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Introduction

The electrical supply voltages and currents are of supreme importance in our diurnal activities. It is thus of supreme
importance to maintain the pristine form of this supply. In the pragmatic applications the supply is far from being in the
pure form. The supply currents and also the currents in component utility are thus found full of harmonics which actually
are induced in the supply currents by a number of non linear devices attached to the supplies. Since the putative working
of all the electrical appliances and systems are studied with the pure forms of waves thus with their subjection to the
practical harmonic currents yield certain undesirable effects. It is thus a dire need for the electrical engineers to find
certain ways in which these harmonics can be separated from the original or ideal waveform whose shape is distorted by
the presence of such components.

The review paper thus pays major attention on certain available and effective methods to reduce the presence of such
components in the currents and voltages. It discusses certain effective techniques which are available for various
applications which reduce the harmonic components in the currents either consumed or produced. Various effective and
novel methods available for harmonic reduction in case of Travelling Wave Tubes, Induction Machines, Synchronous
Machines, Photo Voltaic systems, wind energy and also in case of inverters are discussed. It is thus being shown that in
the quest of harmonic reduction there are separate effective techniques available for different systems which work good
for them. The fruitful results obtained, showing the effectiveness, with the application of these techniques in different
process are also discussed. The research results concerning their development are also discussed in some reviews.
Hence, the paper is an effort to be labour certain novel and traditional methods present to reduce the harmonic contents
(present in current and voltage waveforms), in various electrical applications. TWTs are used as amplifiers to amplify
signals in communication and counter measure systems. The output is full of harmonic distortions and the second
harmonic is majorly present. One way to remove it is the harmonic injection technique but this will require another
source to be present near TWT and thus it actually will disturb the working of TWT and will prove to be inconvenient.
However a better way can be drawn out by analyzing the hypothesis of Dionne who pointed out that the phase velocity
and the coupling impedance of the fundamental wave are associated with the circuit structure. Thus it was concluded
that a change in the circuit structure is going to produce salubrious results. Thus in [1]-[5], two novel possible changes
that can be made in circuit design of slow wave helix TWT structure were proposed. They were:

a) Changing the helix pitch in the traditional three dielectric support structure.
b) Changing the support dielectric rod shape.

A diamond studded helix TWT with a pitch change scheme was observed and a difference of 9dB in the fundamental
and the second harmonic was achieved. This was 5dB more as compared to a normal TWT with no pitch change, no
studded structure and having the same specification of bandwidth and power as (6Ghz-18Ghz, 50 W). Thus with the
studded and the pitch change structure the second harmonic power can be reduced significantly. The simulation graph
with different frequencies was shown and a comparison was drawn with these frequencies transferred through normal
TWT and with pitch change and studded Helix.
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Figure 1: Comparison of power output for normal and pitch change Helix TWT
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Figure 2: Comparison of power output for normal and dielectric studded Helix TWT

It was thus found that with the changes in the structure that is the changes in the pitch and the changes in the support
dielectric rod shape a considerable harmonic reduction was obtained.

The current waveform on the DC winding of the converter is full of harmonics and is far from normal fundamental
waveform. Although, a number of methods have been proposed related to the reduction of harmonics but a novel
method in [6]-[9] presented an idea which was applicable to any converter (AC-DC). In this method the original current
in the DC winding of the transformer of the converter was superimposed by the injecting current in opposite polarity
and comprising of the harmonics which were to be removed. Thus the original waveform obtained was found free from
harmonics. A figure for this phenomenon is being given as under in which the final current is free from harmonics.

] o

Figure 3: Output of the converter

Figure 5: Current obtained after superimposing figure (3) and (4)

The injected current flows through the closed loop which contains the source of its generation and the DC winding of
the transformer of the converter.

The results of the method were verified by conducting the experiments for the three phase bridge rectifier where the
harmonic reduction was being done with the third harmonic current. In that a power source of 330 kA with an
amplifier, an oscillator, a three phase synchronous generator of 2 KVA and180 Hz were used. The oscillator for
controlling frequency and amplitude of the injected current and synchronous generator for controlling current were put
into practice. Also the experiment on the double star rectifier for the harmonic reduction by injection of the ninth
harmonic current was conducted which also showed satisfactory results. It was also analyzed and concluded that for
effective reduction of the components greater than the ninth order the value of the harmonic order of the injected
current with K=9 was more effective than K=3.

