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ABSTRACT

Electric loads constitute fairly large number of power electronic converters due to
ever increasing demand of controller driven electric systems. The conversion of electric
power by the power electronic converters introduces harmonics. As harmonics has higher
frequency (integral multiple of fundamental), they may interfere with the communication lines
and introduce unwanted noise. The other effects of harmonics are additional losses and
heating in motors, capacitors, and transformers. Harmonics can interference with motor
controllers. Additionally, the power converters draw reactive power during controlled
operation which put extra reactive power burden on the supply system.

The tuned inductor and capacitor filters connected across supply can be used to
compensate for the source current harmonics. These passive filters however, suffer from the
problem of fixed compensation, large size and detuning due to aging of passive elements.
They also suffer from exciting unwanted resonance conditions. The power capacitors are
also used for improving the power factor by meeting reactive power demand. Traditional
methods of static VAR compensation, such as fixed capacitors or thyristor capacitor
controlled reactors and thyristor switched capacitors have the problem that the VAR
generated or absorbed is in proportion to energy storage capacity of inductor or capacitor or
both. The size of these elements has to be increased considerably with the increase in VAR
compensation. This twin problem of reactive power compensation and the harmonic injection
has been receiving lot of attention and has led to development of different methods of
adjustable and dynamic compensation, which came to be known as active power filters. The
active power filter has the ability to mitigate harmonics and perform reactive power
compensation for non-linear as well as dynamically changing loads. They offer high quality
solution for power quality problems with much lower size of passive components and
emancipation from detuning due to aging of passive elements.

In this work, the shunt active filter has been considered for mitigating the harmonics and
for compensating the reactive power. A two level inverter is used for implementation of shunt
active filter. The unit voltage template method is used to get the unit waveform of the source
voltage by dividing each phase voltage with its maximum value so that the wave has the unit
amplitude at supply frequency. The error signal between the DC capacitor voltage of the
inverter and the reference voltage is processed in a voltage controller. The output signal of
controller is multiplied by the unit voltage wave to get the reference current waveform for the
source phase currents. The actual phase current is sensed to obtain the current error, which
is processed in a current controller to generate the required signals to drive the inverter
switches. The performance of shunt active power filter has been investigated with following

voltage controllers, one at a time:



Proportional Integral Controller
Fuzzy Logic Controller
Neural Network Controller

A w DD R

Neuro Fuzzy Controller

In proportional integral (Pl) controller, the proportional and integral gains have been
determined corresponding to the lowest value of total harmonic distortion (THD) for a given
non-linear load setting. With change in load setting, the PI controller parameters need to be
tuned again to get lowest THD. It is also seen that continuing with same PI controller
parameters for wide variation of non linear load gives highly suboptimal results. The option of
varying PI controller parameters for each load setting is not feasible. On the other hand, the
artificial intelligence (Al) controllers perform this operation automatically and give the lowest
value of total harmonic distortion under any load condition.

Fuzzy logic voltage controller is implemented in present work to address this issue. It
employs Mamdani method of fuzzy inference system. Here, the triangular membership
function is chosen. For defuzzification, centroid method is used as it takes the centre of the
gravity, the densest area of the crisp values. Rule base is formed on the basis of a number of
membership functions which is taken as seven.

Neural networks are simplified models of the biological nervous system and therefore
have drawn their motivation from the kind of computing performed by a human brain. Once
appropriately trained, the network can be utilized for effective use in solving unknown or
untrained instances of the problem. The Back-Propagation algorithm has been used for
training neural network based voltage controller investigated in this work.

One of the most researched forms of hybrid systems is neuro fuzzy controller. Neural
networks and fuzzy logic represent two distinct methodologies to deal with uncertainty.
Neural networks can model complex non-linear relationships and are appropriately suited for
classification phenomenon into predetermined classes. On the other hand, the precision of
outputs is quite often limited and does not give zero error but only minimization of least
squares of errors. Also, the training data has to be chosen carefully to cover the entire range
over which the different variables are expected to change. Fuzzy logic systems address the
imprecision of inputs and outputs directly by defining them using fuzzy sets and allow for a
greater flexibility in formulating system descriptions at the appropriate level of detail. Neuro
fuzzy systems which are an integration of neural networks and fuzzy logic, have
demonstrated the potential to extend the capabilities of systems beyond either of these
technologies when applied individually.

The simulation results for a non-linear load, represented by a three-phase fully controlled
bridge rectifier feeding a series connected R-L load, are obtained for steady state and

transient conditions. Performance is investigated for (a) balanced load (b) unbalanced load
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and (c) step change in load. The firing angle of rectifier is varied to represent wide variation
of non linear load. The simulation results are obtained in terms of waveforms of load current,
compensating current, source current and source voltage under above mentioned loading
conditions. These simulations are carried out using voltage controllers based on PI, fuzzy
logic, neural network and neuro fuzzy logic.

For investigations with Pl controller, the controller gains are determined for given source
voltage and load setting. The gains so determined, are not modified when a change in load
settings is considered. Three settings of load are considered corresponding to firing angle of
rectifier at 0, 30° and 60°. In each case, the value of series connected R-L at output of the
rectifier are so adjusted that the power drawn from the source is 1kVA. The performance of
active power filter under various controllers is calculated from the THD of the compensated
source current and the fundamental power factor. For Pl controller, the simulation results
show that the source current THD increases when the firing angle is varied from 0 to 60°.

The fuzzy logic voltage controller based shunt active power filter is designed for voltage
error, change in error and the corresponding output. The simulation results again show that
the source current THD increases when the firing angle is varied from 0 to 60°, but there is
an improvement over Pl controller case.

A two layered feed forward network is used in this work for neural network with sigmoid
hidden neurons and linear output neurons with twenty hidden neurons. The simulation results
show that the source current THD increases when the firing angle is varied from 0 to 60°.
The results here are improved over that of the Pl voltage controller case and also the fuzzy
logic voltage controller case.

In neuro fuzzy voltage controller case, seven triangular membership functions are used
from fuzzy side and Back-Propagation method is used from the neural network side with
three epochs. The simulation results show that the source current THD increases when the
firing angle is varied from O to 60°. These results are a further improvement over the PI
voltage controller case, the fuzzy logic voltage controller case and also neural network based
voltage controller case. The reactive power drawn by the load is highest at a=60°. However,
in all above investigation, it is observed that the compensated source current has a
fundamental power factor of almost unity.

In order to further verify the above simulation studies of voltage controllers, a laboratory
prototype of shunt active power filter has been developed. The experimental results have
been limited to a case of non linear rectifier load with a=0. A three phase diode bridge
rectifier has been taken for the testing purpose. The switching devices used in the prototype
are MOSFETSs. The driving signals are processed in a MATLAB Simulink based program by
the d’'SPACE 1104 kit. Two types of controllers used in experimental work are Pl and fuzzy

logic controller. The waveforms of load current, compensating current, source current, source



voltage and DC capacitor voltage are recorded for both steady state and transient conditions.
Source current THD is also obtained in each case. The harmonics generated by this rectifier
are found to be mitigated by the two-level inverter based active power filter.
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Chapter 1: INTRODUCTION

1.1 Overview

Recently, there has been spurt in use of power electronic converters both in industrial
as well as in domestic applications. These power electronic systems present highly non-
linear characteristics. Some of the small power domestic electrical appliances like television
sets and computers, multiple low-power diode rectifiers, and microwave ovens draw much
distorted currents. These non-linear loads lead to generation of current/voltage harmonics
and draw reactive power and are the cause for poor power quality in ac power lines. It is
desirable that the converter draws sinusoidal currents from the distribution network.

The increase in non linearity causes undesirable features like low system efficiency
and poor power factor. It also causes power quality disturbance to other consumers and
interference in nearby communication networks. Shunt passive filters consisting of tuned LC
elements and/or high-pass filters have been used to suppress the harmonics, and power
capacitors have been employed to improve the Power Factor (PF) at the utility/mains. They
have the limitations of fixed compensation and large size and can also excite resonance
conditions. The active power filter is now seen as a viable alternative over the passive filters

to compensate for harmonics and reactive power requirements of the non-linear load.

