INVESTIGATION OF ALTERNATORS SUBJECTED TO DIFFERENT LOADS AND MINIMIZATION OF ENCOUNTERED HARMONICS 
                                                       ABSTRACT

The performance of any machine can be analyzed with reference to parameters like power factor, total harmonic distortion, voltage regulation, etc. These parameters alter when a machine is subjected to different loads. Depending on the load connected to the system, the voltage and current waveforms are varied. Due to the effect of harmonics, distortion of waveforms from sinusoidal to non sinusoidal is commonly observed. The influence of these harmonics could produce various undesirable effects such as the production of oscillating torque, copper and core losses, losses due to skew-leakage fluxes and end-leakage fluxes, overvoltage and excessive currents in the system, etc; also, the additional power losses incurred by the harmonics also affect the overall temperature rise and local overheating. 

This project analyzes these obtained harmonics and develops a suitable filter to minimize them, and by extension, their ill-effects. It also aims to obtain the voltage regulation of different alternators under varying loads using one of the many methods available, and use this data to compare and contrast the machine performance in different cases. The case study included seeks to correct the common misconception that a machine with high voltage regulation indicates low performance and cannot be used in practice. This analysis gives an insight into the practical regulations obtained, and shows a correlation between the voltage regulations obtained and the variation of loads applied. The proposed harmonic analysis is expected to be useful in the design of harmonic filters, power factor correction devices, et al. 

Introduction

With the increasing concern of the effects of harmonic distortion and the lack of documentation of harmonic problems associated with synchronous machines. It is imperative that work to understand the effects of harmonics on synchronous machines be accelerated. The growing use of power electronic applications has increased the fraction of non-sinusoidal currents and voltages in utility networks. Nonlinear loads, such as arc furnaces and fluorescent lighting, have always existed but were overwhelmed by the linear load of motors and resistance type devices. Today, electronic versions of motors, office and industrial control equipment, and lighting are becoming more common. As the fraction of nonlinear loads has increased, so has the anxiety over the effect of these loads and whether they should be limited. Several standards organizations have or plan to issue limits for these loads. These limits are based on the effects of these loads. However, because this problem has only recently emerged, literature on the effects of this waveform distortion is still inconsistent and incomplete.

Voltage Regulation

The internal generated voltage of a synchronous generator depends on the flux in the machine, the frequency or speed of rotation, and the machine’s construction. However, this voltage is not the voltage that appears at the terminals of the generator when an armature current is flowing in the machine. The difference between E and V is caused by the armature reaction and the self inductance and resistance of the armature coils.
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DESCRIPTION OF TEST:

Motor-Generator set is employed as an integral part of Power System Simulator to supply power to various loads during the performance of the test. The speed of the dc motor, the prime mover, can be varied through the use of the field rheostat (0-18 V dc). A three phase alternator is employed as a separately exited synchronous generator. 
A calibrated single channel instrument with built-in voltage and current scaling was used to record the voltage and current waveforms of the generator under test. The stored digital samples were transferred via IEEE bus to a computer for harmonic analysis and calculation of other electrical quantities.

Eight independent tests were performed to determine the voltage regulation of single three phase synchronous generator and two three phase generators, connected in parallel, under various load conditions. The generators were tested under linear and nonlinear loads with lagging and leading power factors.

Nonlinear load of a three phase diode rectifier, and a combination of RLC load are used to obtain lagging or leading power factor and produce harmonic distortion.
The following waveforms were obtained.

Voltage waveforms with lagging load:                                                       
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Current waveforms with lagging load:
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Obtained values:
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(THD - Total Harmonic Distortion)

Harmonics
The influence of voltage and current harmonics on equipment connected to electrical supply systems can cause serious problems. It is the objective of the electric utility to supply its customers with a sinusoidal voltage of fairly constant magnitude. The generators that produce the electric power generate a very close approximation to a sinusoidal signal. However, there are loads and devices on the system which have nonlinear characteristics and result in harmonic distortion of both the voltage and current signals. As more nonlinear loads are introduced within a facility, these waveforms get more distorted. The advancement and wide application of adjustable speed drivers, electronic devices, microprocessors, etc. in many areas have significantly contributed to the voltage and current waveform distortion in power and distribution system. This has created the need for better understanding of the impact of harmonic distortion on protection, control and instrumentation in power systems, industrial equipment and even house hold appliances.
From the point of view of the harmonics of voltage and current, there exist 3

possibilities:

1.The device is sensitive to one or two adjacent harmonics, and these harmonics should not exceed an established level, for example 5% of a single harmonic or 4% of each on two adjacent harmonics.

