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ABSTRACT 

This thesis covers the dynamic modeling and analysis of self-excited induction 

generators (SEIG) used in wind turbine applications. The process of self excitation or 

build-up of terminal voltage of an induction generator is explained as a physical process 

and also mathematically using higher order differential equations. 

A complete system model in d-q axis stationary reference frame has been formulated 

that consists of several non-linear differential equations. The non-linear variation of the 

magnetizing inductance with stator current of the induction machine has been taken into 

account in this model. Moreover this mathematical model takes skin effect into 

consideration. The rotor parameters determined from standard induction machine tests 

are modified by taking the rotor bar geometry, the material of the rotor bars and the 

frequency of the induced emf into account. 

The developed model has been used to analyze the performance of two industrial type 

7.5 hp induction machines, one with an aluminium-rotor, the other with copper-rotor. A 

comparative performance analysis of these aluminum-rotor and copper-rotor SEIGs, 

considering saturation and skin effect has been carried out both theoretically and 

experimentally, and presented in the thesis. 
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1 INTRODUCTION 

1.1 Background 

With the progress of human civilization the use of electrical energy has increased 

many folds. In fact, a world without electricity is now unimaginable. As the demand for 

electrical energy increased, the number of generating stations has also multiplied in order 

to meet the ever growing energy demand. At present most of the electricity generated 

comes from conventional thermal, hydro or nuclear power plants. Thermal power stations 

use fossil fuels in the form of coal, oil and natural gas. These types of fuels have a finite 

reserve. Moreover, fossil fuels release green house gases and are a major cause of 

pollution. The rate of depletion of conventional energy sources has increased many folds 

and consequently, the environmental conditions have also degraded. This situation has 

unleashed a pursuit for an alternative energy source. With the concern about the limited 

supply of fossil fuels and environmental issues, more and more attention is now being 

given to renewable energy. The growth of suitable isolated power generators driven by 

wind, small hydro-power, biogas, etc. has recently gained great importance and 

popularity. 

Energy from wind has been used since the dawn of civilization in the form of sailing 

vessels and wind-mills for grinding grain. Extracting electricity from wind is a relatively 

new and challenging technology. The use of wind power is gaining momentum 

worldwide. In Canada the wind power is growing at a remarkable pace as a potential 

energy source. The total installed generating capacity has increased from a trivial 19 MW 

in 1994 to 444 MW in 2004. Generally two types of generators find use in wind power 

plants - the synchronous generators and the induction generators. About 85% of the wind 

generators are induction type [1]. Since wind energy is renewable, virtually clean and 

free from pollutants, it is gaining recognition as a viable source of alternate and 

renewable energy. Induction generators have been the subject of research since early 

1930s and still receive considerable attention. 

Induction machines have been used in the electrical industry since more than six 

decades. This is due to the fact that induction machines are rugged, simple in construction, 

easy to maintain and reliable. Besides being used as drives in industries, the induction 
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machine has been widely used as induction generators in wind energy application. Wind 

power generation as it stands today is dominated by induction generators, of both squirrel 

cage and wound rotor type. 

Other uses of induction generators are in small hydro and bio-gas. In the field of 

renewable energy which is environmentally clean and safe, the wind electrical generating 

system is the most cost effective of all [2]. Apart from the advantages of the induction 

machine mentioned above, the induction generator is brushless and does not require 

separate dc source for excitation. Moreover, it has an inherent protection against short 

circuit because the voltage collapses when there is a short circuit at its terminals [3]. The 

induction generator's ability to generate power at varying speed facilitates its application 

in various modes such as self-excited stand-alone (isolated) system, in parallel with 

synchronous generator to supplement local load, and in grid-connected mode [4]. 

The interesting features of these types of asynchronous generators are that they are 

actually designed as electric motors. The key component of the squirrel cage induction 

generator is the cage rotor. The rotor consists of a number of copper or aluminium bars 

which are connected at each end by end rings of similar material. As mentioned earlier, 

the wind power generation is dominated by both squirrel-cage and wound-rotor induction 

machines. In the domain of self-excited induction generators (SEIGs), aluminium-rotor 

cages play a significant role. This is because most induction machines of different 

horsepower range and sizes are made with die-cast aluminium-rotor cages. Largely 

because of ease of manufacturing, and being cheaper than copper, aluminium has been 

the common conductor material for the squirrel cage of the induction machine for long. 

However, recent innovations in material engineering have brought forth copper-cage 

rotor induction machines with promising results. 

The electrical conductivity of copper is almost 60% higher than that of aluminium, so 

an SEIG with cooper rotor would have lower I2R losses, if copper were substituted for 

aluminium in the squirrel cage bars. This in turn would reduce Joule heating losses and 

lower the operating temperatures of both the rotor and the stator. However SEIGs with 

copper rotor are yet to penetrate the area dominated by aluminium-rotor SEIGs. It would 

be of significance to evaluate and compare their performance with the aluminium 

equivalent. 
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1.2 Thesis Organization 

Development of mathematical models, experimental investigations and comparison of 

results are the main theme of this thesis. This thesis has been organised into six chapters. 

The first chapter starts with a brief introduction on induction machines and its 

applications. The use of SEIG in renewable energy systems is explained. A brief survey 

of various scholarly articles related to induction generators is presented here. 

The physical process of self-excitation is explained in the second chapter. With the 

help of a series RLC circuit, and assuming there is some residual charge in the capacitor, 

the build up of voltage across the capacitor is explained taking into account the 

magnitude and sign of the series resistance. It is shown mathematically that if the sign of 

the resistance is negative, then the transient in the circuit increases indefinitely. On this 

basis the voltage build up in an SEIG is illustrated in details. 

Models of induction generators that have been derived are given in details in chapter 

three. These models include the machine models based on d-q reference frame principles. 

The frequency of the terminal voltage of a stand-alone induction generator is influenced 

by rotor speed, magnitude of the excitation capacitance and load. In wind turbines, 

variations in turbine speed and load are common phenomena. These variations affect the 

stator frequency of an SEIG, which in turn influence the magnitude of the machine 

impedances. Consequently, the ac current in the rotor has the tendency to concentrate 

near the outer part or "skin" of a conductor. This phenomenon is known as skin effect. 

Due to skin effect, the effective cross-section of the rotor conductor is reduced. 

Depending on the material of the rotor conductor bars, this will have an impact on the 

dynamic behaviour of the machine. The mathematical models developed are further 

enhanced by taking skin effect and rotor material into account and described in depth. 

In chapter four, the determination of induction machine parameters from laboratory 

tests has been described. Here no load, blocked rotor, dc resistance tests are illustrated. 

Also, the measurement of saturation characteristics and calculation of magnetising 

characteristics are explained. 

The fifth chapter deals with the numerical analysis of the SEIG with aluminium rotor 

and copper rotor using the developed models. Simulations are carried out on developed 

model considering and ignoring skin effect. A comparison of the physical properties, 
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electrical parameters and simulation results for both types of SEIGs are demonstrated in 

this chapter. Experimental results for both the aluminium- and copper-rotor SEIGs are 

also presented 

In the last chapter a summary of the work that has been carried out, discussions and 

conclusions are given. 

1.3 Literature Review 

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

that 70 years. In this section research carried out previously in the area of self-excited 

induction generators using squirrel cage rotors, especially in the field of wind power 

application is reviewed. The areas of interest in this field are: 

o Modelling 

o Determination of minimum capacitance required for excitation 

o Voltage build-up 

o Steady-state analysis of isolated induction generators 

o Steady-state analysis of generators connected to the grid 

o Parallel operation of induction generators 

o Voltage regulation and control 

o Transient analysis. 

Induction generators can be classified on the basis of rotor construction. They can be 

wound-rotor or squirrel-cage type. Wound-rotor induction generators are generally used 

as Doubly-Fed Induction Generators (DFIG) while squirrel-cage rotors are used as grid 

connected or isolated type induction generators. Depending on the type of prime-movers 

and their control mechanism induction generators can also be classified as [5]: 

o Constant Speed Constant Frequency 

o Variable Speed Constant Frequency 

o Variable Speed Variable Frequency 
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For variable speed corresponding to the changing speed of the prime mover, SEIG 

can be conveniently used for loads which are essentially frequency insensitive. This 

scheme is gaining importance for stand-alone wind power applications. 

1.3.1 Transient analysis of SEIG 

Using the d-q reference frame model of a three phase induction generator, the 

transient performance can be studied. For transient analysis, the d-q reference frame 

model of the SEIG, based on generalized machine theory, has been used [6]-[ll]. The 

conventional three phase a-b-c reference frames of the machine are transformed into two 

reference frames, d and q and all the analysis are carried out using rotor, stationary or 

synchronous reference frame [12]-[13]. The results are then transformed back to the 

actual a-b-c reference frames. If the time varying terms in the d-q axis model are ignored, 

the equations then represent only the steady-state conditions [14]. Most of the transient 

studies of induction generators are related to voltage build-up due to self-excitation and 

load or speed perturbation. Symmetrical component concepts have been used to analyze 

unbalanced systems using positive and negative sequence equivalent circuits [15]. Study 

of long-shunt and short-shunt configurations on dynamic performance of an isolated 

SEIG, and the analysis of SEIG feeding an induction motor has been done by other 

authors [5] using d-q frames of reference. 

1.3.2 Steady-state analysis of SEIG 

In the steady-state analysis, per phase equivalent circuit of the SEIG has been 

developed from the classical model of an induction machine. The main feature that 

distinguishes an induction machine from other electrical machines is that, like the 

transformer, the secondary currents are created totally by magnetic induction. In the 

analysis of an isolated system consisting of an induction generator, excitation capacitor 

and load, both the terminal voltage and frequency are unknown and have to be computed 

for a given speed, capacitance and load impedance. Usually there are four unknowns, 

5 



reactance of the excitation capacitor Xc, magnetizing reactance Xm, per unit frequency a, 

and per unit speed b. Early articles on this subject emphasised on evaluating the value of 

the minimum capacitance required for self-excitation. Two different methods of solution 

have been used namely, the loop impedance method [16]-[19] and the nodal admittance 

method [20]-[22]. Both these methods used the classical model of the induction machine. 

In the loop impedance method, for a given load and speed, two non-linear simultaneous 

equations in per unit frequency, a and magnetizing reactance, Xm are obtained by 

equating the real and imaginary terms of the complex loop impedances respectively to 

zero. The generator performance can then be evaluated by solving these equations. An 

alternative method of solution using the steady-state equivalent circuit is by considering 

the nodal admittance method described in [20]-[22]. 

By means of loop impedance or nodal admittance method technique, equations are 

obtained and then separated into its real and imaginary parts to solve for the per unit 

frequency a and then for capacitive reactance Xc or magnetizing reactance, Xm. Chan [20] 

has proposed an iterative technique by assuming some initial value of a. The second 

technique proposed by Chan [23] is based on the nodal admittance method. Here the 

symbolic programming using Maxima (software of MACSYMA) is employed for the 

derivation and solution of the high-order polynomial. Other authors have used Newton-

Raphson method to solve for the unknowns [24]. Harrington [25] and Malik et al [19] 

have shown that the minimum capacitance requirement of an SEIG is inversely 

proportional to the speed and maximum saturated magnetizing reactance. Calculation to 

predict both minimum and maximum values of capacitance required for self-excitation 

based on eigenvalues and eigenvalue sensitivity analyses has also been reported in [26] 

and [27]. Harrington [25] has proposed a method based on the analysis of the complex 

impedance matrix of the induction generator when loaded with a general inductive load. 

1.3.3 Aluminium- and copper-rotor induction machines 

Aluminium is strong and lightweight that has many applications. The principal uses 

are in transportation, packaging, electrical industry and construction. Most induction 
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machines of different horsepower range and sizes are made with die-cast aluminium-rotor 

cages. Aluminum die-cast rotors have been manufactured since the 1930s [28]. 

Like aluminium, copper is used in nearly every major industry of the world: 

transportation, engineering, machinery and equipment, electrical, building, automotive 

and computer. The related die-cast aluminium-rotor technology is mature, easy and less 

expensive in terms of manufacturing and material costs as compared to its copper 

counterpart. Because of this, aluminium-rotor induction machines are still the popular 

choice of the manufacturers. Moreover, as can be seen from Fig. 1.1, the trend in price in 

the world market is higher in case of copper [29] as compared to aluminium. Due to 

significant demand of copper worldwide, the base metal has outpaced all of the other 

base metals like gold, silver, platinum, and aluminium by a significant margin over the 

last five years. 