1.2 Harmonics

A harmonic [7] can be defined as a sinusoidal component of a periodic wave having a
frequency that is an integral multiple of the fundamental frequency. Harmonics can be
thought of, therefore, as voltages and/or currents having frequencies which are some
multiple of the fundamental frequency. Typical harmonics for a 50 Hz three phase with
quarter wave symmetric voltage/ current waveforms are the fifth (250 Hz), the seventh (350
Hz), and the eleventh (550 Hz). Fig. 1.1(a) depicts a 50 Hz sinusoid representative of the
fundamental voltage and current waves found in power systems. The sinusoid has a peak
value of 1.0 pu. Similarly, Fig. 1.1(b) shows a 250 Hz sinusoid (referred to as a fifth
harmonic) with a peak value of 0.2 pu. The two sinusoids differ in frequency and magnitude.
Fig. 1.1(c) illustrates the wave shape resulting from the addition of Fig. 1.1(a) and (b). The
resulting wave shape is quarter wave symmetric and distorted by the presence of a
harmonic. Generally an electrical system is plagued with non sinusoidal wave shapes, as in
Fig. 1.1(c). According to Fourier theory, any periodic waveform deviating from a constant
amplitude sinusoidal wave contains harmonics which are integral multiples of the
fundamental frequency. The harmonics of a distorted periodic waveform can therefore be

represented by a Fourier series.
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Fig. 1.1 (a) 50 Hz (fundamental) signal, (b) 250 Hz (fifth harmonic) signal, (c) Total signal of

fundamental and fifth harmonic

1.2.1 Causes of Harmonics

In the past, ac motor driven dc generators, known as motor-generator sets, provided
the energy to motors and loads requiring dc power [7]. The advent of low-cost solid-state
electronics made modern forms of static power conversion possible against the bulky and
expensive rotating machines system. Static rectifiers and drives began to replace the older
methods of conversion [1]. Solid-state rectification is drawing non-sinusoidal currents and
reactive power from supply mains. These system problems became especially noticeable
whenever the solid-state converter unit and/or its load represented a substantial portion of
the total system power requirements.

At first, the most noticeable system problem was the poor power factor associated with
phase-controlled static rectification. Economics and system voltage regulation call for
mandatory improvement in the power factor. This was usually accomplished with the addition
of shunt power factor correction capacitors. Further, due to presence of harmonics in voltage/
current waveforms, the application of capacitor banks created other system problems. These
problems involved the interaction of harmonic voltages and currents with power factor
correction capacitors. In the presence of harmonics, equipment such as computers,
communication systems, and controllers may respond incorrectly to normal inputs, not

respond at all, or give false outputs.



1.2.2 Effects of harmonics

Power system problems such as communication interference, heating, and solid-state
device malfunctions are the direct result of harmonics. These problems are categorized and
listed below.

1.2.2.1 Communication Interference

Magnetic coupling between electrical power circuits and communication circuits can
cause what is known as communication interference. The amount of interference will depend
upon the magnitude of the induced current (or voltage), frequency, and the extent of the

magnetic (electrostatic) coupling.

1.2.2.2 Heating
It is common to refer to heating as copper loss. By using superposition, the total losses
due to fundamental and harmonic currents can be expressed as a sum of the individual

harmonic losses.
2o _ 12 2 2
I R_|50HzR"'|250HzR"'|350HZR'|'°'”

Since most AC equipment ratings are based on 50 Hz losses, the addition of the
harmonic loss components requires de-rating the equipment. It can be seen that they add to

the total amount of heating.

1.2.3 Harmonic measurements and analysis
A device for user-adjustable on-line automatic data-gathering and analysis either was

not yet available or existed only in semi portable and highly sophisticated form.

5A Channel 1
> —

. Data

: Channel 8 Acquisition
& . _»_’ Hardware in

3 . Channel 9 Portable
: Computer
16
Channel 16

Signal Conditioner
Fig. 1.2 Line diagram of data acquisition system

The first link between the system and the recorded data is the instrument transformer.

It is important to use instrument transformers with a flat frequency response throughout the

range of frequencies under consideration. Next is the customized signal conditioner. The

purpose of this device is to take a signal from potential or current sensors and convert it to an

acceptable input voltage level for the data-acquisition hardware.



1.3 Reactive Power

Power factor is defined as the ratio of real power to apparent power. This definition is
often mathematically represented as kW/kVA, where the numerator is the active (real) power
and the denominator is the apparent power.

1.3.1 Causes of low power factor

Most of the loads have inductive nature. So, they contribute lagging power factor.
Transformers at substations have lagging power factor because they draw magnetizing
current which causes total current to lag behind the voltage thereby decreasing the power
factor. The Synchronous motor, rotating converter and other commutator motors can work at
leading power factor thereby improving the power factor. Arc Lamps, arc furnaces with

reactors and fault limiting reactors work at low lagging power factor.
1.3.2 Effects of low power factor

1.3.2.1 Effects on Alternators
Let the voltage and current ratings of an alternator be 500 V and 1000 A respectively.
Then the KVA rating of the alternator is

VxI 500x1000
1000 1000

At Unity PF, load supplied = 500*1 = 500 KW
At 0.6 PF, load supplied = 500*0.6 = 300 KW
The full load rating of the alternator is decreased to 300 KW from 500 KW, although

=500KVA

the voltage and current are at rated values. Similar to Alternators, at low power factor, KW

capacity of the transformer, transmission lines etc. are also decreased.

1.3.2.2 Effects on Transmission Lines

In order to carry the same power from sending end to receiving end, the transmission
lines has to carry more current at low power factor. To achieve this, the conductor size of the
transmission line has to be increased, which increases cost of the transmission lines and the
copper losses, which in turn reduces the efficiency of the power system. Similarly, cross
sectional area of bus bar and contact surface of switchgears must be enlarged for the same

power to be delivered at low power factor.

1.3.3 Measurement of Reactive Power

The waveforms of voltage and current of a typical network are shown in Fig. 1.3 with a
phase angle ® between them. Instantaneously, the power is the product of voltage and
current.

Power(p) =Voltage(v) x Current(i)

4
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According to Fig. 1.4 we can write the following equations for the real, reactive and
apparent powers.
Real Power (P) = VI cos®
Reactive Power (Q) = VI sin®
where V and | are the RMS Values of voltage and current respectively.
Apparent Power (S)

S={P?*+Q?

Therefore,
P =Sxcos®
Hence,
Power Factor,
cosd = P
S

Reactive Power,
Q=Sxsin®d=Pxtan®d



1.4 Classification of Power Filters
To mitigate the problems of harmonics and reactive power, power filters are employed
in the network. The effectiveness of a filter depends on number of factors. As such, wide
range of power filters has evolved over the years.
A classification of power filters [24] is presented below, followed by brief description.
According to nature of filtering
According to nature of filtering, there are two types of filters:
1) Passive Filters
2) Active Filters
According to Topology
According to topology of filters, there are four types of active filters:
1) Series active filters
2) Shunt active filters
3) Combination of active and passive filters (Hybrid Filter)
4) Combination of series and shunt active filters (Unified Power Quality
Compensators - UPQC)
According to control parameter
According to controlled parameter, there are two types of filters:
1) Current controlled PWM shunt active filter
2) Voltage controlled PWM shunt active filter
According to supply configuration
According to supply, there are three types of active filters:
1) 2 wire (1-phase)
2) 3-wire (3-phase)
3) 4-wire (3-phase with neutral)
According to placement of filters
According to placement of filters, there are two types of active filters:
1) Active filters installed by individual customer in their own premises near
load.
2) Active filters installed by utilities at the substations and /or the distribution

feeders.

1.4.1 According to nature of filtering

In the past, the combination of tuned inductor and capacitor filters connected in parallel
to the supply and/or high pass filters were used to compensate for the harmonics. These
passive filters have the problem of fixed compensation and large size. They also suffer from
exciting resonance conditions. The numbers of filters are as many as the number of

harmonics to be eliminated. Power capacitors are utilized for improving the power factor by
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supplying reactive power demand. Traditional methods of static VAR compensation based
fixed capacitors or thyristor capacitor controlled reactors and thyristor switched capacitors
have the problem that the VAR generated or absorbed is in proportion to energy storage
capacity of inductor or capacitor or both. The size of these elements has to be increased
considerably with the increment in VAR to be compensated.

The active power filters developed recently have ability to perform compensation of
harmonics and meet reactive power demand of non-linear loads more effectively. It has been
done by combining the advantages of regulated systems with a reduced rating of the

necessary inductor and capacitor components.

1.4.2 According to Topology
According to topology of the filter, active filters are classified into three types, series
active filter, shunt active filter and hybrid active filter which is the combination of both series

and shunt active filters.

1.4.2.1 Series Active Filter
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Fig. 1.5 Series active filter

Fig. 1.5 shows the basic block of a stand-alone active series filter [14]. It is connected
in front of the load in series with the mains, using a matching transformer, to eliminate
voltage harmonic, and to balance and regulate the terminal voltage of the load or line. It has
been used to reduce negative-sequence voltage and regulate the voltage on three-phase
systems. It can be installed by electric utilities to compensate voltage harmonics and to damp
out harmonic propagation caused by resonance with line impedances and passive shunt
compensators.