2. The device is sensitive to the arithmetic sum of all the harmonics. This summation should not exceed an established value, for example 5 or 10%.

3. The device is sensitive to the present of total harmonic distortion (THD) according to the formula :
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The influence of voltage and current harmonics upon asynchronous machines is

manifested in two different ways :

The first phenomenon concerns the influence of the harmonics upon the torque:
1.Calculations(and also measurements) show the effect of a 10% to 20% harmonic distortion is practically negligible. This holds for the permanent torque as well as for the starting torque. On the other hand, it has been observed that harmonics distortion causes the development of oscillatory torque. This is due to the interaction between the harmonic currents and the magnetic field of fundamental frequency. These tongues have relative amplitudes that are approximately proportional to the relative amplitudes of the corresponding harmonic currents. (In other words if the harmonic currents have, in relation to the fundamental current, an amplitude of 10%, the oscillatory torque will have, in relation to the fundamental torque, a similar amplitude).

The average torques, in service or at starting, are not affected, but the oscillatory torque can eventually create mechanical oscillations and resultant bearing wear.

2. The harmonics of the supply voltage and current cause some supplementary losses in the machines. Some of these losses may be summarized as follows:

(a) Primary copper losses: The harmonic currents contribute to total R.M.S input current. Skin effect in the primary conductors maybe neglected in small wire-wound machines, but it should

be taken into account when primary-conductor depth is appreciable.

(b) Secondary copper losses: When calculating the additional secondary copper losses, skin effect must be taken into account for all sizes of motors since the secondary frequencies concerned are high.

(c) Core losses due to harmonic main fluxes: These core losses occur at high frequencies, but the fluxes are highly damped by induced secondary currents.

(d) Losses to due to skew-leakage fluxes: These losses occur if there is relative skew between the primary and secondary conductors. At 50 or 60 Hz the loss is usually small, but it may be appreciable at harmonic frequencies. Since the time harmonic M.M.F.S. magnetically couple the stator and rotor windings, skew-leakage losses are produced in both windings.

(e) Losses due to end-leakage fluxes: As in the case of skew-leakage losses, these losses occur in the end regions of both stator and rotor windings and are a function of harmonic frequency.

(f) Space harmonic M.M.F:  Losses existed by time-harmonic currents. These correspond to the losses which, in the case of the fundamental current component, are termed high-frequency stray load losses.
The additional losses in the iron and copper in the stator winding are of little importance.

The principal effect of the harmonics is upon the rotor, where some non negligible additional currents are induced in the damper winding. In addition, an asymmetrical current due to a negative sequence component of the three-phase supply voltage can circulate in that winding.
BLOCK DIAGRAM OF PRACTICAL SET UP:
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TYPES OF ALTERNATORS 

 Based on the construction of rotor synchronous alternators are classified into different types. They are

1. Laminated rotor alternator

2.  Solid rotor alternator

                          LAMINATED ROTOR ALTERNATOR
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  CONSTRUCTION:
In the laminated rotor alternator the armature is an iron ring formed of laminations of special magnetic iron or steel alloy (silicon steel) having slots on its periphery to accommodate armature conductors known as stator. The whole structure is held in a frame which may be of cast iron or welded steel plate. Since the field rotates between the stator, so that flux of the rotating field cuts the core of the stator continuously and causes eddy current loss in the stator core. To minimize the eddy current loss the stator core is laminated. The thickness of laminations is usually 0.5mm or less. 
           SOLID ROTOR ALTERNATOR
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     CONSTRUCTION:
In the solid rotor alternator the rotor is a solid magnet. The designing of this alternator is simple when compared to laminated rotor alternator. Because in this alternator the rotor is solid magnet so no slots are required for placing windings. This alternator is used for large ratings. In this type of alternators eddy current losses are present
                                    SOLID ROTOR ALTERNATOR
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The solid rotor alternator provides eddy current losses because of which the regulation obtained is very high. Voltage regulation up to 70% is preferable in industrial applications. In order to reduce these effects of increase in voltage regulation air gap is increased and also the size of the rotor is reduced. 
TYPES OF LOADS
The different types of loads that are employed on the alternators are

1. Linear loads. 

2. Non-linear loads.
1. LINEAR LOADS:

The loads in which the current at any time is proportional to voltage are linear                loads. In AC electrical loads voltage and current waveforms are sinusoidal. When the linear loads are used there is no wastage of power. Since the voltage is proportional to current there is no presence of harmonics. 