Since the electrical conductivity of copper is nearly 60% higher than that of 

aluminum, the I2R losses in the rotor can be expected to be substantially lower if copper 

were substituted for aluminium as conductive material of the squirrel cage structure [30]. 
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Fig. 1.1. Trend in the price of aluminium and copper in the world market. 
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Motor modeling by several manufacturers has shown that motors with copper rotors 

would have overall loss reductions of 15 to 20%. Data presented in [31]-[33], show that 

in addition to reduced rotor losses and improvement in overall electrical energy 

efficiency, an important derivative benefit is the reduced motor operating temperature 

which leads to longer motor life and reduced maintenance costs in high duty cycle motors. 

At present four types of rotor construction exist: 

o Aluminum die cast 

o Fabricated aluminum bar 

o Copper die cast 

o Fabricated copper bar. 

Design, material and production techniques are evolving on AC induction motors leading 

to improved efficiencies over older designs [34]. About 250,000 units with die cast 

copper-rotors are currently in use. The efficiency of these motors improves on average of 

3% compared to rotor with aluminium. This 3% improvement corresponds to a global 

annual electricity savings of 108 Twh based on an annual electricity consumption of 

15,000 Twh of which 3,600 Twh is used by motor systems. 

1.4 Analysis of SEIG Considering Skin Effect - Research Goal 

The analysis of the performance of induction machines due of variation of frequency 

has been reported by several authors [35]—[38]. The frequency of the stator voltage is 

dependent on rotor speed, magnitude of the excitation capacitance and load [39]. The 

variation of stator frequency has a profound effect on the rotor parameters. This in turn 

influences the performance of the machine. As a consequence the classical equations 

describing the induction machine are not accurate, since the influence of skin effect on 

the rotor parameters are not taken into account. The rotor parameters can be modified 

using the resistance and reactance coefficient by considering rotor dimensions, rotor bar 

material and frequency [40]-[42]. 
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1.4.1 Research objective 

The main objective of this research is to explore the influence of the degree of 

saturation and skin effect on the transient performance of an SEIG. Investigations on the 

induction generators are performed where either saturation of the main flux [43] or skin 

effect [38] were considered and the machines studied were either wound rotor or 

aluminium bar squirrel-cage rotor type. However performance analysis of a squirrel-cage 

rotor SEIG considering both saturation and skin effect has not yet been carried out. 

Studies on the performance of copper cage induction machines working as motors have 

been reported in [30] and [44]-[45]. In this research a new method of representing the 

magnetic saturation based on data obtained from experiments carried out in the laboratory 

has been proposed. A model considering skin effect to determine the transient 

performance of an SEIG is developed and presented in this thesis. 

1.4.2 Scope of research 

A model of an SEIG with aluminium cage rotor by considering both saturation and 

skin effect in the d-q axis reference frame has been developed [46]. The model is based 

on the following assumptions: 

o Core loss has been neglected 

o Harmonics in voltages and currents has not been considered 

o Speed of the prime mover is considered to be constant 

This model has been used to analyze the performance of an SEIG with copper substituted 

for aluminium in the rotor bars [47]. In order to verify the accuracy of the proposed 

model, numerical and experimental investigations have been carried out on two industrial 

grade 7.5 hp aluminium-rotor and copper-rotor SEIGs. A comparative performance 

analysis of these two machines considering saturation as well as skin effect has been 

conducted. Effects of resistive load and RL load on the performance of the machines have 

also been looked into. The results obtained from numerical analysis and laboratory 

investigations are presented here. 
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2 THEORY OF SELF-EXCITATION OF INDUCTION GENERATORS 

2.1 Process of Self-Excitation and Voltage Build-up 

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

studied for over 70 years [1]. When an induction machine is connected to an ac source, a 

component of its stator current is used to build up the air gap magnetic flux whether the 

machine works as a motor, brake or a generator [2]. If the machine operates as a 

generator, reactive energy is required to build up the magnetic flux. This energy can be 

provided from a grid from where the reactive power is drawn. In an isolated mode, this 

excitation can be provided by an external capacitor of appropriate value. In other words, 

to build up the voltage across the generator terminals, some means of excitation is 

required [3]. To achieve a given voltage level, in an isolated mode, the external 

capacitors must supply the required magnetizing current. 

An induction generator without any external source, using capacitors can self-excite if 

there is a remnant magnetic flux in the machine core [4]-[5] or residual charge across the 

capacitor terminals. The residual magnetism in the field circuit produces a small voltage. 

That voltage produces a small capacitive current flow. This boosts up the voltage which 

further increases the capacitive current until the voltage reaches the steady-state value. 

Thus a three phase induction machine can be made to work as a self-excited induction 

generator provided the capacitance connected across the stator terminals have sufficient 

charge to provide necessary initial magnetizing current [6]-[9]. In such a case, this 

phenomenon is known as capacitor self-excitation, and the induction machine is called 

Self-Excited Induction Generator (SEIG). 

The phenomenon of self-excitation can be explained by a series RLC circuit as shown 

in Fig. 2.1. When the switch S is closed, the differential equation representing the system 

is given by 

Ri + L— + — \idt + Vc (0) = 0 (2.1) 

dt C J cV ' 

where Vc(0) is the residual charge in the capacitor. 

Grantham et. al. [1] has explained that a transient solution to an RLC circuit similar to 
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Fig. 2.1. An /?LC circuit with a charged capacitor. 

the one shown in Fig 2.1 is of the form Kept where AT is a constant and /? is one of the 

roots of the polynomial and t the time. The roots p of the characteristic equation are given 

by 

D If D \ 2 1 
(2.2) 

In general the root p is complex, the real part represents the rate of decay or rise of 

the transient while the imaginary part represents the frequency of oscillation. In most 

cases the real part of p is negative (since R is positive), indicating that the transient is 

decaying in nature as seen in Fig 2.2. 
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Fig. 2.2. Transient voltage across capacitor when R is positive. 
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Fig. 2.3. Transient voltage across capacitor when R is zero. 

In passive circuits like this RLC circuit the real part is negative and thus the transient 

will finally decay to zero. 

On the other hand, if the real part is zero (R is zero), the circuit is resonant and the 

transient neither decays or increases as seen in Fig. 2.3. However if the value is positive 

(i.e. R is negative), it means that the transient would increase to infinity with time as 

shown in Fig. 2.3(a) and Fig. 2.3(b). As the flow of current in a circuit will cause power 

to be dissipated in the circuit resistance, an increasing current dissipates increasing power. 

Transients which grow in magnitude, in the manner described, are very rare. This implies 

that for the value of the real part of the root to be positive, the circuit resistance R must be 

negative. Since real positive resistance is a sign of a power sink, negative resistance 

indicates a power source. In other words, in this circumstance some external energy 

source must be available to supply the real power [10]. 

This example of a very unusual transient is the distinctive feature of the self-excited 

induction generator. The process of terminal voltage build up continues in the manner 

described, until the magnetic circuit of the machine saturates causing the voltage to 

stabilize. In terms of the transient solution considered above, the effect of this saturation 

is to modify the magnetization reactance Xm so that the real part of the root p becomes 

zero; the transient then neither increases nor decreases and becomes a steady-state 

quantity giving continuous self-excitation. 
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Fig. 2.4. Transient voltage across capacitor when R is negative, 
(a) Time = 1 sec. (b) Time = 0.5 sec. 

In an induction machine with a capacitor connected across its terminals, if the effect 

of its small stator resistance Rs and stator leakage inductance Lis is neglected, the 

equivalent circuit for no load excitation takes the form of a parallel LC circuit, where L 

represents the inductance of the induction motor and C the excitation capacitor. Such a 

circuit can be excited at a given frequency with the least amount of energy when the 

currents in the inductor and capacitor are equal. Thus if an induction machine is driven by 

a prime mover, and if the capacitor is charged, that capacitor provides the exciting current 
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required by the induction generator to produce a magnetic flux. The magnetic flux in the 

induction generator charges the capacitor to increase the terminal voltage. An increase in 

the capacitor voltage boosts up the excitation current to the generator to increase the flux 

which in turn increases the terminal voltage. In this way the voltage and current build up 

continues until the magnetizing inductance decreases to its saturated value and an 

equilibrium point is attained. The process will continue until steady-state is reached as 

described above. 

2.2 Relationship between Capacitor Value, Rotor Speed and Generated Voltage 

In order to estimate the level of saturation and the mutual inductance term at a 

particular operating condition, the representation of the magnetization curve of the 

induction generator under that condition is required. The magnetizing characteristic of an 

induction machine is nonlinear. In the absence of saturation of the iron this line should 

ideally be straight. But due to saturation the line becomes bent inward beyond a certain 

excitation current. This curve represents characteristic at a particular rotor speed. If the 

magnetizing characteristic is obtained at a higher rotor speed, a steeper curve will be 

obtained as shown in Fig. 2.5. This figure shows the relationship between the size of the 

excitation capacitance, the rotor speed and generated voltage. Here the top curve 

represents the magnetizing characteristic at a higher rotor speed. 

As the reactive current produced by a capacitor is directly proportional to the voltage 

applied to it, the locus of the voltage and current relationship is a straight line. It can be 

seen from Fig. 2.5 that for certain value of capacitance there is a single point where the 

inductor and capacitor currents are equal. This is the intersection point of the magnetizing 

curve and the linear capacitor volt-ampere characteristic at the particular rotor speed at no 

load. At this point the voltage and current will oscillate at a certain peak value and 

frequency. Once self-excitation has been initiated, the open circuit voltage to which the 

machine will self-excite can be calculated (i.e. V21). If the capacitance is increased (from 

C/ to Ci) a higher voltage, V22 will be generated as the slope of the capacitive reactance 

will be lower with increasing value of C. At a higher rotor speed, 0)2 a higher voltage, Vu 
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can also be generated since the capacitor load line will now intersect the upper 

magnetizing curve of the generator at V12. 

At low magnetizing current where the magnetizing curve is practically linear, the 

intersection with the capacitor line is not well defined. This will result in poor flux 

stability and voltage regulation in this region. This is the minimum value of capacitance 

beyond which the machine will not maintain or build up excitation at all. Any value of 

capacitor lower than the minimum will result in loss of excitation if the machine is 

already generating or will not be able to initiate self-excitation if the machine is starting. 

The relationship between the capacitor, rotor speed and generated voltage can be 

summed up as follows: 

o Increasing rotor speed increases the stator terminal voltage 

o Increasing the capacitance increases the stator terminal voltage 

o The minimum capacitance required for voltage build-up varies inversely with the 

rotor speed 

o The frequency of the terminal voltage varies directly as the rotor speed 
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2.3 Conditions for Self-Excitation of an Induction Generator 

As seen in the previous section, that for the transient voltage to build up and sustain, 

the real part of the roots of the characteristic equation should be positive. That means it is 

necessary that some external energy source should be available to the rotor to supply the 

losses associated with the stator current. There must also be an initial charge on the 

capacitor or residual magnetism in the rotor iron to initiate the voltage and current to 

build up. As explained earlier, when the machine is driven by an external prime-mover, 

the remnant flux in the rotating rotor induces a small voltage in stator windings, which 

carries a leading current if suitable terminal capacitors are connected [11]. The reactive 

energy to excite the induction generator thus oscillates between the electric field of the 

capacitors and magnetic field of the machine [2]. This assists the core flux and causes an 

avalanche effect due to the differential voltage equal to the difference between induced 

voltage and capacitor voltage. The voltage rise thus continues till saturation sets in and 

steady state is reached. Saturation of the magnetic circuit is the main requisite for the 

stabilization of the voltage. As can be seen from Fig. 2.5, for a certain value of the 

excitation capacitor the slope of the V-I line will be such that it intersects the magnetic 

saturation curve at a point. This point of intersection will be the steady-state terminal 

voltage (Vn, Vj2, V21 and V22) and excitation current. If saturation is absent, the curve will 

essentially be a straight line and the two lines will not intersect. Consequently there will 

be no excitation. 

The steady-state performance characteristics of an isolated self-excited induction 

generator are influenced by the magnitude of the excitation capacitor and rotor speed. 

The terminal capacitor must have its value within a certain range to sustain self-excitation. 