Fig. 1.6 show the principle of an active shunt filter, which is most widely used to
eliminate current harmonics, reactive power compensation (also known as STATCOM), and

balancing current imbalance.



1.4.2.2 Shunt Active Filter
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Fig. 1.6 Shunt active filter

1.4.2.3 Hybrid Filters
Fig. 1.7, Fig. 1.8, Fig. 1.9 are the three configurations of hybrid filters which are the

combination of Active Series/Shunt and Passive Filters [19] .
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Fig. 1.7 Combination of shunt active and shunt passive filters
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Fig. 1.8 Combination of series active and shunt passive filters



The main purpose of hybrid filters is to reduce the rating of active filter and initial cost.
Fig. 1.7. is the combination of shunt active and shunt passive filters and is used for harmonic
compensation or harmonic damping and for controlling reactive power.

Fig. 1.8. shows the combination of series active and shunt passive filters and is used
for harmonic isolation and harmonic damping. It is quite popular as the size of active filter is
reduced to 5% of load size [16]. However it is difficult to protect active filter against over
currents and it does not offer reactive power control.

Fig. 1.9 shows a series active filter connected in series with shunt passive filter. It is
used for harmonic damping or harmonic compensation. It is easy to protect active filter

against over currents but no reactive power compensation is achieved [27].
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Fig. 1.9 Active filter connected in series with shunt passive filters

1.4.2.4 Unified Power Quality Conditioners (UPQC)
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Fig. 1.10 Unified power quality conditioners
Fig. 1.10 shows a unified power quality conditioner (also known as a universal active
filter), which is a combination of active shunt and active series filters [26]. The dc-link storage
element (either inductor or dc-bus capacitor) is shared between two current source or

voltage-source bridges operating as active series and active shunt compensators.



1.4.3 According to control parameter

According to control parameter, the filters are of two types viz. Voltage-controlled Shunt
Active Power Filter (VSAPF) and Current-controlled Shunt Active Power Filter (CSAPF) as
shown in Fig. 1.11 and the advantages and disadvantages of these topologies are discussed
in Table 1.1.
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Fig. 1.11 (a) Voltage-controlled shunt active power filter (b) Current-controlled shunt active

power filter

Table 1.1 Advantages and disadvantages of VSAPF and CSAPF (Fig. 1.11)

VSAPF CSAPF

1) Effective filtering of harmonics

1) Effective filtering of harmonics 2) Simple open loop current control is
Advantages 2) High efficiency at nominal possible
operating point 3) High efficiency also with low power
loads

1) Switching ripple in the output

currents
2) Power losses in ac filter 1) Bulky and heavy dc inductor
Disadvantages 3) Low efficiency with low power 2) High dc link losses
loads 3) Over voltage clamp circuit is necessary

4) Limited lifetime of the electrolytic

dc link capacitor

1.4.4 According to supply configuration

1.4.4.1 Two-Wire

Two-wire (single phase) Active Filters are used for all three types i.e. series active
power filter, shunt active power filter and a combination of both as unified line conditioners
[3], [17]. Both converter configurations, current-source PWM bridge with inductive energy
storage element and voltage-source PWM bridge with capacitive dc-bus energy storage
elements, are used to form two-wire active filters circuits. Figs.1.12-1.14 shows three

configurations of series active, shunt active, and a combination of both.
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Fig. 1.14 Two wire unified power quality conditioner with current source converter
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1.4.4.2 Three-Phase Three-Wire Active Filters

Three-phase three-wire non-linear loads [4], [6], such as adjustable speed drives
(ASDs), are major applications of solid-state power converters and, lately, many ASDs, etc.,
incorporate active filters in their front-end design. All configurations, shown in Figs.1.5 -1.11,
have been developed with three wires on the ac side and two wires on the dc side. Shunt
active filters are developed in the current-fed type (Fig. 1.11 (a)) or voltage fed type with
single-stage (Fig. 1.11 (b)) or multistep/multilevel and multi series configurations. Active
series filters are developed for stand-alone mode (Fig. 1.5) or hybrid mode with passive
shunt filters (Fig. 1.9). The latter (hybrid) has become quite popular as it reduces the size of
power devices and cost of the overall system. A combination of active series and active

shunt is used for unified power quality conditioners (Fig. 1.11) and universal filters.

1.4.4.3 Four-Wire Active Filters

A large number of single-phase loads may be supplied from three-phase mains with
neutral conductor. They cause excessive neutral current, harmonic and reactive power
burden, and unbalance. To reduce these problems, four-wire active filters [15], [11] have
been developed as:

1) Active shunt mode with current fed and voltage fed

2) Active series mode

3) Hybrid form with active series and passive shunt mode.
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Fig. 1.15 Capacitor midpoint four-wire shunt active filter
Fig. 1.15, Fig. 1.16, Fig. 1.17 show three typical configurations of shunt active filters.
The first configuration of a four-wire shunt active filters is known as the capacitor midpoint
type, used in smaller ratings. Here, the entire neutral current flows through dc-bus capacitors
which are of a large value. Fig. 1.16 shows another configuration known as the four-pole
switch type, in which the fourth pole is used to stabilize the neutral of the active filters. The
three single phase bridge configuration, shown in Fig. 1.17, is quite common and this version
12



allows the proper voltage matching for solid-state devices and enhances the reliability of the
active filter system.
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Fig. 1.16 Four-pole four-wire shunt active filter
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Fig. 1.17 Three bridge four wire shunt active filter
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1.45 According to placement of filters

Both customers and utilities are responsible for installation of active power filters.
Therefore, from installation point of view active power filters are classified into two groups:

1) Active filters installed by individual customer in their own premises near
harmonic producing loads. The main purpose of installing active filters by individual customer
is to compensate current harmonic, current imbalance and/or reactive power requirement
load. Shunt active filter is normally used. Also a voltage source PWM converter based active
filter is proved to be better over its counterpart current source PWM converter based active
filter.

2) Active filters installed by utilities at the substations and /or the distribution feeders.
The main purpose is to compensate voltage harmonics and voltage imbalance. Series active

filter is normally used.

1.5 Control Strategies
There are three stages of control
1) Signal Conditioning
2) Estimation of Compensating signals

3) Generation of firing signals for switching devices of converters.

1.5.1 Signal Conditioning

In order to implement the control algorithm, online measurement of various voltage
and current signals such as AC mains voltage, DC link voltage, load, source and filter
currents etc. are required. These signals are also used to measure and record various
parameters. Advancement and commercial availability of Hall Effect voltage and current
sensors offer accurate signal conditioning. These sensors meet the requirements of high
accuracy, easy installation, linearity, fast response and most important galvanic isolation.
The sensed signals are sometimes filtered to remove noise due to analog and digital filters

and are scaled appropriately.

1.5.2 Estimation of Compensating Signals

The estimation of the compensating signal is the most important part of the active filter
control and has an impact on compensation objectives, rating of active filters and its transient
and steady state performance.

Control methods of the active filters are based on instantaneous derivation of
compensating commands in the form of either voltage or current signals from distorted and
harmonic-polluted voltage or current signals. There are number of control methods, listed
below:

e Instantaneous reactive power theory
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e Synchronous d-qg reference frame method
e Synchronous Detection Method

e Flux based Controller

¢ Notch Filter Method

e Pl Controller

¢ Sliding Mode Controller

Out of all these methods Instantaneous active and reactive power theory is widely
used. Akagi et al. [16], [4], [5] has presented the new instantaneous reactive power
compensation comprising switching devices without energy storage components. It is based
on three phase to two phase transformation. Instantaneous active and reactive power
consumed by load is computed by transformed main voltage and distorted current signals.
Harmonic active and reactive powers are extracted from instantaneous active and reactive
power using low pass and high pass filters. Three phase compensating commands are
obtained from the inverse transformation of harmonic active and reactive powers.

By using this method we can control the shunt, series active filters and combination of
these with shunt passive filters. But this method suffers from some disadvantages. The
mains voltage is assumed to be as an ideal source, which is not the case in practice. So, the
performance of compensation is unsatisfactory, which is also complex in implementation and
requires more hardware. Further, it is not applicable to single phase and three phase with
neutral supply systems.

Watenabe et.al [10] explained physical meaning of the real and imaginary powers and
physical meaning of zero sequence instantaneous power and analyzed the concepts of
symmetrical and unbalanced systems but it is applicable to three phase three wire system
only. Peng et al. [22] introduced instantaneous theory for three phase, four wire system with
zero sequence and harmonics and also introduced generalized theory of instantaneous
reactive power for three phase power system which is valid for sinusoidal or non sinusoidal,
balanced or unbalanced, with or without zero sequence currents or voltages. Although these
methods are widely used these have disadvantages of high cost, complex solutions and also
difficult to implement for low and medium powers.