The induction motors are the major cause of disturbing the refined supply of the supply network and introducing
harmonics. For the speed control of the induction motor a number of methods are employed but the basic is a rectifier
inverter arrangement. The alternating current used by the rectifier contains many harmonics. To remove this, a number
of remedies have been suggested. In each of these remedies it was being proposed as to how to reduce the harmonic
current of the current obtained by the rectifier. In the induction motor most of the speed control is done by controlling
the supply voltage and frequency. Thus a rectifier and inverter arrangement is needed. The input to the rectifier is the
supply current full of harmonics from inverter.
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Passive tuned filters were widely used for this purpose. They were simple but expensive. Other approaches also used
active filters but they made the circuit too complex. Bird introduced a new technique of reducing third harmonic
content in the input of the rectifier. Blake first used the harmonic current to static converters in a double star rectifier.
But all the injection technique mentioned earlier required an extra source and also the frequency of the injected current
needed to be adjusted with the supply current. For fast and active drives both the magnitude and the phase of the
injected current needs to be controlled. In the technique proposed by Lawrence and Mielczarski a L-C tuned filter was
used to remove the third harmonic from the output of the uncontrolled rectifier and injecting the current into the star
point of the DC winding. But in this technique the magnitude of the injecting current needed was controlled manually
and thus for active drives it was not an alternative.6

The novel method in [10]-[12], available for reducing the third harmonic in the current fed to the rectifier of the
induction motor requires injection of current to the neutral point of the DC winding of the rectifier. Although, the
method was applied to the induction motor driven by VSI but the experimental results showed that it was capable of
reducing the harmonic content in the line current generated by the drive system. The scheme consisted four switch
resistor set. The value of the resistors R1 and R2 were selected following a procedure. A figure to illustrate the
implementation of the novel method is as below.

s

Figure 6: The arrangement of the circuit used in the novel method

The figures presented below show how the injected current in each phase affects the original waveform and achieves
the reduction in harmonics.

100 200 200

-

Figure 7.Line current without injected current

o 100 T 200 200

Figure 8.Line current with injected current

The figure for injected current in each of the phases is given below:

- e . . o~ )
Figure 9.anjected Current in phase A Figure 10 Injected Current in phase 0

Figure 11.injected Current in phase C Figure 12 Resultant Iinjected Current of three phases
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Through simulation and experiments it was being shown that the modulation index change, greatly affected the THD
(Total Harmonic Distortion). It was deduced that a minimum THD of 1.8% occurs at a modulation index of 0.65.
Through the experiments it was found that although the value of the injected current through the two sets of the switch
resistor pin needs to be maintained but a general value of 1.2 Ampere for first upper set and 0.75 Ampere for second
upper set worked well for almost every case. With these values a minimum THD of 3.6% was obtained at a modulation
index of 0.6. A table was deduced at the modulation index of 0.65 and it was thus found that THD in line current by
employing the method was reduced from 25% to 3.5%.

The induction machine equipped with Solid State Voltage Controllers (SSVCs) not only suffer from bad power factor,
high reactive power, low efficiency but also generate and inject harmonic distortions in the supply line. To reduce the
injection of these harmonic current in the supply line a Shunt Harmonic Filter (SHF) was thus used. Its filter was tuned
to one or more frequencies and thus was used to remove frequencies close to these frequencies. One of the basic
drawbacks SHF faced was in the variable speed induction motor having SSVCs with voltage distortions. When there
are voltage distortions a certain harmonic component with high RMS value is present in the distorted current.
Moreover, SHFs aggravate the problem by amplifying some of the voltage harmonics. The induction machines with
SSVCs especially the group of induction machines, thus suffer from two drawbacks: a High Reactive Power and a
Harmonic current injection in the supply line.

Thus the design of the devise, to protect the injection of harmonic current in the supply line, should be a function of the
overall reactive power of the drives and also the harmonic currents generated by all the drives. Since this is hard to
determine the tuning of the filter in the SHFs is thus a ponderous task.