If the value of the excitation capacitor is outside this range, self-excitation will not be 

possible [12]-[14]. As explained above, the capacitor in such a machine must have a 

minimum value, Cmin for self-excitation to take place. On the other hand in order to 

sustain operation, the terminal capacitor must also be below a certain maximum value 

Cmax [13]. Both the minimum and maximum values are affected by the machine 

parameters, speed and load conditions. 
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In summary the following conditions must be satisfied for the induction generator to 

maintain self-excitation [2]. 

o The external power to the rotor shaft is equal to the copper losses in the 

machine and in the external stator resistance, 

o The reactive power in the machine and load must be equal to the reactive 

power in the capacitors C, at a particular speed, 

o Under no load condition, and a given rotor speed the machine will maintain 

self-excitation provided Cmin <C< Cmax. 

o The equivalent circuit is in permanent resonance, i.e. the real and imaginary 

parts of the equivalent impedance are separately equal to zero. 
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3 DYNAMIC MODELLING OF SELF-EXCITED INDUCTION GENERATORS 

3.1 Introduction 

Previous works on SEIG are mainly concerned with representing the machine by 

steady-state models and the dynamic models. The steady state model of an SEIG is 

developed as per-phase equivalent circuit. In this circuit the slip and angular frequency 

are expressed in per unit quantities. Previous authors have used either the loop impedance 

method [l]-[3] or the nodal admittance method [4]-[6] to analyze the machine 

performance. In the loop analysis technique the total loop impedance which includes the 

excitation capacitance, is equated to zero. In the nodal admittance method the overall 

admittance of the SEIG at a certain node is set to zero. These methods give an algebraic 

expression for magnetizing reactance in terms of generator frequency and other machine 

parameters and speed. For the determination of the operating frequency a and 

magnetizing reactance Xm the real and imaginary parts of the sum of admittances of the 

rotor, magnetizing and stator branches are separately equated to zero. In these approaches 

there are usually four unknowns, the magnetizing reactance Xm, the excitation capacitance 

Xc, per unit frequency a and per unit speed b. Assuming values of any two, the other two 

are found by iteration process [4] or numerical solution. In both the loop and nodal 

analysis a high order polynomial or a non-linear simultaneous equation is used where the 

general focus is to find the value of the capacitance required for self-excitation. Several 

researchers indicated that there is a minimum value of excitation capacitance to initiate 

self-excitation for a given speed and load condition [7], while some also exploited the 

maximum value of this capacitance [2], [5] beyond which excitation will not be 

maintained. 

The d-q reference model using Park's transformation was proposed by Krause and 

Thomas [8]. This method was further extended by other authors [9]-[12] for dynamic 

analysis of induction machines. The non-linear differential equations that describe the 

dynamic performance of an induction machine in an arbitrary reference frame can be 

derived from the d-q equivalent circuits. To analyse the performance of an induction 

generator system, differential equations describing the excitation capacitance and load are 

also taken into account. 
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3.2 Development of the Mathematical Model of Induction Machines 

Like a transformer the current in the secondary or the rotor circuit is created 

exclusively by magnetic induction. This makes it unique from other types of rotating 

machines where there is a requirement of dc supply or permanent magnet for the field. 

Depending on the configuration and condition of operation an induction machine can be 

made to work either as a motor or generator. In this chapter, modeling of a three phase 

induction generator is presented. 

The mathematical model of a self-excited induction generator has been developed 

from the conventional model of an induction machine. When the stator of an induction 

machine is excited from a balanced three phase source, a synchronously revolving mmf 

or field in the air gap is created. This field rotates around the air gap at a synchronous 

speed Ns that can be calculated as 

* . - ! * £ (3..) 
p 

where/is the frequency of the source and/? is the number of poles. The slip s of the rotor 

with respect to the speed of the stator magnetic field, is defined as 

, - » ^ (3.2) 
N, 

where Nr is the rotational speed of the rotor. In terms of speed in radians per second, 

s=^^^ (3.3) 

where cob is the synchronous or base speed in radians per second and cor is the speed of 

the rotor. 

Single-phase equivalent circuit of three-phase squirrel cage induction machine can be 

considered to be similar to a three phase transformer equivalent circuit with the 

secondary windings short-circuited. The circuit model is shown in Fig. 3.1. All reactance 

are referred to base frequency, cob and the stator side. As shown in Fig. 3.1, the per phase 
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Fig. 3.1. Per phase model of an induction machine connected to excitation capacitor and load. 

model of the induction machine is shown connected to an excitation capacitor Cto feed 

the induction machine with reactive power and a load Ri + jX;. The terminal voltage is Vt 

and the voltage across the mutual inductance is Eg. The stator and rotor circuits are linked 

by the mutual inductance Lm. The core loss which is due to hysteresis and eddy current 

losses are accounted for and shown by Rc. The no load current consists of the core loss 

component and magnetizing component. Rc is dependent on the flux in the core and 

frequency of excitation. Core loss is generally ignored in calculation, but core loss should 

be included in order to give more accurate prediction of the performance especially for 

efficiency calculations [9]. 

With reference to Fig. 3.1, the following voltage equation may be written 

Vl=RMIt+jabLbIt+Eg (3.4) 

which may be re-written as 

Vl=RsIs+jaXlsIs+Eg (3.5) 

where a=corl cob is the per unit frequency and <x>b is the base frequency. 

Dividing the equation by a yields 

a a a 

The per unit slip in 3.2 may also be expressed as 

a-b 

(3.6) 

s = 
a 

(3.7) 

where 
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Fig. 3.2. Per phase model of an induction machine in terms of base frequency. 

Nh 
(3.8) 

is the per unit speed . The equivalent circuit may now be re-drawn as Fig 3.2. This stator 

referred equivalent circuit in terms of base frequency is commonly used for predicting the 

performance of an SEIG. 

3.2.1 Loop impedance model 

The calculation of minimum capacitance has been presented by many researchers [6]. 

The loop equation in Fig. 3.3 may be written as 

I,Z, =0 (3.9) 

where Is is the loop current in the loop 'abed' and 

Z«=Zab+Zac+Zcd 

is the total loop impedance. 

1 1 

i 

R 

— J 
Jab ::L + jXl a 

a 

Zac-~L + J^ls 
a 

a 1 
• + + -

Jcd K JXn R 

(3.10) 

(3.11) 

(3.12) 

(3.13) 

(a-b) 
hz + JX,, 
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Fig. 3.3. Per phase model of an induction machine for loop analysis. 

Since in steady state conditions Is ^ 0, then Zt = 0, therefore 

Real(Z,) = 0 (3.14) 

and 

Imag(Z,) = 0. (3.15) 

By equating real and imaginary components of Zt, two non-linear equations in Xc and a 

can be set up. These equations are generally of high order polynomial and can be solved 

simultaneously for two unknowns. These two unknowns can be a and Xm, or a and Xc. 

Solving these two equations the value of Xm, Xc and a can be calculated. 

3.2.2 Nodal admittance model 

The nodal admittance method is also used to determine the value of minimum 

capacitance and frequency. Based on the steady-state equivalent circuit model, and 

considering the circuit conductance a higher order polynomial in the per-unit frequency is 

obtained. 

As can be seen from Fig. 3.4, the sum of the currents at node 'a ' is 

Ia+Ib+Ic=0 

which can be written as 

(3.16) 

(3.17) 
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where V\ is the node voltage at 'a ' and 

Yt=Yl+Yc+Y0 c ad (3.18) 

The admittance between point c and d in Fig. 3.4 may be written as 

a 1 1 
Ycd= — + — + 

K JXm __^_ 
(a-b) 

Zcd = T7~ = Rcd + JXcd 

+ JXlr 

lcd 

Yi = 

Yc = 

Yad = 

aR, • 2 xr 2 

ja X, 
(Rf+^X,2) (R?+a2X?) 

JXC 
-1-1 

a-

-£ + jX,s\ + (Rcd+JXcd) 

- i 

(3.19) 

(3.20) 

(3.21) 

(3.22) 

(3.23) 

Therefore Fig. 3.4 may be re-drawn as Fig. 3.5, by replacing the equivalent impedance 

between c and d by Rcd +jXCd. 

a 

JX, 

VWWYYV 
^ ^ r 

•JXe 

YYYV 

:^-<jxm 
R, 

a 
'.{a-b) 

Fig.3.4. Per phase model of an induction machine for nodal analysis. 
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Fig. 3.5. Modified per phase model of an induction machine. 

Since at steady state condition Vj £ 0, then 

Yt=Yt + Yc+Yad=Q 

„ 1 1 

or 

and 

R jX 

Real(F,) = 0 

0 

(3.24) 

(3.25) 

(3.26) 

Imag(7,) =0. (3.27) 

Equating real and imaginary parts of (3.24) separately to zero, the polynomial can be 

solved for real roots, which enables the value of a and C, to be calculated. 

3.2.3 Model using d-q reference frame 

The induction machine as presented in Fig. 3.6(a) and (b) can be modeled using d-q 

axis reference frame. These figures show the direct and quadrature axes representation of 

a squirrel-cage induction machine. It is the most commonly used transient state model in 

the d-q axis frames of reference [10]. This model of the induction machine offers a 

suitable way of modeling the machine and very much compliant for numerical solution. 

The advantage of the d-q axis model is that it is a powerful tool for analyzing the 

dynamic and steady state conditions, thus providing a complete solution for any 

dynamics. For steady-state analysis, the conventional model and the d-q reference are 
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Fig. 3.6. Equivalent circuit of an SEIG in d-q axes, (a) d-axis. (b) q-axis. 

the same. 

From the above figures the d-q axis stator and rotor voltages of an induction machine 

can be expressed in matrix notation as: 

qs 

vds 

V 

vdr 

Rs+pLi o)Ls pL\ aLm 

-a)Ls Rs+plt -0)Lm pL\ 

pl^ (a-CQr)Lm Rr+plt (o)-cor)Lr 

-{co-cor)Lm pL\ -(co-co^Lr Rr+pL\ 

qs 

lds 

<F 

"dr 

(3.28) 

where p = — , co is the synchronous or base speed in radians per second and cor is the 
dt 

speed of the rotor. 
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As — L,ls + Lm 

Lr = Llr + Lm 

(3.29) 

^ds=^slds +Lmldr 

qr ^r qr m qs 

^dr=^rldr+^mlds 

(3.30) 

Equation 3.28 may be written as 

[vdq] = [RLdq] [idq] + [Ldq]p[idq] 

where 

[Vdq] = [Vqs Vds Vqr Vdrf 

T 

Vdq] = V qs lds Iqr ldr\ 

(3-31) 

(3.32) 

(3.33) 

KJ= 
R, co(Lm+Lls) 0 coLm 

•^(Lm+Lb) K -®Lm 0 
0 (co-a)r)Lm Rr (o)-o)rXLm+Llr) 

\(o-cor)Lm 0 -(o)-cor\Lm+Llr) Rr 

(3.34) 

K\- 0 Lm + Lu 0 

An + L,r 

0 

An + Ar 

(3.35) 

Rearranging (3.31) 

PVdq] = [LdqY1 [Vdq] ~ [AA?]"' [RLdq] Vdq] (3.36) 

Since the rotor is squirrel-cage one, vqr and vdr are both equal to zero. 
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The differential equations representing the capacitor circuit is given by 

•cq 

lcd 
c 

p co 
-CO p 

qs 

"ds 

(3.37) 

where the voltage across the capacitor is vqs and v^ and the currents are icq and iCd 

respectively. Equation (3.37) can be re-arranged to give 

•qs 

"ds 

\IC 0 /, 

0 \IC i. 
qs 

ds 
+ 

0 -oTv, 
co 0 

qs 

"ds 

(3.38) 

For open circuit conditions, (3.36) and (3.38) form the set of differential equations to 

represent the system. 

For a resistive load connected across the terminals of the SEIG and noting that 

'qs=icq+'lq (3-39) 

and 

ids=icd + iid (3.40) 

the load currents may be expressed as 

* , 
'« 

qs 

"ds 

(3.41) 

In order to take the RL load impedance into account 

•qs 

"ds 

= (Rl+PLl) 
lId 

(3.42) 

or 

Hd. 
-w qs 

"ds 

•L,R. 
'Id. 