The topology is connected to the distribution system as shown in Fig. 1.18 and a
current controller is implemented to force the filter currents to follow a desired reference. The
current references for each of the three phases are derived by sensing the load currents and
removing from their fundamental frequency components. Thus, the current references
consist of the harmonic current components drawn by the load. By forcing the filter output
current to follow the reference, only a fundamental frequency sinusoidal current is drawn
from the source (or distribution transformer). Hence, the undesirable harmonic current

components are removed from the source side of the system. In the case of the filter with the
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fourth switch pole, the current reference is simply the negative sum of the three phase
current references. A simple constant-hysteresis, tolerance-band controller is used in the
preliminary simulations of the system and active filter, using the electromagnetic transients
program. A constant frequency approach is preferable, both from the point of view of circuit
analysis and practical implementation of the proposed system. A constant switching
frequency, hysteresis-band approach, which maintains an essentially constant switching
frequency, is being considered. To charge and maintain adequate charge on the DC-side
capacitor, a PI regulator will be used to control the flow of real power from the AC-side to
DC-side of the converter. Since the converter is designed only to compensate for harmonics,
which do not include the fundamental, this real power transfer merely compensates for the
losses in the various filter components, switches and interconnections. In a well-designed

system these losses are minimal.
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Fig. 1.18 Schematic of control strategy for three-phase, four-wire active filter

In this method the DC link voltage (VSPWM) or DC link current (CSPWM) is controlled
to obtain the desired reference value and its output is equal to peak of reference current.
Reference compensating currents are obtaining by multiplying the peak value by unit
sinusoidal wave which is in phase with source voltage [21].

Compensating current = Reference current- Load current

It is a simple method, easy to implement for low and medium power applications and
there is no need to sense the harmonic or VAR.

Bhim Singh et al. [24] introduced three phase active power filtering of harmonic current
using PI controller. It has a simple control algorithm of shunt active filter for AC voltage

regulator at point of common coupling, harmonic elimination, power factor improvement, load
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balancing of non-linear loads using indirect current control test. In this two Pl controllers used
for

e Amplitude of in phase of reference supply current.

o Amplitude of quadrature component of reference supply current.

The algorithm has self supporting DC bus and reduced number of current sensors. It is
observed that the voltage regulation and power factor correction to unity are two different
issues and can’t be achieved simultaneously. A proper combination of in phase and
guadrature component gives reasonable level of performance and voltage at PCC is
regulated by leading power factor.

Chatterjee et al. [26] proposed instantaneous reactive power volt ampere
compensation and harmonic suppressor system without sensing reactive volt ampere
demand. It does not involve any complicated control logic. It is the cycle-by-cycle reference
current control mode by regulating DC link voltage. In hardware, Pl and PLL (Phase Locked
Loop) based sine wave generator was used to implement control algorithm.

Huang et al. [27] presented a control algorithm for three phase, three wired active filter
under non ideal mains. Mains current can be effectively controlled by a simple controller. By
this algorithm, the mains current become balanced and undistorted in spite of disturbances in
mains and load. A sine wave generator and 120° phase shifter are used for achieving this.

All these methods are mostly for three-phase three-wire systems. But normally
residential, commercial and industrial power is distributed through three phase, four wire
system. In practice three-phase to neutral loads are not completely balanced. There may be
an excess neutral current due to load unbalance and single phase non-linear loads [33], [8].

If loads are not balanced, there may be a significant neutral current. Three single
phases connected between line and neutral are used to provide filtering which will give
independent compensation in each phase but they are cumbersome and expensive.

There are number of schemes to provide filtering in three phase four wire system. Bon-
Rabee [13] used a time sharing method to eliminate predetermined number of harmonic
compensations. Number of controlled switches and energy storage elements are reduced but
control scheme is compensation intensive and series diodes are required to direct current
flow.

The schemes shown in Fig. 1.15 and Fig. 1.16 neutralize harmonic associated with
loads on three phase four wire system and prevent the flow of harmonic currents in utilities
neutral wire and requires no series diodes. Out of these two methods, four-switching leg
topology is preferred to capacitor midpoint topology because only one dc bus is regulated
unlike the midpoint capacitor method where two dc bus voltages are regulated, and the

voltage/ current rating of DC side capacitor is reduced.
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Thomas et al. [11] introduced three phase four wire, three leg inverter with split
capacitor for harmonic compensation. Neutral current is reduced without need of additional
leg. Harmonic Compensation of load is achieved by a Band Pass Filter. Chen et al. [29]
proposed a new algorithm for shunt active filter for three phase, four-wire system with
unbalanced, distorted source voltage and unbalanced load. In this method symmetrical
component transformation is not needed. But active filter has three single phase voltage type
forced commutated inverters, three single phase transformers and DC link capacitor. Direct
current control is used which requires more number of current sensors. Shunt active filter
based on current controlled PWM converter has been effectively used for highly non-linear
loads but requires high power converter with fast switching.

Multi level inverters have the ability to improve harmonic spectrum and attain high
voltage with limited maximum device rating. But, it requires complex control scheme and has
poor performance/cost ratio due to large number of switches, diodes and capacitors. The
voltage unbalance between different levels increases active component count in diode clamp
model and increases passive element count in flying capacitor model.

Shailendra Kumar Jain [31] proposed a new control algorithm for a shunt active power
filter to compensate harmonics and reactive power required by non-linear loads. If the utility
voltage is distorted, active power filter (APF) allows similar level of distortion in the
compensated source current. Therefore, the resultant source currents have the same
waveform as that of the supply voltage. Due to similar shape of the source voltage and
currents, reactive power is compensated completely. The scheme provides an additional
feature of compensation of either only harmonics, or both harmonics and reactive power

simultaneously, based on the capacity of the APF.

1.5.3 Generation of control signals

The third stage of control of the active filters is to generate gating signals for the solid-
state devices of the active filter based on the derived compensating commands, in terms of
voltages or currents. A variety of approaches, such as hysteresis-based current control,
PWM current or voltage control, deadbeat control, sliding mode of current control, fuzzy-
based current control, etc., are available which can be implemented either through hardware
or software (in DSP-based designs) to obtain the control signals.

A hysteresis current controller derives the switching signals from the comparison of the
current error with a fixed hysteresis band. Although simple and extremely robust, it usually
results in variable switching frequency. This results in additional stress on the switching
devices. Many improvements to original control structure have been suggested to achieve
fixed modulation frequency by a variable width of the hysteresis band.

Routimo et al. [34] presented the comparison of voltage source inverter and current

source inverter used as APF. The current source inverter is found better in only low load
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power when compared to the voltage source inverter. The application of multiple APFs in the
navy electric ships to get high power capacity and high reliability is demonstrated. It
proposes the novel paralleling technique and compared with other techniques applied till
date. Rajesh Gupta et al. [36] proposed the control of three-level shunt APF using frequency
selective proportional plus multiple resonant controllers. Abdelaziz Zouidi et al. [37]
described the voltage source inverter based three-phase shunt APF in terms of topology,
modelling and control strategies. M.K. Mishra et al. [39] presented the design and dynamics
of voltage source inverter. The active filter was studied under unbalanced and non linear
loads supported by PSCAD simulations. Johann F. Petit et al. [40] modified the Fryze's
algorithm based on classical power theories for obtaining an optimal estimation in the current
reference when the utility voltage is distorted. Lucian Asiminoaei et al. [41] proposed control
and parallel operation of two APFs. One active filter was used in feed forward topology to get
good dynamic response and other was in feedback topology to get good steady state
response.

Maria Isabel Montero et al. [42] compared all available control strategies. Bhim Singh
et al. [47] proposed a T connected three level inverter based APF. The T connected
transformer mitigates neutral current and the three level inverter mitigates harmonic current.
Abdelmadjid Chaoui et al. [48] dealt with the design, simulation and experimentation of shunt
APF. This paper also discussed the impact of parameters on signals quality. Udom
Khruathep et al. [49] proposed the control algorithm based on sensing of the source voltage
and source current. It was found that reactive power could be compensated and harmonic
current could be reduced, compared to the results of an APF with the load current detection.
Peng Xiao [51] proposed, a novel topology where two active filter inverters are connected
with tapped reactors to share the compensation currents. The proposed active filter topology
can also produce seven voltage levels, which significantly reduces the switching current
ripple and the size of passive components.

