operating point of the magnetising curve. Cross-saturation effect can 

cause degraded performance in vector controlled induction machine systems as well if 

main flux saturation effect is not taken into account. Compensation of the main flux 

saturation effect in vector controlled induction machines has been developed in [Levi et 

al (1990), Levi and Vuckovic (1993)]. Main flux saturation plays an important role in 

the analysis of electrical braking of induction motors using capacitor. It is shown in 

[Vas et al (1997)] that unsaturated induction machine model leads to incorrect 

simulation results in the study of capacitor braking of double-cage induction motors. A 

detailed study on operating regimes where saturated induction machine models are 

required has been carried out by [Levi (1994a)]. 

Modelling of main flux saturation of induction machines has for all these reasons 

received considerable attention since the early 1980's. Space vector theory was utilised 

for derivation of transient models of saturated induction machines and two models were 

made available. The first model utilises d-q axis winding currents as state-space 

variables [Brown et al (1983), Vas (1992), Levi and Rauski (1993), Levi (1994a)] while 

the other model uses the d-q axis winding flux linkages as state-space variables [He and 

Lipo (1984), Uctug and Demirekler (1988), Sakkoury et al (1993), Papadopouslos et al 
(1996)]. Both models yield identical results under steady-state and transient conditions 
[Osama et al (1993), Vas and Li (1993)]. The flux state-space model is simpler but it 

conceals the explicit effect of cross-saturation (dynamic inductance is not required). 
System matrix of the flux model is a unity matrix, which is advantageous. However, 

flux linkages are usually of no interest and additional algebraic equations have to be 

used for calculation of currents. Saturated induction machine model with winding 

currents as state-space variables ' contains variables that are of interest as state-space 

variables, so that additional algebraic equations are not needed. However, system matrix 
is full, with all the elements being saturation dependent, so that matrix inversion is 

required at every computation step. Apart from the pure winding current state-space 

model and the pure winding flux state-space model, one mixed current-flux model 

where magnetising flux and rotor current space vectors are selected as state-space 

variables can be found in [Kerkman (1985)]. Another mixed current-flux model where 
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stator current and rotor flux state-space vectors are selected as state-space variables is 

developed in [Krzeminski (1988)]. A full set of mixed current-flux state-space 

saturation models has been derived only recently by [Levi and Krzeminski (1996)], 

where one of the state-space variables is stator, rotor or magnetising current space 

vector while the other one is one of the flux linkage space vectors (magnetising, stator 

or rotor). Unlike the flux state-space model with stator and rotor flux linkages as state- 

space variables, each model contains the explicit terms that describe the cross-saturation 

effect. 

Recently introduced principle of `generalised flux' and `generalised inductance' [Levi 

(1995a)] has enabled derivation of a whole range of new saturated single-cage induction 

machine models, for arbitrary selection of state-space variables, so that there are at 

present numerous models that describe saturated single-cage induction machine (14 

models) and saturated double-cage induction machine (48 models). All the models yield 

identical simulation results. This was proved by performing simulation and 

experimental investigation of induction generator self-excitation, for a single-cage 

machine [Levi (1995a)] and for a double-cage machine [Levi (1996), (1997)]. Based on 

the concept of `generalised flux' and `generalised inductance', it is possible to derive a 

saturated induction machine model with any chosen set of state-space variables. The 

generalised flux space vector is the product of the generalised inductance and the 

magnetising current space vector. Main flux saturation can be modelled in terms of the 

magnetising current and generalised flux space vectors regardless of the selection of 

state-space variables. A number of saturated single-cage induction machine models with 

mixed current-flux set of state-space variables are presented in the following section. 

3.2 Single-cage saturated induction machine models 

Basic constant parameter mathematical model of a single-cage induction machine, in an 

arbitrary reference frame rotating at w, � can be described in terms of space vectors with 

the simple complex model [Vas (1992), Krause et al (1995)]. Stator and rotor voltage 

equations are expressed as 
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v_S=Rsis+dd *+jwpv 

dyr 
0= Rrlr + dtr +j(wp -w)V/ r 

(3.2-1) 

(3.2-2) 

Stator and rotor flux linkages are defined as 

yis=Lsfs+L,,, ir yr_ = L, i-, +L,,, r, (3.2-3) 
=r 

The electromagnetic torque is defined as 

3 
Te = i2)PýVs x is 

The mechanical motion equation is given by 

T. -TL=p 
J dý 

(3.2-4) 

(3.2-5) 

It is assumed that stator and rotor flux linkages can be subdivided into main flux and 

leakage flux and that main flux saturation and leakage flux saturation can be treated 

separately. Therefore, stator and rotor flux linkages can be given as: 

y/J = Lmis+v/ 
m 

Km = l. 
m1. 

Ij/r = Lori +V 
ni 

i" =1 
f-i- Ir 

(3.2-6) 

(3.2-7) 

As main flux saturation is much more important than the leakage flux saturation in 

operating regimes encompassed by this project, saturation of leakage flux paths is 

neglected. Leakage inductances (denoted with index a) in the above equations are taken 

as constants, as only main flux saturation is considered. The magnetising curve, which 

shows relationship between magnetising flux linkage space vector modulus and 

magnetising current space vector modulus, is assumed to be known. The non-linear 
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function of the magnetising curve is obtained by a standard no-load test on an induction 

machine. The mathematical model of a single-cage induction machine given with (3.2- 

1) - (3.2-7) is obtained using the standard assumptions of the generalised theory of 

electrical machines [Vas (1992), Krause et al (1995)]. 

The single-cage induction machine model given in terms of space vectors can be further 

resolved into orthogonal d-q axis model. Equations (3.2-1) - (3.2-4) can be expanded as 

follows: 

vds -Rslds + 

dydr 

dt - Coa Vgs 

d 1ý/gs 

vq., = Rsig. 
v + dt + Ü)o Vds 

0= Rrldr -F 

dýý 
r- (C1)p 

- 0» ýqr 

0= Rrlgr 
-i- 

d 

dt 
qr 

-i' 
(w. 

- 0» vfdr 

Vds - 
Lslds + Lmldr 

Vqs - 
Lalq.. + Lmlgr 

Vdr - 
Lrldr + Lmtds 

Vfqr - 
Lrlgr + Lmlgs 

Tý =2 PLn, (ldrtq. 
r - lgrlds) 

T -TL=(P) 
dý 

(3.2-1a) 

(3.2-1b) 

(3.2-2a) 

(3.2-2b) 

(3.2-3a) 

(3.2-4a) 

(3.2-5) 

The d-q axis model of a single-cage induction machine is the fifth order system of 
differential equations. Electro-magnetic sub-system is described with the fourth order 

system of differential equations. 

Transformation of three-phase variables to the arbitrary reference frame is given by: 
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