(3.43) 

In this case (3.36), (3.38) and (3.41) will represent the SEIG connected to a resistive 

load while (3.36), (3.38) and (3.43) will correspond to the SEIG feeding an RL load. 
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3.3 Approach to Skin Effect Modelling 

It is known that eddy currents are closed loops of induced current circulating in 

planes perpendicular to a magnetic flux. They concentrate near the surface adjacent to 

current source (i.e. an excitation coil) and their strength decreases with distance from the 

coil. The current density in this circumstance decreases exponentially with depth. The 

alternate explanation of skin effect is that it is a phenomenon where an alternating current 

has the tendency to concentrate near the outer part or "skin" of the conductor through 

which it is flowing. For a steady unidirectional current through a homogeneous conductor, 

the current distribution is uniform throughout the cross section, that is, the current density 

is the same at all points in the cross section. With an alternating current this is not the 

case. As the frequency increases, the current is displaced more and more towards the 

surface. Consequently in the squirrel cage rotor bars of an induction machine the leakage 

flux tends to crowd towards the top of the bar adjacent to the air gap as shown in Figs. 

3.7(a) - (c). This non-uniform distribution of induced currents in the conductors of the 

rotor has a huge influence on the resistance and inductance of the rotor circuit. As the 

flux produced by the rotor current crossing the air gap to link the stator increases, the 

leakage flux in the rotor will decrease. A decrease in the rotor flux per unit current 

decreases the rotor leakage inductance [9]. On the other hand since the effective area 

used by the current decreases, the effective resistance increases. These changes in 

magnitudes of rotor parameters have an impact on the dynamic behaviour of the machine. 

As mentioned earlier, when an SEIG is loaded, both the magnitude and frequency of 

the induced emf are affected by the rotor speed, the value of the excitation capacitor and 

the load impedance [11]. Unlike induction generators connected to the grid, both 

frequency and magnetizing reactance of the SEIG vary with loading conditions even 

when the speed of the rotor is held constant [13]. 

To explain the variation of frequency it is assumed that the generator losses are small 

and negligible, the rotor speed is held constant and that the connected load is purely 

resistive. In such a case, an increase in load i.e. decreases in load resistance, will require a 

higher torque. This will result in a decrease in stator frequency to provide higher torque 

to match the increment in output power [14]. 
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(a) (b) (c) 

Fig. 3.7. Influence of skin effect on the flux and current distribution in the rotor bars, 
(a) High frequency, (b) Intermediate frequency, (c) Low frequency. 

In wind turbine applications variations in turbine speed and load are common 

phenomena. These variations affect the stator frequency of SEIG, which in turn influence 

the magnitude of the machine impedances and consequently its performance. 

When an SEIG is used in wind turbine applications, the actual machine behaviour 

during the steady state or transient condition should be precisely determined. In this 

research, an improved model of an SEIG incorporating skin effect has been developed to 

demonstrate its dynamic performance. In order to incorporate skin effect and the effect of 

main flux saturation, mathematical models are developed making it applicable for open 

circuit, R load and R-L load conditions. This inclusion of main flux saturation and skin 

effect is required in order to predict the results accurately. In the conventional model 

machine parameters have been used for simulation of dynamic behaviour while in the 

improved model skin effect have been taken into account for the parameters that are 

influenced by it. In development of the machine models the following assumptions have 

been made: 

o Saturation effect is considered for both models, skin effect is considered 

for the proposed model. 

o Harmonic content of the mmf wave is neglected. 

o Iron losses are neglected. 

o Rotor speed is held constant at base speed. 
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The d-q axis model based on the generalized machine theory [8] has been used. Figs. 

3.6(a) and (b) show the arbitrary d-q axis reference frame equivalent circuit for a three 

phase induction machine with excitation capacitance and R-L load. As mentioned earlier, 

the d-q axis model provides a very convenient way of representing the induction machine 

for numerical solution using the 4th-order Runge-Kutta method. 

Due to migration of induced current owing to skin effect, the conductor's effective 

cross-section is reduced. As a result the resistance and energy dissipation are increased 

while the apparent inductance of the rotor conductors is reduced compared with the 

values for a uniformly distributed current. Subsequently skin effect will cause a decrease 

in the leakage inductance causing higher amplitudes of current, whereas the resistance 

will increase resulting in higher copper losses [15]. The effective resistance and 

inductance of the rotor bar are given by (3.44) and (3.45) respectively, where Rro and Liro 

are the resistance and inductance in direct current condition. Kr and Ki are defined by 

(3.46) and (3.47) respectively. The magnitude of the rotor parameters, i.e. resistance and 

inductance of a squirrel cage machine is also dependent on the shape of the rotor bars. 

For bars with simple rectangular shapes, solving Maxwell's equation provides an 

accurate expression for rotor impedance as a function of frequency [16]. The analytical 

formula to relate the resistance and inductance, as a function of its dimensions and 

frequency are shown in [17]-[20]. 

Rr = KrRr0 (3.44) 

Lls = K,Llr0 (3.45) 

where 

Kr=4\ 
sinh(2<f)+sin(2#) 
cos h(2£)-cos(2£)J 

K . sinh(2<f)-sin(2£) 
' 2<?|_cosh(2£)-cos(2<f) 

(3.46) 

(3.47) 

where 

b. # = A,W/f (3-48> 
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Fig 3.8. Dimensions of a rectangular rotor bar. 

hr = height of rotor slot 

br - width of rotor bar 

bs - width of rotor slot 

fi0 = permeability of free space 

a = conductivity of bar 

/ = frequency of induced current 

The variation of frequency with rotor speed and load has been studied on the two 

laboratory 7.5 hp induction machines. In Fig. 3.8 the dimensions of the rotor bar are also 

shown. The variation of the resistance coefficient Kr and inductance coefficient Ki with 

frequency of the test machine for variable speed, constant excitation capacitance and 

open circuit are shown in Fig. 3.9. 

In order to take the skin effect into account in the machine model described in the 

previous section, the rotor resistance and inductance in (3.28) are modified using (3.44)-

(3.48). 
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4 DETERMINATION OF ALUMINIUM-ROTOR AND COPPER-ROTOR 

INDUCTION MACHINE EQUIVALENT CIRCUIT PARAMETERS 

4.1 Introduction 

In order to determine the performance of the induction machine precisely, the 

machine equivalent circuit (Fig. 4.1) parameters need to be determined accurately. The 

tests required to determine the machine parameters are based on the conventional 

experimental methods described in texts [1], [2] and IEEE Standard [3]. These tests are 

carried out on the laboratory 7.5 hp induction machines. As mentioned earlier one of the 

machines has aluminium rotor while the other machine has copper as the rotor cage bars. 

4.2 DC Resistance Test 

The dc resistance test is carried out by passing a dc current through the phase winding 

of the stator and measuring the voltage drop across it. Several measurements are made 

and the dc resistance of the stator winding is taken to be the mean of all the calculated 

values of resistance. 

vwv 

V 

jXr 

)Xn 

Fig. 4.1. Per-phase equivalent circuit of an induction machine. 
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4.3 Open-Circuit Test 

Open-circuit test is conducted by driving the induction machine at its rated 

synchronous speed using an external prime mover which in this case is a dc motor. The 

stator terminals are supplied with rated voltage. When the machine is running at 

synchronous speed, the rotor slip is zero and hence the rotor circuit becomes open and the 

equivalent circuit reduces to the one shown in Fig. 4.2. In this figure, the parallel 

magnetizing reactance Xm and core loss resistance Rc can be converted into a series 

branch as shown in Fig 4.3. Here 

R,X 

d 

this 

RM 

xM 

case 

Vo 

Io 

Po 

S 

z0-

c- m 

Rc +Xm 

Rc Xm 

Rc +Xm 

with 

= open-circuit phase voltage 

= open-circuit phase current 

= open-circuit three phase input power 

= slip, 0 

V 
=— (input impedance) 

(4.1) 

(4.2) 

(4.3) 

K J'xs 

WW-WTYV-

\JX. 

Fig. 4.2. Per-phase equivalent circuit of an induction machine at no load. 
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Rc 
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\JX> M 

Fig. 4.3. Modified per-phase equivalent circuit of an induction machine at no load. 

then 

and 

R-P" 

X0=^Z0
2-R0

2 

R0=RS+RC 

XQ=XS+XM 

(input resistance) 

(input reactance) 

(4.4) 

(4.5) 

(4.6) 

(4.7) 

4.4 Short-Circuit Test 

The locked-rotor or short-circuit test is conducted by blocking the rotor by some 

means to prevent it from moving. Since under this condition the slip s is equal to one the 

equivalent circuit is modified and shown in Fig. 4.4. At standstill condition of the rotor, 

the rated current is supplied to the stator terminals. 
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VW\—(TTV 

V., jx„ 

Fig. 4.4. Per-phase equivalent circuit of an induction machine at blocked-rotor condition. 

In this case with 

Vsc = short circuit phase voltage 

Isc = short circuit phase current 

Psc = short circuit three phase input power 

s = slip, 1 

V 

j sc 

sc p 
Rsc- 2 

•"•sc 

XSC=-\IZSC -Rsc 

(input impedance) 

(input resistance) 

(input reactance) 

(4.8) 

(4.9) 

(4.10) 

Details of the Matlab program [1] to determine the induction machine parameters are 

given in Appendix A. 

The machines used in this investigation are 7.5 hp industrial type three-phase squirrel 

cage induction machines, one with aluminium rotor the other with copper rotor. Each 

machine has the option of two voltage-current configurations. The specifications of these 

machines are shown in Table I. 
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TABLE I 
NAME PLATE DATA AND OTHER FEATURES OF THE INDUCTION MACHINES. 

Unit Aluminium-rotor Copper-rotor 

Manufacturer 

NEMA Design 

NEMA efficiency 

Rated voltage 

Rated current 

Output power 

Connections 

Number of poles 

Rated speed 

Rated frequency 

Weight 

Diameter of rotor 

Length of rotor core 

Length of stator core 

Inside diameter of stator core 

Number of stator slots 

Height of rotor bar 

Width of rotor bar 

Length of rotor bar 

Number of rotor conductors 

Conductivity of rotor bar 

% 

V 

A 

hp 

rpm 

Hz 

kg 

mm 

mm 

mm 

mm 

mm 

mm 

mm 

uS/mm 

General Electric 

B 

89.5 

200/346 

20.9/12 

7.5 

Delta/Wye 

4 

1755 

60 

75.9 

134.9 

135.7 

135.5 

135.16 

48 

25.79 

5.62 

136.8 

40 

37.71 

Siemens 

B 

92.4 

208-230/460 

20-19/9.5 

7.5 

Wye/Wye 

4 

1755 

60 

90 

129.9 

165.8 

166.0 

130.16 

48 

26.6 

5.6 

167.8 

40 

59.61 

The equivalent circuit parameters of the induction machines derived from the 

experimental investigations described earlier are calculated and presented in Table II. 
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TABLE II 
EQUIVALENT CIRCUIT PARAMETERS OF THE INDUCTION MACHINES 

Units Parameters of Aluminium-rotor IM Parameters of Copper-rotor IM 

Rated Voltage 

Rated Current 

Stator winding 
connection 

R. 

Rr 

Xls 

Xir 

•Xm 

Re 

Prat 

V 

A 

pu 

pu 

pu 

pu 

pu 

pu 

pu 

208 

20 

Delta 

0.0157 

0.0568 

0.0552 

0.0828 

2.1795 

33.0825 

0.0287 

346 

12 

Wye 

0.0231 

0.049128 

0.0556 

0.0835 

2.4444 

33.9227 

0.0297 

208 

20 

Wye 

0.0273 

0.0797 

0.0902 

0.1350 

2.9662 

43.09 

0.0270 

460 

9.5 

Wye 

0.0234 

0.0578 

0.0744 

0.1115 

2.4555 

34.961 

0.0232 

4.5 Saturation Characteristics 

It is well known that the voltage build up of an isolated self-excited induction 

generator is attained through a transient process that reaches equilibrium due to saturation 

of the magnetic material of the machine. At the state of equilibrium, or steady-state 

operating condition, the magnetizing reactance of the machine must be equal to the slope 

of the reactance of the excitation capacitor. The evaluation of the saturation level and the 

mutual inductance term at a particular operating condition require the accurate 

representation of the magnetization curve of the induction machine under consideration. 