Oleg Vodyakho et al. [52] demonstrated three-level inverter based shunt APF using
LCL ripple filter. Tuhin S. Basu et al. [57] dealt with a unique combination of two inverters
which may work as an APF or a STATCOM. Two inverters are switched at different
frequencies. The low frequency inverter takes care of the reactive power demand of the
system and makes the source current in phase with the voltage, while, the high frequency
inverter mostly compensates for the harmonics. S.B. Karanki et al. [62] proposed a topology
that enables DSTATCOM to have a reduced DC link voltage without any compromise on the
performance. This proposed topology uses a series capacitor along with the interfacing
inductor. M. F. Shousha et al. [63] proposed a time domain harmonic detection technique
which is an improved a-b-c reference frame formula based upon the p-q theory with a

positive sequence detector to solve the problem of bad performance of shunt APFs (SAPF)
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under non-ideal mains. This method was compared with existing control methods. Yi Tang et
al. [64] proposed an LCL filter based SAPF for three phase three-wire power system,
together with its generalized design and control procedure. Being of higher order, the
proposed SAPF provides better filtering without using large passive components.

Quoc-Nam Trinh et al. [65] presented a control scheme without a harmonic detector.
The absence of the harmonic detector not only simplified the control scheme but also
significantly improved the accuracy of the APF, since the control performance was no longer
affected by the performance of the harmonic tracking process. Mostafa S. Hamad et al. [69]
introduced an open-loop control strategy for the SAPF, which was capable of mitigating
specific and predetermined harmonics and consequently achieved low total harmonic
distortion. The delays were minimized or eliminated when extracting the reference current
and controlling the filter current. Le Ge et al. [70] introduced two techniques for joint active
disturbance rejection control (ADRC) to get good dynamic response and repetitive control
(RC) to get good static response. Parag Kanjiya et al. [71] presented an optimal algorithm to
control a three-phase four-wire shunt APF under non ideal supply conditions. The
optimization problem aimed at maximizing the power factor subject to current harmonic
constraints, had been formulated and solved mathematically using the Lagrangian

formulation.

1.6 Literature Review on application of Artificial Intelligent techniques

A literature review on artificial intelligence based controllers such as fuzzy logic [73]-
[152], neural network [153]-[202] and neuro fuzzy controllers [203]-[218] is presented in this
section.

Juan Dixon et al. [73] demonstrated a new technology based on fuzzy logic of sensing
the source currents and the dc link voltage to get the signals to drive the APF. The technique
was demonstrated through simulation and hardware results. V.S.C.Ravi Raj et al. [74]
presented comparison of fuzzy logic controller (FLC), Pl controller and sliding mode
controller and concluded that FLC performs satisfactorily in regulating the output during
external disturbances. Juan W Dixon et al. [75] presented the fuzzy and PI simulation and
experimental results and concluded that the fuzzy logic controller is better out of two. In this
paper, the rectifier load is used as the non linear load. Reactive power and unbalanced loads
can also be compensated by this method and there is no need to measure and/or calculate
the harmonics and reactive power. A. Dell. Aquila et al. [76] introduced fuzzy control to
achieve a very high reduction of the line current harmonic distortion.

S. K. Jain et al. [77] reported the experimental validation of the wide range of
simulation study under steady state and transient states. In this paper, sensing of source
currents and source voltages is employed. The comparison of controllers based on Pl and

FLC are reported. A. Dell' Aquilla et al. [78] aimed to minimize the APFs cost by means of a
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new current reference. It was done on the single phase system with current control method.
A. Dell’ Aquila et al. [79] worked on single-phase systems using a microcontroller for control.
The controllers used were hysteresis control and two predictive controllers. It was based on
half bridge topology of APF. The experimental results were compared with simulation results.
B. Mazari et al. [80] presented the fuzzy logic based controller at dc voltage error to get the
reference currents and at the current error to get the signals. At the processing of current
error constant fuzzy hysteresis band is used. M. Farrokhi et al. [81] introduced a new fuzzy
logic based scheme for indirect current control of the shunt APF for non-linear loads current
harmonics and reactive power compensation. This approach did not require to complicated
signal processing for non-linear load current harmonics extraction and used in direct current
control method.

B. Suresh Kumar et al. [82] worked on the three-phase four-wire systems. The paper
demonstrated application of fast Fourier transform for balanced and unbalanced and variable
load conditions. It helped in harmonic minimization, reactive power compensation and power
factor improvement, Hocine Benalla et al. [83] used the notch filter method, consisting solely
of two serial band-pass filters, for reference currents calculation, and the application of fuzzy
logic for better active filter current control accuracy. This approach improved THD to 0.99%
in 80 ms with fuzzy correctors compared to 1.14% in 80 ms with classical correctors. C. N.
Bhende et al. [84] introduced Takagi—Sugeno (TS)type fuzzy logic controller. The advantage
of the Takagi-Sugeno type fuzzy logic controller to the previously used Mamdani type fuzzy
logic controller is that the latter has the limitation of large number of fuzzy sets compared to
former. So the optimization of large number of coefficients increases the complexity of the
controller. On the other hand, Takagi-Sugeno fuzzy controllers are quite general in that they
use arbitrary input fuzzy sets, any type of fuzzy logic, and the general defuzzifier.

Brahim Berbaoui et al. [85] presented Ant colony algorithm to optimize FLC parameter.
Ant colony optimization realized the optimal adjustment of the membership functions and
normalization gains. The improved dynamic behaviour and performance control of ant colony
algorithm was reported by the simulation results. These results are superior to traditional
fuzzy controller. G.K. Singh et al. [86] proposed a simple control scheme which can
compensate the line currents with unbalanced loads also. Tested over a wide range of load,
the proposed method had given satisfactory results in harmonic compensation and reactive
power components from utility currents. C. Benachaiba et al. [87] introduced a fuzzy
regulator to improve the DC capacitor voltage response. Here, three control techniques are
used. The first one is based on the PQ theory. In the second, the average power is
calculated and divided equally between the three phases. The third method consists of

calculating the instantaneous and average powers of the load.
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C.Sharmeela et al. [88] described the design of inverter, active filter and the control
strategy. The paper explained the advantages of fuzzy logic, with simulation results.
Othmane Abdelkhalek et al. [89] proposed a method based on FLC with variable coefficient
with the aim of shortening the rise time of the regulated condenser voltage. M.C. Ben Habib
et al. [90] presented an advanced control theory based on a self tuning filter. It was applied to
a three phase balanced and unbalanced power network with sinusoidal or non sinusoidal
voltages and satisfactory results were obtained. This method takes into account voltage
perturbation of harmonics and unbalance introduced in the power supply network. It
guaranties a stable and sinusoidal load current. An Luo et al. [91] used an injection circuit on
hybrid active filter. It had the ability to reduce harmonics and to improve power factor. The
capacity of the APF is very low. The main advantages are to decrease the tracking error and
to increase the dynamic response and robustness.

S. Saad et al. [92] introduced the multilevel APF. The advantages of multilevel APF is
to improve the supply current waveform. It can also be used in high power with reduced
maximum device rating. The fuzzy logic control algorithm is proposed for both current
controller and the voltage controller. Ahmed A. Helal et al. [93] introduced compensation of
harmonic current in three phase four wire system for both balanced and unbalanced cases.
The paper used fast Fourier transform blocks to get the filtering. Soumia Kerrouche et al. [94]
presented a detailed narration on fuzzy logic and the application to APF with the simulation
results under steady state and step change of the load. T Narasa Reddy et al. [95]
introduced a fuzzy logic controller to single phase APF which does not require accurate
mathematical model, can work with imprecise inputs, can handle non-linearity and is more
robust than conventional non-linear controllers. M.B.B. Sharifian et al. [96] reported the
advantages of dynamic band hysteresis controller. It has the simplest technique for high
speed compensation systems. It has fast current control response and inherent limiting of the
peak current. The basic disadvantage of fixed band is that it results in variable switching
frequency causing high switching losses. This problem can be overcome by the fuzzy
hysteresis band by changing the hysteresis band to get the fixed switching frequency.

G. Jayakrishna et al. [97] used hysteresis current controlled PWM method.
Synchronous d-q frame of reference is used to get the reference current signals. THDs for
currents and voltage were compared with and without APF. Karuppanan P et al. [98]
presented a novel PLL circuit in conjunction with Proportional Integral (PI), Proportional
Integral Derivative (PID) and Fuzzy Logic controller (FLC) based shunt Active Power Line
Conditioners for the current harmonics and reactive power compensation due to the non-
linear/unbalanced loads. Karuppanan P et al. [99] designed the APF with hysteresis band
current control and fuzzy logic based voltage controller for steady state and transient

operations. A comparison of the simulation results was presented for Pl and fuzzy
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controllers. E. Latha Mercy et al. [100] designed APF with p-g theory with fuzzy logic
controller as the voltage controller. The simulation results were reported before and after
compensation.