A study conducted on the induction machine in [13]-[17], showed that with the reduction of the speed of the machine
the reactive power as well as the current distortions increase rapidly. Thus this high CHD in SSVCs cause High
Voltage Distortions.

In one of the experiments it was shown that if in SHF lowest harmonic is fifth then the frequency will be adjusted
between fifth and seventh harmonic. In that, at a slip of 0.13, with low voltage distortion the seventh harmonic has a
relatively high RMS value but if the voltage distortions exceeds the acceptable limits then it is the eleventh harmonic
along with the fifth harmonic that has a dominant effect and hence the adjustment of the SHF filters to frequencies
between fifth and seventh will fail to work.

Thus a new devise for the purpose of removing the CHD came into practice as Harmonic Blocking Compensator
(HBC). It is built per phase with the capacitor which reduces reactive power. Thus it resembles Electromagnetic
Interference Filters. It has a high impedance path for the high voltage distortions and the low impedance choke shunt
path for the load generated current. The following figure shows the circuit structure.

Joo) |
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Load bus

]
Figure 13.Harmonic Blocking Compensator

It has a disadvantage of suppressing the harmonic content at the cost of fundamental voltage drop across the series
impedance which can be improved by adding a series resonance at fundamental frequency. An experiment conducted to
compare the performance of SHF and HBC in [13] showed that HBC is capable of removing all harmonics except
second. Also, in HBC the power loss in comparison to SHF is quite low. They occur due to the hindrance produced by
the series impedance in the flow of fundamental current whereas in SHF they occur due to reactive fundamental
component and the current harmonics in the resistance of the filter the sum of which is much higher. Also the power
rating of the shunt capacitor in HBC is also quite low. Thus the experimental results verified the supremacy of the new
HBC over SHF.

In the Photo Voltaic systems inverters are used to convert the final DC to AC for the commercial use thus the output
contains harmonics. One of the most important method to achieve harmonic reduction is by the help of adjusting the
SPWM (Sinosodal Pulse Width Modulation). With certain adjustment in the control signal it was found that a very
desirable result could be yielded. The international standards set for Total Harmonic Distortion (THD) say that it
should be less than 5% and voltage harmonics should be less than 2%. In Photo Voltaic Systems it is highly desirable to
have low harmonic content, high power factor and low Electromagnetic Interference (EMI). The output of the inverter
is full of harmonics and is highly unacceptable. A recent study in [18]-[20], showed that this can be controlled by
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controlling the carrier signal. In the most basic SPWM there are two waves one is a Carrier triangular wave and the
other is a sinusoidal wave. It was, in the experiment, found that if the peak value of the sine wave was less than half the

Sine Wave

maximum magnitude of the triangular wave then the harmonics less than 2A are eliminated, where A:m or
the number of voltage pulses per half cycle.

It was also found that SPWM reduces further harmonic contents at the inverter if the carrier wave pulses are increased
in the half cycle. Thus modulation with the high frequency carrier signal shifts the higher order harmonics to yet higher
frequencies which can be removed with the help of LC filter with small sized inductor and capacitor. In the experiment
conducted for the same it was proved that if the input voltage to the inverter be 12Volts and the power input is 1Kilo
Watt and also the output is also 240Volts, 50 Hz, then by increasing the frequency of the carrier the THD can be
reduced from 80.5% to 55.29%. After that AC filters designed with the purpose of removing the frequencies between
150 Hz to 1.5 KHz can reduce THD to 0.41817%.

A TCR (Thyristor control reactor) and TSC ( Thyristor Control Switch) set is used now-a-days for reactive power
compensation. It is a dire need to ensure that no distortions are injected into the system on their part. The determination
of optimum firing angles for the minimization of the THD (Total Harmonic Distortion) caused by TCR and TSC is of
utmost importance. For the same reason the neural networks were also introduced so that they can take quick decisions
as to what should be the firing angle. A basic circuit for the TSC and TCR is as follows:

Figure 14.TSC and TCR combination

If the firing angle for TSC and TCR be Q and 0 respectively then it was shown that there are two cases for harmonic
reduction in TSC and TCR. These are:

a) A single capacitor and variable firing angle

b) A Capacitor Bank with different firing angle

It was shown in the experiment in [21]-[24], that with one capacitor and different firing angle for positive reactive
power the minimum THD occurs at (Q=0°) and the same occurs for the negative reactive power at (Q2=180°). This was
verified by choosing a specific requested power of £5MVar and the table was thus formed verifying the above result. It
was also shown in the experiment that the THD was lowest when maximum capacitors existed in the circuit. For this it
was observed that with 0.2MVar power the best results were obtained when 6 capacitors existed with 6=90.5° and with
requested power of -2.5MVar the best results come for 6=91.8° with 7 capacitors.