In order to model an SEIG accurately, the variation of the magnetizing inductance with 

current needs to be determined as the magnetizing inductance is the key element for 

voltage build-up and stability. In this research the saturation curve has been measured 

with the machine driven at synchronous speed by a shunt connected dc motor. A three 

phase balanced voltage is applied to the stator terminals. The voltage is gradually 

increased from 0 to about 120% of rated voltage and the corresponding current at each 

step is recorded. The saturation curves with the phase voltage as a function of current and 

47 



at rated frequency is shown in Fig. 4.5 for aluminium-rotor and Fig. 4.6 for copper-rotor 

induction machine. The measured points on the saturation characteristics are used to 

generate continuous curves using a 3 rd order polynomial curve fitting method. The 

relationship between the magnetizing inductance and the magnetizing current is 

'm]/, | and shown in Fig. 4.7. It can be calculated from the saturation curve using Xm 

seen that the value of the magnetizing inductance decreases with the increase of 

magnetizing current owing to magnetic saturation. The magnetizing inductance can be 

represented by piecewise linearization [4] or by other mathematical functions [5]. 
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Fig. 4.5. Measured saturation characteristics of the aluminium-rotor 
induction machine for two voltage configurations. 
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A Cu rotor 208V/20A 
o Cu rotor 460V/9.5A 

0.2 0.4 0.6 
Magnetizing Current (pu) 

0.8 

Fig. 4.6. Measured saturation characteristics of copper-rotor 
induction machine for two voltage configurations. 
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Fig. 4.7. Magnetizing reactance of the induction machines. 
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5 NUMERICAL AND EXPERIMENTAL INVESTIGATION OF SEIGS 

WITH ALUMINIUM ROTOR AND COPPER ROTOR 

5.1 Physical Features of Aluminium-Rotor and Copper-Rotor SEIGs 

Aluminium die-cast rotors have been manufactured since 1930s. The die-cast 

technology has been the standard for motor manufacturers for a long time. Even though 

the benefits of copper have been appreciated by the motor manufacturers as well as 

researchers but the higher cost of copper and manufacturing difficulties in producing 

large number of integral horsepower motors has, until recently, prevented its adoption [1]. 

High melting point and resulting high cost for die-casting was for long a major barrier 

for copper-rotor induction machines. Several technological breakthroughs in copper die-

casting have been recently achieved removing the barrier and clearing the way for 

industrial production [2]. 

Copper has higher electrical conductivity and higher thermal capacity per unit volume 

than aluminium leading to lower copper losses and lower temperature rise during 

operation. This improves overload capacity for a limited operation time and mitigates the 

effects of higher start up current. Direct substitution of rotor material by copper achieved 

a reduction of the total losses by 14% [3]. In test data for motors where copper has simply 

been substituted for aluminium with no change in design, the starting and locked rotor 

torque is reduced [1], [4]. 

Compared to aluminium, copper provides a lower coefficient of expansion, higher 

tensile strength and higher conductivity. Aluminium will creep and move approximately 

33% more than copper. This large movement can eventually lead to fatigue in motor 

material due to thermal expansion and contraction. Since copper has a higher thermal 

capacity per unit volume compared to aluminium, it would lead to a lower temperature 

rise during operation. This in turn would lead to an increase in machine life. 

Being three times stronger than aluminium, copper rotors will be able to withstand 

high centrifugal forces and repeated hammering of the current induced forces during each 

start. Copper can better withstand thermal cycling over the total life cycle of the machine. 
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TABLE III 
PHYSICAL PROPERTIES OF ALUMINIUM AND COPPER 

Electrical conductivity 

Thermal capacity 

Density 

Thermal conductivity at 20°C 

Tensile strength 

Melting point 

Coefficient of thermal expansion 

Specific heat 

Units 

uS/mm 

kJ/l-K 

g/cm3 

W/m-K 

N/mm2 

°C 

/°C 

J/kg-K 

Aluminium 

37.71 

2.43 

2.70 

230 

50-60 

660 

22.2x10-6 

900 

Copper 

59.61 

3.44 

8.91 

397 

200-250 

1083 

16.5x10"' 

385 

Aluminium has 35% higher temperature rise than copper for the same kW loss. A brief 

comparison of the physical properties of aluminium and copper are given in Table III. 

As mentioned earlier, the two 7.5 hp industrial type induction machines one with 

conventional aluminium-rotor, 346V/12A and the other with copper-rotor 460V/9.5A, 

both wye connected as shown in Fig. 5.1 are studied in this research. Table I in the 

previous chapter shows the physical features of the two machines. It may be noted that 

these two machines are manufactured by two different companies. Even though the 

designs are consistent with NEMA guidelines, there are subtle dissimilarities in many 

areas. As can be seen, the aluminium cage rotor is skewed with the fan blades integrally 

cast on the end rings while the copper cage rotor is plain and without such blades 

attached to the end rings. The copper-rotor motor has comparatively longer core that 

lowers flux density while increasing cooling capacity and reducing magnetic and stray 

losses. Despite such subtle dissimilarities between these machines, a detailed qualitative 

performance analysis has been carried out. 

The machine equivalent circuit parameters are determined from the standard no load, 

dc and blocked rotor tests outlined in [5] and are shown in Table II in the previous 

chapter. The torque-speed characteristics of these two machines are calculated using 

these equivalent circuit parameters and are shown in Fig. 5.2(a) - (c). It can be seen from 

this figure that the starting and pull-out torques of the copper-rotor machine are relatively 

lower than the aluminium-rotor machine for the same rating. 
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Fig. 5.1. Stators and rotors of the two 7.5 hp induction machines used in the investigations. 
(a) Stator of aluminum-rotor IM. (b) Stator of copper-rotor IM. 

(c) Aluminium rotor, (d) Copper rotor. 
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Fig. 5.2 Torque-Speed characteristics of the induction machines. 
(a) Aluminium- rotor machine with 346V/12A and 208V/20A connections. 

(b) Copper-rotor machine with 460V/9.5A and 208V/20A connections. 



5.2 Voltage Build-up under Open Circuit Condition Ignoring Skin Effect 

The dynamic model of the SEIG is helpful to analyze its transient and steady-state 

characteristics. The simulation of an SEIG gives an insight about its performance under 

various operating conditions. In order to represent the dynamic characteristic to study the 

performance, a mathematical model has been developed and presented in the previous 

chapter. 

In the modelling of an SEIG, it is important that the variation of the magnetizing 

inductance is taken into consideration accurately, because it plays a significant role in the 

dynamics of voltage build up and stability. The saturation characteristics and the 

magnetizing inductance calculation are described in Section 4.4. 

The generators used in this investigation are three phase 7.5 horse power squirrel cage 

induction machines whose parameters are measured and given in Table II. The saturation 

characteristics in actual quantities for both the machines are reproduced and given in Fig 

5.3. It can be observed that the magnetizing curves of both the machines are similar in 

appearance, however the slope and saturation area of the mmf curve of the copper-rotor 
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Fig. 5.3. Saturation characteristics of the two 7.5 hp SEIGs. 
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induction machine is more steep and accentuated than that of the aluminium-rotor one. 

This can be attributed to the air gap and susceptibilities of the rotor materials. 

Simulations are carried out using d-q axis equivalent circuit and 4th-order Runge-

Kutta method. The d-q reference frame is a well established method of analysing three 

phase machines and the Runge-Kutta method is a very popular means of numerical 

solution for higher order differential equations. For open-circuit condition, the model is 

developed using higher order differential equations and solved using a Matlab program. 

In order to take the effect of magnetic saturation of the machines into account the 

saturation characteristics of the induction generator is determined from standard 

laboratory tests. The nonlinear relationship between the magnetizing inductance Xm and 

the magnetizing current im in actual quantities for the aluminium-rotor and the copper-

rotor SEIGs are derived from its respective magnetizing characteristics and given in Fig 

5.4 and Fig. 5.5 respectively. The nonlinear nature of the relationship can be expressed in 

several ways. Some authors have proposed piece-wise linearization [6] [7], or by using 

higher order polynomials [8], [9] or a continuous function[10]-[12]. In this research a 

continuous function to express mathematically the relationship between magnetizing 

inductance and magnetizing current is proposed using curve fitting technique. 

X m =a(arc tan( /?** m - r )+S)/im (5.1) 

where the coefficients a, /?, y and d are determined from nonlinear least squares or 

nonlinear least-squares regression method using Matlab program. 

At each integration step of the Matlab program, the magnetizing current is calculated 

from the relation 

L =V(v+v) 2 +( /*+ i*) 2 (5-2) 
From the calculated value of im the value of Xm is derived from (5.1) and updated at each 

integration stage in the main Matlab routine. 

56 



55 

50 

8 45 

3 
s*40 

.3 
o c 35 

30 

25 

7 * \ 

r ' ' 

r 

\ 
\ 

1 1 

1 

Calculated Values 

* Measured Values 

\ * 

X. 

1 1 

0.00 2.00 4.00 6.00 

Magnetizing Current (A) 

8.00 10.00 
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Fig. 5.5. Magnetizing inductance of 7.5 hp copper-rotor SEIG. 
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The voltage and current build-up in d-q reference frame for aluminium-rotor 

induction generator is shown in Figs. 5.6 and 5.7 respectively. 

The phase voltages and currents are calculated using the inverse of the classical 

transformation matrix T, where 

T=-

, \ , In. , In. 
COS((Ot) COS((Ot ) COS(0)t + ) 

• , \ • • In. . , 2n. 
sm(a>t) sm(o)t ) sin(ctf + — ) 

1 1 1 

(5.3) 

and co is the speed of the rotating reference frame in the d-q axes. 

The voltage and current build-up in actual abc quantities for aluminium-rotor is given 

in Fig. 5.8. 

For copper-rotor SEIG the same features are shown in Fig. 5.9 - Fig. 5.11. 
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Fig 5.6. Stator voltage build up process of the aluminium-rotor 
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under no load condition, (a) Va. (b) /„. 

5.3 Simulation and Experimental Results Considering Skin Effect 

As discussed earlier, in a conductor, if the current is dc, the current distribution is 

uniform over the entire cross section. But if the current is ac, then the current distribution 

will not be uniform because of skin effect. 

When skin effect is taken into account in the mathematical analysis of the SEIGs, a 

sub-routine is incorporated in the main program. The value of the stator frequency is 

predetermined using this sub-routine, making use of the numerical expressions (3.44) and 

(3.45). Then by incorporating (3.46) and (3.47) in the machine model, the rotor resistance 

and inductance values are updated at each integration step. The flow chart to simulate the 

performance of the SEIGs is illustrated in Fig. 5.12. 
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Fig. 5.12. Flowchart to calculate stator voltages and currents taking skin effect into account. 

5.3.1 Experimental set-up 

In order to verify the accuracy of the models of the SEIGs, experiments are carried 

out in the laboratory with the two 7.5 hp induction machines. Each SEIG set consists of a 

DC motor working as the prime mover directly coupled to the induction machine. A 

three-phase wye connected bank of industrial type capacitors is hooked to the terminals 

of the SEIG through anelectrical switch. The load which consists of three-phase wye 
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Fig. 5.13. Schematic diagram of the experimental set-up of the SEIG. 

connected resistors is also connected through a switch. For RL load three-phase wye-

connected resistors in series with inductances of appropriate values are used. The 

schematic diagram of experimental set-up is shown in Fig. 5.13. The actual laboratory 

set-up is presented in Figs. 5.14 - Fig. 5.16. The voltage and current waveforms and other 

electrical parameters are obtained from experimental set-up using a Tektronix 1002 

Digital Storage Oscilloscope and Fluke 434 Power Quality Analyzer (PQA). Three 

current transformers with a ratio of 5:1 have been used with the PQA for current 

measurements. 

5.3.2 Open-circuit condition 

In order to verify the relationship between stator frequency and rotor speed 

experiments are performed by building up the terminal voltage with the help of the 

excitation capacitors. Then by varying the speed of the prime mover and measuring the 

frequency the relationship between the rotor speed and terminal frequency is obtained. 

The experimental values and simulation results are given in Fig. 5.17. The process of 

voltage build-up has been calculated both by ignoring and also including skin effect. It is 
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^^fSf l ! 

Fig. 5.14. Experimental set-up of the SEIG. 
A: Power supply. B: DC motor (Prime mover). C: Induction generator. 

D: Capacitor bank. E: Electrical load. F: Measuring instrument and monitoring system 

Fig. 5.15. Experimental set-up of the three-phase capacitor bank. 