D. A. Gadanayak et al. [101] used a Takagi-Sugeno type fuzzy logic controller to
generate reference currents and novel fuzzy hysteresis band current controller to limit the
maximum switching frequency. G. M. Sarhan et al. [102], introduced type 2 fuzzy logic
controller. The synchronous reference frame with PI, type 1 and type 2 fuzzy logic controllers
were presented for comparison. Nie-Tan control strategy was adopted instead of commonly
used strategies. P Rathika et al. [103] used two fuzzy logic controllers. First one with fuzzy
adaptive hysteresis band technology to get the switching signals and the second one with
fuzzy logic based voltage controller to get the reference currents. Nadhir Mesbahi et al. [104]
introduced the fuzzy logic controller for the three level APFs. The carrier based PWM
strategy was used to derive the signals for IGBTs. Instantaneous reactive power theory was
used to get the reference currents. Mikkili Suresh et al. [105] used p-q theory and id-iq theory
to get the reference currents with the help of fuzzy logic controller. This can work for
balanced, unbalanced and non-sinusoidal conditions. Karuppanan P et al. [106], extracted
the desired reference current(s) using FLC with Phase Locked Loop algorithm. The VSI gate
switching signals are derived from adaptive-hysteresis current controller. The adaptive-
hysteresis controller changes the bandwidth based on instantaneous compensation current
variation.

B. Suresh Kumar et al. [107] demonstrated PI, Fuzzy Logic controlled shunt APF for
three-phase four-wire systems with balanced, unbalanced and variable loads. Karuppanan
Pitchai Vijaya et al. [108], proposed adaptive fuzzy hysteresis current controller (HCC) which
calculates the hysteresis bandwidth effectively using fuzzy logic. The bandwidth can be
adjusted based on compensation current variation, which is used to optimize the required
switching frequency and improves active filter substantially. Hamza Bentria et al. [109]
investigated two types of control algorithms for shunt active filter. These two types of control
are the notch filter and the synchronous reference algorithms to generate the references
current of the compensator. Suresh Mikkili et al. [110] presented shunt APF using the p-q
theory with balanced, unbalanced and non sinusoidal conditions. Simulation results
established superiority of the dynamic behaviour of fuzzy logic controller over Pl controller.
Chennai Salim et al. [111] adopted the synchronous reference frame (SRF) detection method
and the synchronous current reference (SCR) detection method to determine the
compensation currents. To improve the performance of the conventional control scheme
based on hysteresis controller and take advantages of intelligent techniques, fuzzy and ANN
current controllers were proposed in this paper. K. Sebasthi Rani et al. [112] reported the

comparison and analysis of Pl and FLC results. It can also work for varying and uncertain
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supply conditions. It can offer a much better dynamic response. Rathika Ponpandi et al. [113]
introduced the fuzzy logic for three phase four wire four leg APF. Modified p-q theory was
adopted for calculating the compensating currents. Fuzzy adaptive hysteresis band
technique was applied to derive the switching signals. Karuppanan P et al. [114] used a
novel adaptive hysteresis controller to get the signals for VSI. The comparison and
superiority of the adaptive hysteresis controller to fixed hysteresis controller is reported.

Li Bin et al. [115] presented the controller which detects the main current and DC side
capacitor voltage. Calculation method of the switch duty cycle is deducted on the basis of a
mathematical model. This controller has fewer measurement, higher robustness and simpler
calculation as compared to traditional controllers. Simulations verified that the APF with
proposed controller can compensate the harmonics effectively. H. Kouara et al. [116]
presented the comparison of the proposed fuzzy logic controller against the conventional
proportional integral one through simulation results and a clear advantage of the fuzzy logic
control was reported. Moreover, for identification of reference currents, multi-variable filter
having the advantage of extracting harmonic voltages directly from the af axis. Mikkili,
Suresh et al. [117] presented comparison of p-q and id-ig methods to extract reference
currents and evaluation of their performance under various source conditions with Pl and
fuzzy logic controllers in MATLAB using Real Time Digital Simulator Hardware.

Kouara, H. et al. [118] reported a new method for identifying reference currents. It is
based on p-q theory using two improvements: multi-variable filter having the advantage of
extracting harmonic voltages directly from the axis and the second improvement consists of
use of fuzzy logic controller to extract current harmonics components. A comparison between
classical method and the new approach had been illustrated in order to find the best way to
reduce network harmonic currents. Aml. F. Abdel Gawad et al. [119] presented improvement
in the three phase shunt APF performance by using the fuzzy logic controller for the DC
voltage regulation and by evaluation of the hysteresis band based on genetic algorithm (GA).
GA and FLC are compared with the conventional methods to verify their effectiveness on the
SAPF performance. B. Soujanya Yadav et al. [120], introduced fuzzy based cascaded multi-
level voltage source inverter. The inverter switching signals are generated based on the
triangular sampling.

Lamchich et al. [121] introduced a very simple control method to perform the
identification of disturbing currents. It is formed by a DC voltage regulator and a balance
between the average power of load and the active power supplied by the grid. The output
current of the voltage source inverter (VSI) must track the reference current. This is done by
a neural controller based on a PI-Fuzzy adaptive system as reference corrector. Panda et al.
[122] presented the performance of the control strategies in terms of harmonic mitigation and

DC link voltage regulation. The proposed shunt APF with different fuzzy membership
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functions (Trapezoidal, Triangular and Gaussian) is able to eliminate the uncertainty in the
system and achieve outstanding compensation abilities. Karuppanan,P. et al. [123]
acknowledged certain errors in their earlier published paper titled “Pl and fuzzy logic
controllers for shunt APF—A report”. The ambiguity in bandwidth calculation of adaptive
hysteresis controller and control aspects of dc-link voltage issues were addressed. The shunt
APF system was investigated through extensive simulation results. Sentilnathan N et al.
[124] presented a new method for harmonic and reactive power compensation with a fuzzy
logic controller and a new control algorithm for APF to eliminate harmonics and compensate
the reactive power of three phase diode bridge rectifier with RL load. The fuzzy logic
controller was used to predict the reference current values and the firing pulses were
generated using hysteresis current controller.

Benaissa, Amar et al. [125] presented a study divided in two parts. The first one dealt
with the harmonic isolator which generates the harmonic reference currents. The second part
focused on the generation of the switching pattern of the inverter by using a fuzzy logic
controller applied and extended to a five level shunt APF. Ram Kumar PV et al. [126]
incorporated the comparison of Pl and fuzzy for dynamic load conditions and settling time.

Gore, Anil M. et al. [128] investigated the performance of proportional-integral (P1) and
fuzzy controllers for shunt APF. Instantaneous reactive power theory (IRP) and synchronous
reference frame theory (SRF) are used to generate reference current signals of filter. DC
capacitor voltage is maintained constant using Pl, Mamdani fuzzy and Takagi-Sugeno (TS)
fuzzy controllers. Performance is analyzed using simulation of SAPF with IRP and SRF
reference current generation methods with Pl and fuzzy controllers. Fuzzy controller has
better results compared to PI controller. TS fuzzy controller requires less number of fuzzy
sets, rules and computational time compared to Mamdani fuzzy controller. Dhanavath
Suresh et al. [129] introduced hybrid APF for three phase four wire system. A coupling
capacitor is added to reduce the DC link voltage requirement. This method is used to reduce
rating of the compensator. Sakshi Bangia et al. [130] proposed a shunt hybrid active filter by
active filter connected in parallel and shunt connected three phase single tuned LC filter for
5th harmonic frequency with rectifier load. The active filtering system is based on SRF. The
proposed fuzzy logic based control strategy improves active filter operation and reduces the
selected harmonic contents.

Usman, Hamisu et al. [132] presented the modelling and simulation of single-phase
shunt APF controlled with fuzzy logic controller to mitigate the harmonics. The proposed
scheme uses MATLAB fuzzy tool box environment. Simulation results obtained by the
proposed control algorithm found to satisfy within the recommended IEEE 519-1992
harmonic standard limit. Fei, Juntao et al. [133] reported an adaptive control technology and

Pl-fuzzy compound control technology to control an APF. AC side current compensation and
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DC capacitor voltage tracking control strategy are discussed and analyzed. Model reference
adaptive controller for the AC side current compensation is derived and established based on
Lyapunov stability theory; proportional and integral (PI) fuzzy compound controller is
designed for the DC side capacitor voltage control. The adaptive current controller based on
Pl-fuzzy compound system is compared with the conventional PI controller for APF.

Salim, Chennai et al. [134] presented a control strategy based on the synchronous
reference frame detection method that gives a good performance particularly if the source
voltage is unbalanced or distorted. The new control scheme proposed in this work is based
on fuzzy technique and it is designed to improve APF compensation capability by adjusting
the current error based on fuzzy rule. To improve the output of three-level voltage inverter
and avoid an unbalanced AC voltage waveform a neutral-point potential voltage
compensator is used with a proportional integral controller to maintain dc voltage constant.