Thus it is a dire need to select the value of 6 once this has been proved that what should be the value of Q for minimum
THD. For this an artificial neural network was proposed where for every requested reactive power a data is fed as to at
what angle ‘0°, the minimum THD will occur. Thus it compares its own produced values with the value of 6 as soon as
the analytical value matches the theoretical value the firing angle for that reactive powers are obtained. A block scheme
for such a neural network was proposed which resembled as follows:

Number of employed capacitor
= Neural Network
Requested Power Q.

i |4 Latyers (Input, 2 Middle, Output)

Error Back Propagation Method  |B, TSC fire angle
p—p

Figure 15.The block diagram of the proposed neural network

Through the experiment it was found to be extremely suitable for fact switching.

In [25]-[27] a new design for the inverter was proposed. This new design was free of the complicated circuitry and the
design was such that it would work with 36 pulses and then the motor is fed with a highly sinusoidal current.
Furthermore, the same technique was implemented on the rectifier end, so that an effective harmonic reduction would
be possible at both the ends of the system i.e., the motor as well as the ac supply system. The analysis and verification
of the complete system was done by setting up a 20-kVA laboratory development drive system. The experimental
waveforms for the conventional (12-pulse) and proposed (36-pulse) configurations were presented. The display of the
waveforms proved the possibility of transforming the operation of variable speed synchronous motor systems from 12
to 36 pulses. The need of the filtering at the rectifier end as well as the reducing considerably problems at the inverter
end, namely; a high inverter commutation angle and additional rotor-heating and pulsating electric torque in the motor
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were eliminated by this higher pulsation. This novel proposition seemed to offer economic and functional benefits to
the user and provide opportunities to the system designer to optimize system design and performance.

In [28] the performance of Zig-Zag transformer is analysed by comparing THD of source current. Simulations and
laboratory tests helped to understand the performance of the same under unbalanced nonlinear load. Both, simulations
and the laboratory tests affirmed that the Zig-Zag transformer is capable of reducing the harmonics in line as well as
neutral and attenuating the neutral current in the distribution system. Also, the Zig-Zag transformer is capable of
balancing the three- phase currents due to cancelling of the zero sequence current. It is evident from the results that the
THD and neutral current of three-phase four-wire distribution system under the unbalanced nonlinear load becomes
much reduced after applying the Zig-Zag transformer.

In [29]-[30], an attempt was made to use comb filter for harmonics reduction of the envelope cycloconverter output
voltage waveforms. The practicability of using comb filter for selective elimination of harmonic components for the
cycloconverter output waveforms was proved by the practical investigations made in the same paper. It was found that
the THD was highly reduced and near sinusoidal output voltage and current waveforms were produced. This method
also proved to be more effective that the other contemporary methods like increasing the phases of the input or using
circulating mode. The described system could be of practical value with a minimum number of components in
replacing the conventional phase or envelope cycloconverter circuits for speed control of induction motors.

In [31], synchronized phase shifted parallel PWM inverters with current-sharing reactors were employed for the
harmonics reduction. This technique presented inverter output distortion could be reduced significantly, for example
total harmonic reduction could be reduced typically in half using just two synchronized phase-shifted parallel inverters
(the simulation and experimental studies indicate that even smaller distortion reduction factors can be achieved).

In [32]-[34], a high order harmonic injected PWM is presented to reduce the harmonic content to meet the IEC 555-
2(A) standard for a 5-10kW power application without significantly increasing the output. A prototype converter
operating at 800V, 6kW with 3x220V input was used to verify the results. By using this method, the THD in single-
switch rectifier is improved.