The nature of load is either inductive or capacitive. Since the voltage is proportional to current these loads does not draw high currents from the supply. Some examples of linear loads are: POWER FACTOR IMPROVEMENT CAPACITORS, INDESCENT LAMPS, and HEATERS etc.
2. NON-LINEAR LOADS:
The loads in which the current is not proportional to the voltage are non-linear loads. Foremost among loads meeting their definition is gas discharge lighting having saturated ballast coils and thyristor (SCR) controlled loads. 
The nature of non-linear loads is to generate harmonics in the current waveform. This distortion of the current waveform leads to distortion of the voltage waveform. Under these conditions, the voltage waveform is no longer proportional to the current.
NON LINEAR LOAD
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Hence the load current consists of odd harmonics which are dominant. Because of non linearity property the voltage waveform is not pure sinusoidal. These loads cannot be categorized as leading and lagging loads. Generally non linear loads contain Diode Bridge and capacitors.  

Some examples of Non Linear Loads are:
COMPUTER, LASER PRINTERS, SMPS, REACTIFIER, and PLC etc.

DIFFERENCES BETWEEN LINEAR AND NON-LINEAR LOADS
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OSCILLOSCOPES:

An oscilloscope (also known as a scope, CRO, DSO or, an O-scope) is a type of electronic test instrument that allows observation of constantly varying signal voltages, usually as a two-dimensional graph of one or more electrical potential differences using the vertical or 'Y' axis, plotted as a function of time, (horizontal or 'x' axis). Although an oscilloscope displays voltage on its vertical axis, any other quantity that can be converted to a voltage can be displayed as well. In most instances, oscilloscopes show events that repeat with either no change or change slowly.

Oscilloscopes are commonly used to observe the exact wave shape of an electrical signal. In addition to the amplitude of the signal, an oscilloscope can show

distortion, the time between two events (such as pulse width, period, or rise time) and relative timing of two related signals.

Oscilloscopes are used in the sciences, medicine, engineering, and telecommunications industry. General-purpose instruments are used for maintenance of electronic equipment and laboratory work. Special-purpose oscilloscopes may be used for such purposes as analyzing an automotive ignition system, or to display the waveform of the heartbeat as an electrocardiogram.
Originally all oscilloscopes used cathode ray tubes as their display element and linear amplifiers for signal processing, (commonly referred to as CROs) however, modern oscilloscopes have LCD or LED screens, fast analog-to-digital converters and digital signal processors. Although not as common place, some oscilloscopes used storage CRTs to display single events for a limited time. Oscilloscope peripheral modules for general purpose laptop or desktop personal computers use the computer's display, allowing them to be used as test instruments.

DIGITAL STORAGE OSCILLOSCOPE:
The digital storage oscilloscope, or DSO, is now the preferred type for most industrial applications, although simple analog CROs are still used. It replaces the unreliable storage method used in analog storage scopes with digital memory which can store data as long as required without degradation. It also allows complex processing of the signal by high-speed digital signal processing circuits.

The DSO is more preferred than the cathode ray oscilloscope (CRO) since it does not have any memory for storage of data.CRO consists of cathode ray tubes, a vertical amplifier, a time base, horizontal amplifier and a power supply and does not posses any storage element.


Hence CROs are called ‘analog’ scopes to distinguish from ‘digital’ scopes i.e. DSO. The disadvantage of DSO is more costly when compared with CRO.

VOLTAGE REGULATION:

The voltage regulation of an alternator is defined as the change in the terminal voltage when full load is thrown off, with the speed and the field current held constant.  