Benazir Hajira A et al. [135] presented the synchronous reference frame theory (d-q
Theory) used for extracting compensated reference current for FLC. Beny, P. G et al. [136]
proposed power quality improvement using shunt active filter with modified Mamdani rule
based fuzzy logic controller. The fuzzy logic controller converts the real value in to fuzzy
number. Parimala V et al. [137] presented the improvement of power quality in three phase
four wire system with balanced and unbalanced source condition. The PI controller is used to
regulate the DC link voltage. The synchronous reference frame method is used for extracting
reference current. The PWM controller is used to generate gate pulses and applied to three
phase VSI based shunt APF with split capacitor topology.

Aziz Boukadoum et al. [138], presented modelling and simulation of a shunt APF based
on fuzzy logic controller. The Instantaneous Reactive Power Algorithm is used for extracting
compensated reference harmonic current. A fuzzy logic controlled shunt APF using
hysteresis band current is applied to regulate the DC capacitor voltage.x. Karvekar, Sushil
[140] presented the control of Goertzel Algorithm based shunt APF with sliding mode
controller. The sliding mode controller is used to regulate voltage of the capacitor used in
inverter. It improves the dynamic response of the system and provides faster convergence.

P. Parthasaradhy et al. [141] presented two types of control algorithms to regulate the
DC bus voltage of a high three phase shunt APF - proportional integral (P1) and fuzzy logic
controllers. The synchronous reference frame phase locked loop algorithm is used to extract
the harmonic reference currents. The hysteresis band method is employed to derive the
switching signals of the high shunt APF. Aziz Boukadoum et al. [142] presented a novel
compensation method based on fuzzy logic controller for SAPF. The principle of the
Instantaneous reactive power algorithm is applied for extracting the reference compensating
currents of the shunt power converter. The FLC is applied to regulate the DC capacitor

voltage. The simulation results are presented and interpreted. Fahmy, A. M. et al. [143]
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presented four-leg SAPF featuring reactive power compensation, line current harmonics
mitigation, neutral-current reduction and system load-currents balancing. The authors
proposed a hybrid controller for the four-leg SAPF: FLC for the DC-link voltage and predictive
control for the grid current. The DC-link voltage FLC handles the system uncertainties and
non-linearities, hence improving the transient performance.

Madhuri, N. et al. [144] presented fault tolerant SAPF using PI controller with
redundancy. However in this study, FLC instead of Pl controller is used to achieve better
performance. Simulation results are obtained in presence of open / short circuit fault which
are better in comparison with fault tolerant SAPF using Pl controller. Sebasthirani, K. et al.
[145] proposed a dc link control strategy based on the fuzzy logic controller. SAPF gating
pulses are generated using hysteresis current controller based pulse width modulation
technique. Musa S. et al. [146] presented the fuzzy logic current control technique for
generation of pulse for PWM current control of the three phase inverter. A band pass filter
was used in SRF for harmonics extraction. Benaissa, Amar et al. [147], introduced five-level
inverter to get the advantage of low harmonic power and elimination of harmonics under
distorted voltage conditions. It was based on self tuning filters. Dipen A. Mistry et al. [148],
compared the Pl and fuzzy logic controllers under balanced and unbalanced source with
normal and increased loads. The FLC had improved results compared to Pl. Suresh Mikkili et
al. [151] reported the type-1 and type-2 fuzzy logic controllers with triangular membership
function. This work was validated by using OPAL-RT simulator. The simulations using
MATLAB and OPAL-RT were compared. R.Belaidi et al. [152] a fuzzy logic controller was
developed to adjust the energy storage of the dc voltage. The reference current computation
of the SAPF was based on the instantaneous reactive power (p-q) theory.

Dawei Gao et al. [153] presented a shunt APF with control method based on neural
network. The proposed APF can eliminate harmonics, compensate power factor, and correct
unbalanced problems simultaneously. Simulation and experimental results were given, the
close agreement between the simulation and the experimental results proves the validity of
the proposed control method and the feasibility of the shunt APF. Elmitwally et al. [154]
presented a three-phase four-wire shunt APF for harmonic mitigation and reactive power
compensation in power systems supplying non-linear loads. Three adaptive linear neurons
are used to produce the desired three-phase filter current templates. Another feed forward
layer neural network is used to control the output filter compensation current online. This is
accomplished by producing the appropriate switching patterns. Adequate tracking of the filter
reference currents is obtained by this method. The active filter injects the current required to
compensate the harmonic and reactive components of the line currents. M. Rukonuzzaman
et al. [155] presented the neural network based harmonic detection from the source lines.

This work had been done on the single phase APF. M. Rukonuzzaman et al. [156] presented
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the harmonic detection and estimation of source current by the neural network method and
the signals to inverter in active filter were sent through space vector modulation technique.

Jesus R. Vazquez et al. [158] proposed the adaptive neural network to get the
reference currents and multilayer feed forward network for hysteresis band comparator. J. L.
Flores Garrido et al. [160] proposed two different control strategies. One of them is based on
static Multi Layer Perceptron (MLP) neural network that has proved to be the most
appropriate by measuring the rectangular components of the signal harmonics. The other
strategy, based on dynamic MLP, permits extracting the instantaneous value of the
fundamental waveform. In F. Temurtas et al. [161], feed forward and Elman’s recurrent
neural networks (NN) are used in detecting harmonics to improve processing speed. These
can work well to detect all harmonics.

L. H. Tey et al. [162] introduced a self charging technique to regulate the DC capacitor
voltage. The design concept of adaptive APF was verified by simulation results. Dubey et al.
[163] presented a novel neural network controlled hybrid parallel APF. The neural network
controller comprises two similar adaptive linear neurons (ADALINE), and it has been
designed to extract fundamental frequency components from non sinusoidal and unbalanced
currents. It has been shown that the proposed neural controller is simple, fast and accurate.

Marcelo G. Villalva et al. [165] presented an alternative method for the control of a
three-phase four-wire shunt APF employing an adaptive neural network. A simple and
efficient four-wire selective current compensator based on adaptive linear neural networks
was studied and successfully implemented. N.B.Muthuselvan et al. [166] presented the
neural based PI control applicable for APF with single phase system, which is comprised of
multiple non-linear loads. The system consists of an uncontrolled rectifier and ac controller
as a non-linear load, with an active filter to compensate for the harmonic current injected by
the load. The active filter is based on a single-phase inverter with four controllable switches
forming a standard H-bridge inverter. Djaffar Ould Abdeslam et al. [167] proposed a filter
based on ADALINE neural networks which are organized in different independent blocks. A
neural method based on ADALINE has been introduced for the online extraction of the
voltage components to recover a balanced and equilibrated voltage system, and three
different methods for harmonic filtering.

Yongtao Dai et al. [168] presented the artificial neural network (ANN) current controller
adapted as APF and a current controller based on modified hysteresis current control is used
to generate the firing pulses. The studies have been carried out using the detail digital
dynamic simulation. Maurizio Cirrincione et al. [169] structured two neural adaptive filters to
get fundamental voltage and to compute the load harmonic compensation current. One notch
filter is used to compute compensating current and the band filter is used to extract

fundamental coupling point voltage.
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Rachid Dehini et al. [171] presented a significant contribution to identification and
control strategies in order to improve the shunt APF performance. The novel approach is
based on intelligent neural network techniques. The performance of the proposed ANN was
verified through simulation studies. Ngac Ky Nguyen et al. [172] presented two ADALINE-
based schemes for identifying the harmonic currents generated by non-linear loads in power
distribution systems. Each neural network method is based on formalized expressions of the
active and reactive instantaneous powers. In both methods, the expressions of the
instantaneous powers are learned on-line by ADALINE. The amplitude of each harmonic
term is thus individually estimated with the ADALINE weights. This allows calculation of the
compensating currents of an APF in real-time.

Guiying Liu et al. [173] introduced an all-function APF which can compensate
harmonics, inter-harmonics, asymmetries, fundamental sequence reactive powers and so on.
Its basic concept and main features are explained. To solve the problem of control for all-
function APF, its intelligent control strategy and working process based on BP neural network
are expounded. Vahid Dargahi et al. [174] presented investigations on multi cell converters.
Implementation of flying capacitor multi cell converters (FCMC) based shunt APFs using
artificial neural network is investigated in this paper. State-space representation of FCMC is
also derived. Experimental results of five- level FCMC is also given in the paper. N. Gupta et
al. [175] presented a design of a neural network controller to extract fundamental frequency
components from non-sinusoidal and unbalanced currents. These fundamental frequency
components will be used as unit templates. The APF realized by a current controlled IGBT
based PWM-VSI bridges with a common dc bus capacitor. Current controller based on pulse
width modulation with suitable carrier frequency is used to generate the firing pulse.