In the application like wind energy where matrix converters are used a large amount of harmonic current is injected into
the grid which is highly undesirable. Although, the matrix converters control both the voltage and frequency of
generation independently but at the same time in doing so matrix converters operated in PWM switching mode, inject
lower order current harmonics and also, switching current harmonics. In an experiment it was shown that if a 5HP,
50Hz, 3-phase, 4 pole induction machine was driven at a speed of 550 RPM and the synchronous speed was maintained
at 500 RPM with the converter switching frequency of 2400 Hz, the converter on the grid side injected grid current
THD of 200.85% and the grid current harmonics were 33.78%. In order to remove this flaw two novel techniques were
verified experimentally in [35] for reducing harmonics from matrix converters. These were different arrangements of
the converters:

[1]. Dual configuration

[2]. Quad configuration

) In the dual configuration Induction generator (IG) i.e. the 1G-I and the IG-11 were connected to the zigzag
transformer having +15°phase shift to the input voltage. Thus with the voltage shift provided at the grid end

current also got shifted and thus certain current harmonics got cancelled. The overall THD was reduced from
200.86% to 191.39%. After this the use of low pass filter reduced THD from 33.78% to 9.66%.

A A0
AR

2

o

Figure 16.The Dual Configuration

. In the Quad connection there were two pairs of zigzag transformers having +22.5° and + 7.5° phase shifts to
the input voltage. Here even better results were obtained and the THD was reduced from 9.66% to 3.63%.
Thus the experimental results showed the effectiveness for the novel methods.

In the novel method presented in [36] a new and economical technique was proposed to reduce the harmonics. In this a
petrochemical plant was considered with 53-Buses and 7-generators. Also 12-pulse 4 electric drive systems were
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considered with the power rating of 4-5 Mega Watt. The new technique involved the use of nonlinear programming
technique. The programming was done on the basis of generalized reduced gradient method to ensure simple software
structure. Also, for further harmonic reduction passive filters were used which further minimized the cost of the
systems.

In case of High Voltage Booster (HVB) railway line, because of the increasing traffic it is a dire need to reduce the
harmonics in the voltages and the currents of the line. To do this a novel method in [37]-[41], was presented wherein an
arrangement of the third harmonic filter along with the saturable reactor in series with the Thyristor Controlled Reactor
(TCR) was used. It was shown that in order to reduce the harmonics only upto 30 mA in 25 kV, 50 Hz single phase line
a multiplying factor of 20 was needed. It was observed that the TCR branch injects a lot of harmonics in the electrical
line which can be reduced with the help of saturable reactor and the tuning filter.

Figurel7.The design of the Tuning filter used in the HVB line

It was shown that adjusting the harmonic impedance of the filter reduced the third harmonic. Further, it was shown that
still in order to bring the harmonics to the adjustable limits a saturable reactor was used which reduced the harmonic
current introduced by TCR switching. In this saturable reactor a harmonic injection scheme was also introduced to
further reduce harmonic levels. Thus a highly desirable result was obtained.

Multilevel converters in order to obtain a low THD (Total Harmonic Distortion) have a high switching frequency. The
power systems have a limitation on switching frequency. Thus a desirable method would be one in which a low
switching frequency could yield the same result. A novel method was thus proposed in [42] where a wide range of
modulation index was obtained and a relatively low switching was done. A generalization in the harmonic optimization
technique yielded a single switch per cycle for power devices. The basic concept was that in place for switching, a
swapping of the voltage levels was done to obtain high range of modulation index. Through an experiment it was
shown that in 7-level converter with traditional method a modulation index of 0.5 to 1 was observed and with the new
method a variety of modulation index were observed even below 0.5. In order to remove harmonic component it
showed that the variable polarities may be connected according to the formulae:

Yn= i[Vlcos( nal)+V2cos(na2)...VVmcos(nam)]
Where; m = Number of switching angles;

(2m+1) = levels of the converter; am= switching angle;
n = harmonic to be reduced

Ve
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Figure 18.The positive half cycle for seven level stepped waveform with High modulation index
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Figure 20.The positive half cycle for seven level stepped waveform with Medium modulation index

Figure 21.The positive half cycle for seven level stepped waveform with Low modulation index

In the figure the rising edge denoted positive polarity for corresponding cosine terms and accordingly negative was
governed. Thus by adjusting positive and negative sign with a low switching wide modulation index was obtained.
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