Fig. 5.16. Experimental set-up of the three phase RL load. 

seen that there is a considerable difference in the build-up time in each case. The time 

taken for the voltage to reach the steady state level in case of the model that ignores skin 

effect is higher than by the model that considers it. This is true for both aluminium- and 

copper-rotor SEIGs. The results are presented in Figs 5.18 and Fig. 5.21 for aluminium-

and copper-rotor machines respectively. The build-up time is measured using Tektronix 

Digital Oscilloscope (Fig. 5.19 and Fig 5.22) and also by Fluke Power Quality Analyser 

(Fig. 5.20 and Fig 5.23). In both cases the results calculated by the proposed model that 

considers skin effect are consistent with the measured values. 
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Fig. 5.17. Variation of frequency with rotor speed for the aluminium-rotor SEIG. 
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Fig. 5.18. Stator phase 'a' voltage build-up process under no load condition 
for aluminium-rotor SEIG (a) ignoring and (b) considering skin effect. 
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Fig. 5.19. Experimental results of stator voltage and current build-up for 
aluminum-rotor SEIG using Tektronix oscilloscope, (a) Voltage, (b) Current. 
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Fig. 5.20. Experimental results of stator phase 'a' voltage build-up 
for aluminum-rotor SEIG using Fluke Power Quality Analyzer. 

67 



350 

o 
> 

280 
210 
140 
70 
0 

-70 
-140 
-210 
-280 
-350 

1 

1 
— 1 
— : 

i 

i i 

i i 

1 H 

1 1 

Time J( sec) 

0 8 10 
(a) 

12 14 16 18 

;> 

350 
280 
210 
140 
70 
0 

I -70 
> -140 

-210 
-280 
-350 

1 1 

1 I 

1 1 

1 1 

1 1 

1 1 

1 1 

I 1 

1 

1 

1 

1 1 

1 

1 

!. ' ' 1 

' 

.- . , 1 

6 
(b) 

10 11 12 

Fig. 5.21. Stator voltage build-up process under no load condition 
for copper-rotor SEIG (a) ignoring and (b) considering skin effect. 
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Fig. 5.22. Experimental results of stator voltage and current build-up for 
copper-rotor SEIG using Tektronix oscilloscope, (a) Voltage, (b) Current. 
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Fig. 5.23. Experimental results of stator voltage build-up for 
copper-rotor SEIG using Fluke Power Quality Analyzer. 

The calculated real and reactive power output using the proposed model by taking 

skin effect into account are shown in Fig. 5.24 and Fig. 5.26 while the measured values 

are shown in Fig. 5.25 and Fig. 5.27 for aluminium- and copper-rotor SEIGs respectively. 
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Fig. 5.24. Calculated real and reactive power under no load conditions 
for aluminium rotor SEIG. (a) Real power, (b) Reactive power. 
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Fig. 5.25. Measured real and reactive power under no load condition for 
aluminium-rotor SEIG (CT ratio 5:1). (a) Real power, (b) Reactive power. 
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Fig. 5.26. Calculated real and reactive power under no load condition 
for copper-rotor SEIG. (a) Real power, (b) Reactive power. 
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Fig. 5.27. Measured real and reactive power under no load condition 
for copper-rotor SEIG (CT ratio 5:1). (a) Real power, (b) Reactive power. 
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Fig. 5.28. Measured voltage wave forms of the three phases of SEIG. 
(a) Aluminium-rotor (b) Copper-rotor. 

The wave forms of the terminal voltages of the two SEIGs at no load conditions are 

measured (Fig. 5.28) using the Fluke instrument. It can be seen that the voltage 

waveforms are sinusoidal and displaced by 120 electrical degrees. In ideal condition the 

voltage at neutral should be zero. As the neutral is not grounded in this experiment, there 

is a small voltage recorded (0.2 V for aluminium and 0.1 V for copper-rotor IG). This 
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Fig. 5.29. Measured Total Harmonic Distortion. 

(a) Aluminium-rotor SEIG. (b) Copper-rotor SEIG. 

can be attributed to the small unbalance between the phases of the generator voltages The 

departure from pure sinusoidal shape can be understood from Total Harmonic Distortion 

(TDH) which is measured using the Analyser (Fig. 5.29). Table IV summarises the 

features of the voltage build-up of the two SEIGs. 
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TABLE IV 
VOLTAGE BUILD-UP CHARACTERISTICS OF THE TWO MACHINES 

Capacitor 

Terminal Voltage 

Build-up time (measured) 

Build-up time (calculated) 

Rotor speed 

Terminal frequency 

THD 

Unit 

uf 

V 

sec. 

sec. 

rpm 

Hz 

% 

Al-Rotor SEIG 

61.6 

200 

7.5 

5 

1800 

59.95 

4.4 

Cu-Rotor SEIG 

39.6 

275 

9 

9.5 

1800 

60.06 

3.6 

5.3.3 SEIG with resistive load 

In order to take the load resistance R into account the equations developed earlier has 

to be modified. In this case (3.38) and (3.41) are combined to give 

qs 

*ds 

\IC 

0 

0 

\IC 
Iqs 

lds 

+ 
-l/i?7C 

CO 

-co 

-\IRtC 
'qs 

*ds 
(5.4) 

In order to verify the SEIG model under resistive load and considering skin effect, a 

three-phase star connected resistance of 340 Q was switched on at 8 sec. after the 

terminal voltage have reached steady state values. The simulated and measured values of 

the real and reactive power at the machine terminals are shown in Fig. 5.30 and Fig. 5.31. 

For the copper-rotor SEIG three loading conditions have been considered. The values 

of the wye-connected resistance being 100 Q, 63 Q, and 46 Q per phase. Only one set of 

results with 100 Q are presented here in Fig. 5.32 and Fig. 5.33. 
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Fig. 5.30. Calculated power for aluminium-rotor SEIG under 
Resistive load condition, (a) Real power, (b) Reactive power. 

77 



& UMrnnv TREHD u 

2.00k FULL $ 0:02:00 C P BZKJ: 

-1.00,1c 4jp 3/m 2,111 .Vf». 
17/03/08 13:35:22 400U 6 O H z 3 0 U V E DEFAULT 

ififii PIIUJ. ^ 
HI X I 

r.u 
UN OFF 

'"SBIi 

(a) 

POUER & EHERGV TREHD UflR 
BBBBDQC32EIO 12.11kURRIAVE 12.11kUAR 

I^LOOk FULL $ 0:02:00 <3>P H3-CJ: 

/VT^ 

LwT 
,11 .09k 4jm , 3/m , 2/m , ifa 

17/03/08 13:35:22 400U 60Hz 3 0 UVE DEFAULT 
r i t l U. ^ unison 

IIH (IFF 
;TIHM <» Ml I I R 

(b) 

Fig. 5.31 Measured real and reactive power under resistive load condition 
for aluminium-rotor SEIG (CT ratio 5:1). (a) Real power, (b) Reactive power. 
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Fig. 5.32. Calculated real and reactive power for copper-rotor SEIG under 
Resistive load condition, (a) Real power, (b) Reactive power. 
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Fig. 5.33. Measured real and reactive power under resistive load condition 
for copper-rotor SEIG (CT ratio 5:1). (a) Real power, (b) Reactive power. 

From these figures it can be observed that there is a close agreement between the 

calculated and measured values. 
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5.3.4 SEIG with RL load 

With the induction machine on load the load currents may be expressed as: 

lqs — lcq + hq 

lds = lcd + lld 

VqS = (R, + pLl)ilq 

vds = {R, + pLl)ild 

which can be rewritten as 

' / < ? 

lu 

qs 

'ds 

(R, + PL,y 

(5.5) 

(5.6) 

(5.7) 

qs 

"ds. 

\IC 0 

0 MC 
'qs 

lds. 
+ 

•\IR,C -co 

o) -\IR,C 
•qs 

vds. 

(5.8) 

0 L,~ 
'qs L-'R, 

0 
0 

L-'R, 'Id. 

(5.9) 

Calculated and measured values for R = 171 Q and L = 0.4536 H, are shown in Fig. 

5.34 - Fig. 5.37 for both the machines. This load is applied at t = 9 seconds after the 

stator voltage has reached steady state values. 
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Fig. 5.34. Calculated real and reactive power for aluminum-rotor SEIG under R-L 
load, (a) Real power, (b) Reactive power. 
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Fig. 5.35. Measured real and reactive power for aluminum-rotor SEIG under RL 
load (CT ratio 5:1). (a) Real power, (b) Reactive power. 
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Fig. 5.37. Measured real and reactive power for copper-rotor SEIG under RL 
load. (CT ratio 5:1). (a) Real power, (b) Reactive power. 

5.4 Voltage Regulation of SEIGs 

The main shortcoming of a self-excited induction generator such as the generator 

used in this research is its inherently poor voltage regulation [13]. As mentioned 

previously, when the induction generator operates in self-excitation mode, it determines 
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its own terminal voltage and frequency. These two quantities depend on the size of the 

excitation capacitor, the induction machine parameters, the electrical load, power factor 

of the load and the speed of the rotor. The most serious issue concerning the terminal 

voltage of an SEIG is that it varies widely with changes in load especially when the load 

is reactive. 

If the connected load is purely resistive then the impedance Xc of the excitation 

capacitance C, will dominate the parallel combination of the load resistance Ri andXc. as 

long as Ri is high. However as Ri approaches zero the machine is loaded heavily and will 

be driven to cut off. 

If the value of the excitation capacitance C is small or Xc is very large, then the load 

impedance Ri + jXi will dominate the parallel combination of the load and Xc. The effect 

of Xc will be diminished driving the machine to cut off. On the other hand if Ri + jXi is 

very large, then Xc dominates the parallel, combination of the load and Ri + jXi. If C is 

large or Xc is small, further increase in C will result in reducing the capacitive component 

in the circuit, driving the machine to cut off [14]. 

The voltage regulation of the two induction generators are determined by connecting 

resistances of 100 Q, 63 Q and 46 Q and measuring the terminal voltages and current at 

each stage. For RL load an inductance of 0.4536 H in series with a resistance of 46 Q. is 

connected across the generator terminals. The resulting voltage traces are displayed in 

Fig. 5.38(a)-(c) for aluminium-rotor and 5.39(a)-(c) for copper-rotor SEIG. For RL load 

the voltage traces are shown in Fig. 5.40(a) and Fig. 5.40(b) for aluminium- and copper-

rotor SEIG respectively. 
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Fig. 5.38. Voltage regulation of aluminium-rotor SEIG with R load, 
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Fig. 5.39. Voltage regulation of copper-rotor SEIG with R load, 
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Fig. 5.40. Voltage regulation of the SEIGs with RL load, 
(a) Aluminium- rotor.(b) Copper-rotor. 

As can be seen from the above figures if the magnitude of the excitation capacitance 

is kept fixed and load is applied, the voltage regulation is poor and becomes more severe 

with the increase in load. The results are summarized and shown in Table V. 
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TABLE V 
VOLTAGE REGULATION OF THE MACHINES 

Al-rotor SEIG Cu-rotor SEIG 

Load 

100 £1 

63 SI 

46 fi 

Voltage 
Regulation (%) 

2.48 

9.3 

14.2 

46+J171Q 24.12 

Power measured 
at SEIG 
terminals (W) 

348 

540 

566 

260 

Voltage 
Regulation 
(%) 

15.2 

20.1 

28.1 

40.4 

Power measured 
at SEIG 
terminals (W) 

404 

572 

674 

252 

5.5 Copper Losses in a Self Excited Induction Generator 

The copper losses in an SEIG for both the stator and rotor are calculated using the 

developed model of the machine. At the same time the power delivered by each of the 

induction generator at the terminals are calculated. As can be seen from Fig. 5.41 that the 

power delivered increases with the loading, i.e. decrease in the magnitude of the load 
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resistance. However due to poor voltage regulation of the machines the terminals voltage 

decreases along with a decrease in the stator currents. The copper losses have also been 

0.03 

0.03 

0.02 
3 
a. 

,3 0.02 

Q 0.01 

0.01 

0.00 

\ 

V 
K 
'i 

r i 

i i 

i i 

L i 

r 

—•— Aluminium rotor 

• Copper rotor 

1 1 1 

1 1 1 

1 1 1 

1 1 1 

1 1 1 

1 1 1 

1 1 1 

! 1 1 

i i i 

10 15 

Resistance (pu) 

20 25 

Fig. 5.43. Calculated rotor copper loss for R load. 

91 



calculated for the same loading conditions and shown in Fig. 5.42 and Fig 5.43 for stator 

and rotor respectively. 

In spite of its many advantages, a self-excited induction generator has some severe 

limitations. Since it does not have a separate dc field excitation, the emf induced in the 

machine windings is solely due to the excitation capacitors connected to the terminals. 

The VARs demand by the machine is balanced by the VARs supplied by the capacitors. 

In case of RL load the parallel combination of the RL circuit and the excitation 

capacitance must be capacitive in order to maintain excitation at the generator terminals. 