If EO and V are the no load and full load terminal voltages/phase, respectively, then

           % Voltage regulation   =     E0 - V     ×100
                                                           V   

 METHODS FOR DETERMINING REGULATION:
There are various methods for determining voltage regulation. They are 

1. Synchronous Impedance Method

2. Ampere-turn or M.m.f  Method          

3. Zero power factor (or) Potier reactance method

1. Synchronous Impedance Method: 

It requires the occ and scc for the determination of Zs. The armature resistance     is determined by the volt-meter, armature method by applying a low d.c voltage.The effective resistance is taken as (1.2 to 1.6) times Rd.c depending upon the    frequency, to allow for skin effect. Most authors recommend a factor of 1.6.
· The effective resistance, Ra=1.6×Rd.c
· The regulation obtained by this method gives much higher values than the    actual values. Hence this method is called the PESSIMISTIC method.
· Synchronous impedance method is also called the “E.M.F. method”. 
· The regulation obtained by this method is a predetermined value.

· The reason is in this method the synchronous impedance is assumed to remain 

   constant. The value of Zs varies with saturation.

· At low saturation its value is larger because  the effect of armature reaction is  

    Greater, than at high saturation.  

2. AMPERE TURN METHOD: 
This method also requires occ and scc characteristics. In this method the    determination of MMF vectors are made without the knowledge of the magnitude of the voltage IaXa. 
· Hence there is no exact similarity between the mmf vectors as normally determined for this method.
· The regulation obtained by this method is also a predetermine value .The field mmf is used to overcome the demagnetizing effect of armature reaction.
· The mmf method is known as the OPTIMISTIC method since the regulation calculated by this method is less than the actual value.
3. POTIER REACTANCE METHOD:

·  In the emf and mmf methods, the effect of armature leakage reactance and  

   armature reaction are combined.

·  In the zpf method, the reactance due to leakage flux and that due to armature   

    reaction flux is separated.
·  The regulation obtained by this method is more accurate compared to emf and
     mmf methods.

The zero power factor characteristics is a plot of the terminal voltage /phase against the field current when the alternator is delivering rated current at zero power factor lagging ,the speed being held constant at synchronous speed.

The z.p.f.c can be obtained by connecting a pure inductance load across the armature terminals and varying the same. But in this method the vectors which are used to find regulation are not the exact vectors so this method is also not preferable though it gives accurate results compared to emf and mmf methods.

Measurements of harmonics:

Spectrum analyzer:

A spectrum analyzer or spectral analyzer is a device used to examine the spectral composition of some electrical, acoustic, or optical waveform. It may also measure the power spectrum.
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There are two types of spectrum analyzers. They are

Analog spectrum analyzer

An analog spectrum analyzer uses either a variable band-pass filter whose mid-frequency is automatically tuned (shifted, swept) through the range of frequencies of which the spectrum is to be measured or a superheterodyne receiver where the local oscillator is swept through a range of frequencies.
Digital spectrum analyzer 

A digital spectrum analyzer computes the discrete Fourier transform (DFT), a mathematical process that transforms a waveform into the components of its frequency spectrum. 
Wave analyzer:

A wave analyzer capable of determining the amplitudes and phases of frequency components in a complex waveform.
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Difference between spectrum analyzer and wave analyzer:

A wave analyzer helps you to evaluate the characteristics of wave-frequency, amplitude, phase angle, type of function, etc. while a spectrum analyzer tells you the operating characteristics(range) of spectrum.

Reduction of harmonics:

Single tuned harmonic filter:

· The filter improves the total system performance by drastically reducing the line side current harmonics generated by nonlinear loads.
· The filter includes single-phase integrated inductances with an appropriately placed tap across which is connected a tuning capacitor.
· The combination of the inductance up to the tap position and the tuning capacitor form a series tuned filter configuration while the remainder of the integrated inductance is used for harmonic attenuation.
Zig-Zag transformer:
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                 Star winding                                   zig-zag winding
· A Zigzag transformer is a special purpose transformer with a zigzag arrangement.
· One application is to derive an earth reference point for an ungrounded electrical system. Another is to control harmonic currents.
Capacitor filter:

· This is connected in parallel to the load to reduce the harmonics.

Applications:

· To identify harmonics or a tendency for harmonics on a power system.
· To provide data for design of harmonic filters.
· To provide data for power factor correction using capacitor bank design.