This is due to the fact that under this condition the capacitor must feed the VARs required 

by both the machine and the load. As a result with the increase in the load, the operating 

point on the saturation curve of the SEIG goes further down towards cut off. This is seen 

in Fig. 5.44 where the power delivered by the generator sharply goes down due to lower 

terminal voltage and stator currents resulting in lower values of delivered power, close to 

cut off conditions. 

The behaviour of the stator copper losses (Fig. 5.45) can be explained from this 

phenomenon. Due to decrease in the stator terminal voltage and subsequent decrease in 
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stator current owing to poor voltage regulation, the stator copper losses show decreasing 

trend with load. 

Rotor copper losses (Fig. 5.46) show an increasing trend with load. However near 

cut-off conditions, at around a load of 6 +j6 pu, the losses sharply decline due to decrease 

in rotor current. 

Copper losses are also calculated in an induction generator using the mathematical 

model where only the aluminium bars are replaced with copper and, in this case, the 

terminal voltage of the SEIG is kept constant by increasing the value of the excitation 

capacitance accordingly to 160 uf. The stator and rotor copper losses are then calculated 

for both aluminium and copper rotor SEIGs for a 40% loading condition. It is observed 

that there is a 20% reduction in the rotor copper loss in the case of the copper rotor SEIG. 

As can be seen from Fig. 5.47, even though there is a slight decrease in the stator copper 

losses, the losses in the rotor is quite significant for the copper rotor SEIG. 
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6.0 CONCLUSION 

It has been an endeavour in this research work, to analyse the performance of self 

excited induction generators. A novel mathematical model has been developed to 

represent the system using higher order differential equations. The stationary reference 

frame of the two axes theory, with the d-q axes 90° apart in space, has been used. The 

mathematical model has further been enhanced to include skin effect and the material of 

the rotor cage bars. In this investigation, this model of the SEIG has been applied to both 

aluminium- and copper-rotor machines of similar power ratings to analyze their 

performance. The electrical parameters of each induction generator and the saturation 

characteristics of their respective main fluxes have been taken into account so that the 

dynamic model is more appropriate to represent the actual machines. The dynamic 

models have been experimentally verified with results that are obtained from the two 7.5 

hp, G.E. and Siemens industrial type induction machines in the laboratory. Results 

obtained using the model by ignoring and also by considering skin effect in the case of no 

load, R and RL load conditions have been compared with the experimental ones. For both 

the machines the models that considered skin effect produced acceptable results. 

As can be seen from the magnetizing characteristics of each SEIG, the curve for the 

copper-rotor machine is steeper compared to the aluminium-rotor machine. This may be 

attributed to the smaller rotor diameter, longer length and susceptibility of the rotor-bar 

material of the copper-rotor machine as compared to the aluminium counterpart. As a 

result for the same value of excitation capacitance, the no load output voltage will be 

higher in case of copper-rotor SEIG. For the same voltage output, a higher value of 

capacitance will be required for the aluminium-rotor machine. The values of the 

excitation capacitors used in this experiment are 61.6 uf and 33 uf for the aluminium and 

copper-rotor machine respectively. 

From the equivalent circuit parameters determined from the standard tests, the torque-

speed characteristics of the two machines have been calculated. It is seen that the starting 

and pull-out torques of the copper-rotor machine are relatively lower than the aluminum-

rotor machine for rated condition. 

The voltage and current build-up time under open circuit condition is found to be 

considerably higher in case of the model that ignores skin effect. When skin effect is 
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considered in the mathematical models, there is a close concurrence between the 

calculated and measured values for both the aluminium- and copper-rotor machines. It is 

also observed that the transients settle down faster in case of the model that takes skin 

effect into account. 

The output voltage wave shapes have been observed to be sinusoidal, with a small 

third harmonic component for both the SEIGs. The ratio of the sum of the square of all 

the harmonic voltages amplitudes to the square of the fundamental voltage is a measure 

of the quality of the generated voltage and known as Total Harmonic Distortion (THD). 

The THD is measured and found to be higher in case of the aluminium-rotor machine. 

One of the main drawbacks of a self excited induction generator is its poor voltage 

regulation, since there is no separate dc excitation system. As load is applied, the VARs 

supplied by the capacitance of the parallel combination of the excitation capacitance and 

the connected load must match the VARs demanded by the machine that is dictated by 

the magnetizing curve. In other words the VARs required by the machine to maintain self 

excitation and the VARs demanded by the connected load must be provided solely by the 

excitation capacitor. Consequently as the load is increased there is a decrease in the 

magnitude of the terminal voltage and frequency due to change in the reactive power 

requirement. 

As the load becomes more inductive the VARs that can be supplied by the capacitors 

is distributed between the machine and the load. Consequently the VARs available to the 

machine are less than under the open circuit conditions. As can be seen from the results, 

the voltage decreases further with the application of load. Since the magnetizing curve of 

the copper rotor SEIG is steeper than the aluminium rotor machine studied in these 

investigations, for each unit decrease in the magnetizing current the decrease in voltage is 

more in the case of copper-rotor SEIG as compared to the aluminium one. 

In order to evaluate the efficiency of an induction generator, all the losses must be 

taken into account. Copper losses in the stator and rotor are attributed to the respective 

currents in the stator and rotor of the machine. In simulations where in an SEIG the 

aluminium bars are substituted by copper and the terminal voltages are kept steady by 

augmenting the excitation capacitors, a significant decrease in rotor copper losses is 

observed. 
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In the numerical investigations using the measured equivalent circuit parameters, 

copper losses have been calculated for both machines without changing the magnitude of 

the respective excitation capacitor. It has been noted that the losses have similar 

behaviour in both the machines under similar loading conditions, the losses being higher 

in the copper-rotor SEIG. It is also observed that the losses are greatly influenced by the 

terminal voltage of the SEIGs which in turn is affected by the load and power factor. 

The following topics are suggested for further research in the area of SEIGs: 

o Voltage control 

o Frequency control of the terminal voltage 

o Dynamic analysis taking variation of rotor speed into account 

o Measurement of efficiency 
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APPENDIX A 

Matlab Program to Calculate the Equivalent Circuit Parameters of an Induction Machine 

clear all; 
% Test data from 7.5 hp motor 

p = 4; %% number of poles 
f =60; %% frequency of supply voltage 
design ='B'; %% NEMA Class 
Rdc = 0.3884; %% DC resistance of the stator winding 

%%% Blocked rotor test 

Vbr = 31.53667/sqrt(3); %% voltage per phase 
Ibr = 20.26667; %% Line curent 
Pbr = 558.5/3; %% input power 
fbr =60;%% line frequency 

%%% No load test 

Vnl = 200.5667/sqrt(3);%% voltage per phase 
Inl = 8.26667; %% input current 
Pnl = 280/3; %% input power 
nnl = 1799.6;%% rotor speed 

%% Calculations 

Req = Pbr/lbrA2; Zbr = Vbr/lbr; Xeq = f/fbr*sqrt(ZbrA2-ReqA2); 

R1 = 1.05*Vdc/ldc/2; R2pr=Req-R1; 
if design =='B'; X1 = .4*Xeq; X2pr = .6*Xeq; 
elseif design =='C; X1= .3*Xeq; X2pr = .7*Xeq; 
else X1 = .5*Xeq; X2pr=.5*Xeq; 
end 

thetanl = acos(Pnl/Vnl/lnl); ns =120*60/p; s = (ns-nnl)/ns; 
E1=Vnl-lnl*exp(-j*thetanl)*(R1+j*X1); I2pr = E1/(R2pr/s+j*X2pr); 
E1=abs(E1); I2pr=abs(l2pr); 
Pc= Pnl-lnlA2*R1-l2prA2*R2pr/s; Rc=E1A2/Pc; 
if Pc<0; disp('Check data for error'); 
end 
Qm = Vnl*lnrsin(thetanl)-lnlA2*X1-l2prA2*X2pr; Xm= E1A2/Qm; 
Parameter^' R1 " R2pr " x 1 "x2PR "Re "Xm '] 
format short e 
[R1 R2pr X1 X2pr Re Xm] 
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Auxiliary power unit for truck idling reduction 
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Windsor, Ontario, Canada N9B 3P4 
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Idling the engine of heavy-duty truck is the only way a driver can control the temperature in the cab/ 
sleeper and have power for auxiliary devices when the truck is parked. It is an inefficient and noisy 
process that wastes thousands of litres of fuel per year while standing stationary in a parking lot. 
Almost all heavy-duty trucks idle about 20-40% of the time when the engine is running, depending 
on season, geographic location and trucking operation. This extensive engine idling has many 
disadvantages, including pollutant emissions, noise pollution, unnecessary fuel and maintenance 
costs, and driver discomfort. This paper discusses the problems related to truck idling and proposes 
an auxiliary power generation unit that can significantly reduce the fuel consumption, cut the costs, 
enhance engine life and reduce pollution. A control methodology is presented to regulate the output 
voltage of the auxiliary power unit under variable load conditions. 

Keywords: Heavy-duty diesel truck; Idling; Pollution; Auxiliary power unit 

1. Introduction 

Heavy-duty trucks consume billions of litres of fuel each year. A significant amount of this 
fuel is burned by the engines that are left idling to run heaters, air conditioners, refrigerators, 
microwave ovens, televisions, etc. inside the cab and to run block heaters in cold weather to 
avoid start-up problems [1]. The combustion of fuel in internal combustion engines of heavy-
duty vehicles during idling contributes significantly to the air pollution in Canada particularly 
in the urban areas. Air pollution is a serious health problem and many premature deaths can 
be attributed to this factor. In this paper, the amount of idling by heavy-duty truck traction 
engines has been quantified and an efficient auxiliary power unit has been proposed to 
replace the main traction engine during idling. 

The US Federal Motor Carrier Safety Administration enforces rules on the hours of service 
by a truck driver [2]. One of the rules limits truck drivers to driving only 11 hours after 10 
consecutive off-duty hours. This off-duty period of 10 hours is associated with truck drivers 
taking a long idling stop to rest and operate some of their components such as heating or air 
conditioning. During the days of heating or cooling, truck drivers have few options other than 
to idle the large horsepower engine that can generate 400-500 horsepower in order to supply 
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power to considerably small loads which only require a small amount of electrical power to 
function. This results in the engine of the truck running at low efficiency for a long period of 
time, as well as the extra emissions of pollution to the atmosphere. Long-duration truck idling 
results from the need to provide heating, air conditioning, and ventilation and also to operate 
on board appliances for several hours at a time. A truck driver might also experience short-
term idling for example when refuelling, conducting vehicle checks, waiting for loading and 
unloading, or while simply stuck in traffic. Other factors also contribute to idling such as 
engine and fuel temperatures. 

Emissions from the combustion of fossil fuels include nitrogen oxides (NOx), volatile 
organic compounds (VOCs), sulphur oxides (SOx), carbon monoxide (CO), fine particulate 
matter, benzene, 1,3-butadiene, formaldehyde, acetaldehyde and other toxic or potentially 
toxic substances [3,4]. In this regard, transportation may be considered as one of the largest 
contributors to environmental pollution in Canada. Emissions attributed to diesel fuel include 
particulate matter (PM), oxides of nitrogen (NOx), carbon dioxide (C02), and carbon monox
ide (CO). Emissions from idling trucks are highly localized and concentrated. Figure 1 shows 
the concentration of S02 and NO in 2002 in various cities in Ontario, Canada [3]. Of particular 
interest is the city of Windsor where thousands of vehicles like cars, pick-up trucks, minivans 
and sport utility vehicles and heavy-duty vehicles like trucks and buses crisscross the Wind
sor-Detroit border. Figures 2 and 3 show the average and maximum concentration of nitric 
oxide and sulphur dioxide at Windsor West station of Ministry of Environment, Ontario 
during the year 2004 [3]. As a result of such high levels of S02 and NO in the air in Windsor, 
truck idling is now attracting increased attention from local and federal authorities. 

There are also economic reasons to reduce truck idling. Argonne National Laboratory study 
stated that a typical heavy-duty freight-hauling truck on an average idles six hours/day or about 
1818 hours/year [5,6], Using alternative idling reduction technologies, less fuel is burned, 
resulting in cost savings. Cost savings include not only those for fuel, but also less frequent oil 
changes and more miles between repairs and overhauls. Studies by the Edison Electric Institute 
and the Argonne National Laboratory show that idling a truck engine for 2500 hours annually 
is the equivalent of 200,000 extra miles of engine wear, burning 3750 gallons of diesel fuel, 
and adding operation costs between US$4000 and US$7000 per truck per year [5,6], 

Figure 1. Concentration of SO, and NO in Ontario cities. 
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Figure 2. Average concentration of S02 and NO in Windsor West. 

One of the alternative technologies to reduce idling, auxiliary power units (APUs), is being 
investigated by automotive and truck industries and the research community [1,7-17]. The 
APU system should be capable of providing electrical power to meet all the requirements of 
the truck sleeper cabin and its auxiliaries. The electrical generator provides electrical power 
for the heating, ventilation and air conditioning (HVAC) for the cab/sleeper compartment, 
battery top up, to keep the engine warm and ready to start and go, for TV, microwave, fridge, 
computer and radios inside the sleeper compartment. This paper presents an efficient power 
generation system that can meet the variable electric power demand from the loads during 
truck idling. A survey was conducted on heavy-duty trucks to determine the maximum power 
that the APU has to deliver when the truck main engine is idling. A digital control system has 
been developed which integrates all the equipment in the APU system to optimize electrical 
power output and keep fuel consumption to a low level. The proposed control system is 
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capable of regulating the output voltage of the APU under variable load conditions. A labora
tory auxiliary power unit has been developed using a DC motor, a DC generator and the 
control system. Experimental investigations have been performed on this laboratory APU 
system to determine its steady-state performance. 

2. Duration of idling and power consumption during idling 

For the purpose of this paper, a survey was conducted on heavy-duty trucks travelling 
through the city of Windsor to determine the duration of idling and the amount of power 
consumed by the electrical equipment while the driver is resting. The types of in-cab appli
ances used by drivers were also investigated. A communication device such as CB radio, 
entertainment devices such as TV, computer and stereo, kitchen appliances such as refrigera
tor, and microwave oven, cab comfort devices such as heater, and air conditioner are the most 
common appliances. Also, block heaters are used in cold weather to keep the engine warm. 
Figures 4 and 5 illustrate the results of this survey. In these figures, the minimum and maxi
mum power consumptions of a typical truck in one day when the truck is idling are shown. It 
can be seen from figure 5 that an approximate maximum power of 4000 W will be required 
for an APU to deliver, when the truck main engine is idling. The graphs show a typical 24-
hour period. Hour one on the graph starts at 5:00 am. The results of the survey show that a 
significant amount of the emissions is produced by the long period of idling. Fuel consumed 
during the idling of trucks can be reduced by installing an auxiliary power unit that can run 
all the electrical equipment mentioned previously when the truck driver is resting. Some of 
the respondents of this survey were aware of the benefits such as fuel savings, less pollution, 
and less engine wear resulting from the use of idling reduction technologies. Most indicated 
they are likely to purchase idling reduction technologies. 

3. Existing truck idling reduction technologies 

To reduce truck idling, several alternative technologies are currently available. Idling 
reduction technologies include idle limiting devices like idle shut down timers, auxiliary 
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Figure 5. Maximum power APU has to deliver. 

devices like direct-fired heaters, thermal storage, auxiliary power unit and truck stop elec
trification. 

Idle limiting devices [17] range from systems that automatically stop and restart the engine 
as necessary to maintain the engine and cab/sleeper temperatures, to those which automati
cally shut down the engine after a specific idle time and maintain battery voltage within 
preset limits. Most engines now have a built-in idle shut down timer that enables the engine 
to shut off if left in idle for more than a pre-set period of time. This system is only offered as 
a factory option by several truck manufactures. For this system to work, the driver must set 
the parking brake while the truck is in neutral, and must have the ignition on 'ON' with the 
hood closed. The system is disabled by turning off the ignition or while the driver is driving. 
There are two options when choosing the type of system desired, either an 'engine only' 
mode or a 'cab comfort' mode. The 'engine only' mode monitors engine oil temperature and 
battery voltage, while the 'cab comfort' mode includes monitoring of engine mode parame
ters as well as cab/sleeper temperature. 

The use of auxiliary devices such as direct-fired heaters and auxiliary power units could 
also be used as alternatives to truck idling. Direct-fired heaters [17,18] are small and inexpen
sive heaters that provide heat to both the cab/sleeper and/or engine. They consume far less 
diesel fuel and are more efficient than the heater of an idling diesel engine. Unfortunately the 
disadvantages of this sort of technology are its inability to provide cooling and its amount of 
use of the truck's battery. An Auxiliary Power Unit (APU) [17,19], on the other hand, 
provides electricity to charge the truck's batteries, heat the vehicle's engine, and heat/cool the 
sleeper compartment. One of the suppliers of APU [19], in their cost-saving analysis, indi
cated that a truck engine consumes fuel 1 gal/hr under light load condition, and 2 gal/hr under 
full load condition. On the other hand, their commercial APU, named Pony Pack, consumes 
fuel 0.075 gal/hr under light load condition and 0.3 gal/hr under full-load condition. Compar
ing the two rates together it is apparent that the APU is fuel efficient. The fuel cell APU [1] is 
an auxiliary source that has a promising future in eliminating truck idling emissions. Fuel 
cells offer a clean and efficient conversion of the chemical energy of fuel directly into 
electrical power in a controlled chemical reaction. Fuel cell APUs provides enough power to 



heat/cool a cab/sleeper compartment and also run onboard electrical equipment. The disad
vantages of this sort of system are the unavailability of a suitable fuel, higher production 
costs of the units and integration of the units with other on-board truck systems. 

Truck stop electrification (TSE) is another alternative to reduce emissions resulting from 
idling trucks where a specially designed electrical power system supplies power to the truck 
components [17,20]. This system will provide 120 Volt AC electrical power and provide the 
truck driver with the option of running the components when idling. TSEs need to be 
equipped with electrical outlets and, also, the trucks need to be equipped with electrical 
power connections. Two of the electrical components that will be needed in the truck are 
charger and inverter; the charger is used to charge the truck batteries and the inverter is used 
to convert the battery 12V DC supply to 120V AC electrical power supply. The TSE system 
has several disadvantages, including the cost of the equipment that is added to the truck, and 
the availability of using the system since it is limited only to the truck stops. 

4. System configuration of the proposed auxiliary power unit 

An internal combustion (IC) engine such as Honda 6.5 HP, air cooled four-stroke engine is 
usually the prime mover for the direct-coupled electric generator of an actual APU. But in the 
investigations of this paper, a separately-excited DC motor energized from a laboratory DC 
source, is used as the prime mover as shown in the schematic diagram of the proposed 
laboratory APU in figure 6. This DC motor is connected to DC power supply through a 
power electronics system that controls the voltage applied to the armature terminals of the 
motor. The voltage applied to the armature of the motor is controlled to yield the desired 
torque and speed. The voltage applied to the field circuit remains constant. The DC motor is 
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Figure 6. System configuration of the auxiliary power unit (APU). 



then mechanically coupled to a DC generator that delivers electrical power to the loads 
during truck idling. 

An energy management controller controls all APU activities. The microprocessor in the 
system controls the speed of the motor by varying the terminal voltage of the motor. This is 
achieved by adjusting the duty cycle of the waveform into the channel driver. PIC16F871 
microprocessor provides the system with the ability to perform all required applications. The 
two desired features in this IC are A/D converter and the pulse width modulator. The A/D 
converter receives an analogue signal from the generator terminal voltage via a voltage 
divider. This analogue signal represents the power demand by the loads during idling. This 
signal is then converted into a digital signal which is processed within the microprocessor. 
The microprocessor has been programmed to compare and adjust the speed of the DC motor 
by using the pulse-width modulation technique. 

Five resistive loads of equal resistance value are connected at the generator tenninals in 
parallel. The terminal voltage of the DC generator is compared with a reference voltage 
(desired APU terminal voltage) in the microcontroller. Depending on the discrepancy 
between the actual generator terminal voltage and the reference voltage, the duty cycle of the 
channel driver is modified. The buck DC-DC converter in figure 6 with a given input voltage 
produces a controlled average output voltage depending on the value of the duty cycle. A 
change in the voltage applied to the armature of the DC motor will change the torque devel
oped by the motor. Because of the discrepancy between the developed electromagnetic 
torque and the load torque at the motor shaft, the operating speed of the motor will change. 
Thus, the operating speed of the motor becomes approximately proportional to the duty cycle 
of the converter. 

It may be mentioned here that the authors are in contact with International Truck & Engine 
Corporation (ITEC) in Chatham, Ontario and looking for possible collaboration to implement 
the proposed system. In this case, an IC engine will replace the DC motor. IC engines are 
characterized by highly nonlinear and time varying dynamics (ambient temperature, speed 
and power output) making them difficult to control by means of conventional control tech
niques. Thus, the main challenge will be to develop a control system that can be applied to 
regulate fuel injection to the IC engine to control the engine torque output. The authors 
anticipate that the performance of the APU system with the IC engine as the prime-mover 
will be the same qualitatively but may be different quantitatively. 

5. Experimental investigations 

To determine the steady-state performance, experimental investigations have been performed 
on the proposed APU system illustrated in figure 6. The experimental setup is shown in 
figure 7. Two 120 W, 120 V, 1A, 1800 rpm laboratory DC machines have been used in the 
investigations. The experimental setup in figure 7 illustrates the basic concept behind an 
APU system. The actual rating (power, voltage, current, etc.) of an APU system and its 
control requirements will depend on the design objectives, load requirements, etc. The motor 
and generator terminal voltages and currents, power input and output, speed, and torque at 
various loading conditions are measured with and without the controller. The desired 
generator terminal voltage has been set to 90 V. Figures 8-11 show some of the results of 
these investigations. 

Figures 8 and 9 show the relationships between the developed torque, speed, load power 
demand and the control system. The speed of the motor increases and the motor develops 



Figure 7. Experimental setup. 

more electromagnetic torque with the increase of the load demand if the control system is 
engaged. It can be seen from figure 9 that the speed of the motor falls significantly with the 
increase of the load demand if the control system is not employed. The speed regulation in 
such a case has been found to be 20.93%. But, with the application of the control system, 
both the motor torque output (figure 8) and the speed of the motor (figure 9) increase to meet 
the increasing load demand. 

Figure 10 illustrates the measured external volt-ampere characteristics of the DC genera
tor in the APU system. The terminal voltage of a DC generator is related to the load 
current and the internal electromotive force (emf). The internal emf is a function of the 
machine field current and the rotor speed. The field current of the generator was held 
constant. If the control system is not employed, as can be seen from figure 9, the speed 
decreases with an increase in the load current, which in turn reduces the internal generated 
emf. This, in addition to the machine armature resistance drop, causes the terminal voltage 
of the generator to fall significantly as the load current increases as shown in figure 10. 
The voltage regulation without the control system has been found to be 34%. But, if the 
control system is engaged, the terminal voltage applied across the DC motor is increased 
with the increase of load and, thus, the motor delivers required speed and torque to the 
generator. The generator terminal voltage becomes independent of the load current with 
the application of the control system. This is due to the fact that the microcontroller senses 
a decrease in the terminal voltage due to an increase in the load current and modifies the 
PWM signal to increase the duty cycle so that the voltage applied to the DC motor termi
nal increases. An increase in the applied voltage increases the motor speed and the torque 
output. As the speed of the generator increases it brings the terminal voltage up to the 
desired level of 90 V. 
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Figure 8. Variation in the measured motor torque output as a function of motor speed for different loading condi
tions with and without the control system. 

The measured generator output power and generator output power per unit motor input 
torque as a function of load with and without the proposed control scheme are shown in 
figure 11. It can be seen from this figure that the effect of the control system is to increase 
the generator output power per unit applied input torque especially in the high load region. 

6. Conclusions 

This paper discusses the problems related to truck engine idling and proposes an auxiliary 
power generation system with improved power and efficiency. The most important findings 
and conclusions of this study are as follows: 
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Figure 9. Variation in the measured motor speed as a function of load with and without the control system. 
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Figure 10. Variation in the measured generator terminal voltage as a function of load with and without the control 
system. 

1) The APU system can be controlled to provide regulated power output depending on the 
load requirements. 

2) The developed control system is able to regulate the output voltage of the APU under 
variable load conditions and, thus, the output voltage regulation has been found to be 
insignificant. 
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Figure 11. Measured generator output power and generator output power per unit motor input torque as a function 
of load with and without the control system. 



3) The effect of the control system is to increase the generator output power per unit motor 
input torque especially in the high load region. 

4) The APU system can significantly reduce the fuel consumption, cut the operating costs, 
enhance truck engine life and reduce pollution. 
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