Yang Han et al. [176] proposed an effective control scheme for three-phase three-wire
APF using neural-based harmonic identification scheme. To achieve improved steady state
and dynamic response, the feedback control plus feed-forward control structures is utilized in
the proposed control algorithms. The steady-state error minimization is achieved by the
feedback loop, where the proportional integral regulators were adopted in d-axis and g-axis
of the synchronous rotating reference frame synchronized with grid voltages by using the
phase-locked loop. The adaptive linear combiners are utilized in the feed-forward loop, which
serves the purpose of load disturbance rejection, and it significantly enhances dynamic
performance of APF. Gupta Nitin et al. [177] presented a new method for harmonic and
reactive power compensation with power factor improvement using an artificial neural
network and a new control algorithm for APF for power quality conditioning of a variable load
under non-ideal mains voltage conditions. Chennai Salim et al. [178] proposed a new APF in
order to gain the advantages of the three-level inverter and artificial neural networks and to

reduce the complexity of classical control schemes, a new APF configuration controlled by
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two MLPNN (Multi-Layer Perceptron Neural Network) is proposed for a three level inverter.
Saeideh Masjedi et al. [179] utilized the radial base neural network with three layers to
mitigate harmonics. The structure of this neural network and the adaptive adjusting algorithm
are presented.

Ngac Ky Nguyen et al. [180] used novel ADALINE based architecture for harmonic
currents identification and on-line tracking which works in different reference frames resulting
from specific currents or powers decompositions. Chennai Salim et al. [182] presented two
ANN, the first one is used to replace the PWM logic controller while the second regulate the
dc voltage link of the shunt active filter. Awan Uji Krismanto et al. [183] utilised the radial
basis function neural network type for controlling the compensation current of shunt APF for
harmonics mitigation.

Garrido et al. [184], the “dynamic multilayer perceptron” neural network has been
applied to the control of an APF. The objective is developing a new suitable control technique
by APF for compensation of harmonic distortion present in non-linear loads current by
electric power circuits. EI-Mamlou et al. [185] developed an efficient APF to estimate and
compensate for harmonic distortion in an electrical power network. The developed APF
control scheme is based on a double proportional feedback controller and a single-phase
voltage source half-wave bridge inverter. Zahira, R. et al. [186] dealt with many control
schemes for reference current generation such as p-q theory, dead beat controller, adaptive
control, neuro fuzzy, wavelet control, sliding mode control, delta-sigma modulation, vector
control, SFX control, repetitive control etc. for improving the steady state and dynamic
performance of APF. S. Janpong et al. [187] presented the review paper based on the study
on the application of Neural Networks on shunt APF. It first explains the harmonics and shunt
active filters then moves to the application of Neural Networks, the architectures of neural
networks.

Sahu, Laxmi Devi et al. [188] presented the hybrid filter comprising both passive filter
and the APF. This work was based on the simulation study for the variable loads and the
unbalanced supply. The extraction of the source voltages and currents was done by the
neural network method. Zeng et al. [189] compared various methods of harmonic detection
and developed the adaptive algorithm. The control strategy is based on the optimal voltage
space vector hysteresis current. Simulation study showed that the selection method and
control strategy are good for filtering. Menda VV Appalanaidu et al. [190] used neural
network as the detection and current controller. The detection of load and compensation
currents and source voltages are necessary to use this neural network. The application,
design and simulation results are reported in this paper. Almaita et al. [191] explained
background on harmonic detection and current control methods. In this paper, the radial

neural network is used.
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Campanhol, L. B. G et al. [192] presented a method based on artificial neural network,
which was used to obtain the reference currents for harmonic current suppression and
reactive power compensation in a shunt APF applied to three-phase four-wire system.
Ponnusamy Thirumoorthi et al. [193] presented two soft computing techniques, fuzzy logic
and neural network to design a new control scheme for switching a shunt APF. These control
schemes consists of three control loops, namely a voltage loop, current loop and reference
generation loop. Ramchandra, N. et al. [194], the ANN-based controller is designed and
trained offline using data from the conventional Pl controller. The performances of ANN and
Pl controller are studied and compared for Unified Power Quality Conditioner using
simulations. Bhattacharya Avik et al. [195] used predictive and adaptive neural network to get
the compensated currents. The simulation and experimental validations were reported to
support the work for balanced and unbalanced loads for three phase three wire system.
Nguyen, Ngac Ky et al. [196] demonstrated that the ADALINE learning process allows the
compensation schemes to be well suited for online adaptive compensation. Digital
implementations of the identification schemes are performed and their effectiveness is
verified by experimental studies.

Fei, Juntao et al. [198] proposed adaptive neural network strategy to achieve the
asymptotical stability of the APF system. The parameters of neural network are adaptively
updated to achieve the desired tracking task. Qasim, Mohammed et al. [199] presented a
phase-locking control scheme based on artificial neural networks for APF. The proposed
phase locking was achieved by estimating the fundamental supply frequency and by
generating a phase-locking signal. Geetha Mathiyalagan et al. [200] presented a single
phase shunt APF and ANN is used to extract current and voltages of the supply. Mohammed
Qasim et al. [201] presented the analysis of performance, limitations and advantages of
adaptive linear neuron and feed forward multi layer neuron and compared many aspects
supported by both simulations and experimental studies. Mahajan Vasundhara et al. [202]
presented a fuzzy logic controller for voltage error and another fuzzy logic controller for
current controller to get the PWM signals and the neural network for getting the reference
currents. The work was supported by both simulations and experimental results for a five
level inverter used as APF.

Bayindir K. Cagatay et al. [203] presented two control schemes one with fuzzy logic
controller and another with hierarchical neuro fuzzy. A new switching development scheme is
introduced in this paper. Husev Oleksandr et al. [204] proposed a new control scheme with
neuro fuzzy regulator for parallel APFs. Mridul Jha et al. [205] presented a neuro fuzzy
controller based APF for three phase four wire system. This paper explained the fuzzy
controller and neuro controller and the control strategy used in this work. The P-Q theory was

used in this work.
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G. Nageswara Rao et al. [206] presented a neuro fuzzy application for five-level APF
with D-Q reference frame theory. Level shifted PWM technique was adopted to investigate
the performance of Cascaded H-bridge (CHB) inverter, The advantages of CHB inverter are
low harmonic distortion, reduced number of switches and suppression of switching losses.
Bett, N. K. et al. [207] used a hybrid filter, a passive filter in parallel with a shunt active filter
that is controlled by an adaptive Neuro-Fuzzy inference system (ANFIS) controller. The
current compensation is much better in this hybrid filter when compared to that of APF.
Zahira, R. et al. [208] presented various control techniques in Shunt APF namely fixed
frequency control, SFX Algorithm based adaptive control, delta modulation, dead beat
current control, soft computing techniques. Vishnuvardhan, M. et al. [209] presented a
control strategy for the unified power quality conditioner (UPQC). The main problem of
UPQC is the high discharging time of DC link capacitor. To eliminate this problem an
enhanced neuro fuzzy controller based UPQC is proposed in this paper. Rao, G. Nageswara
et al. [210] proposed a feedback controller to separate the harmonics which are controlled by
neuro fuzzy controller. In this paper a multilevel inverter was used as APF. Jayakumar K.S.
et al. [211] compared the performance of Pl, Fuzzy and neuro fuzzy controllers aiming to get
the best THD with neuro fuzzy controller. A five level inverter was used as an APF and D-Q
reference frame theory was used to get active filtering. Rajani, B. et al. [212] proposed a PI
and neuro fuzzy controller for multi converter unified power quality conditioner with three
phase four wire system. P-Q theory was used to perform the active filtering.

Karthik, N. et al. [213] proposed fuzzy and neuro fuzzy controllers on a cascaded
multilevel inverter and compared with PI controller. Out of three, neuro fuzzy has proved as
the best controller. Thulasiraman Sundar Rajan Giri et al. [214] proposed a bidirectional
switch to control the voltage error and fuzzy logic controller with DC motor and three phase
induction motor as the loads. Weike Yuan et al. [215] a fuzzy neural network and genetic
algorithm based predictive control was adopted in this work. The fuzzy neural network was
employed to predict the future harmonics compensating current in order to make predictive
control accurate and compact. The genetic algorithm was used to optimize model
parameters. Mehta, Dharmik N. et al. [216] designed a single phase full bridge FPGA model.
To speed up the operation fuzzy logic with neural network trained data was used. Xilinx ISE
program and Model Sim were employed to synthesis VHDL code for the neuro fuzzy system
used in FPGA. Rajan, GT Sundar et al. [217] proposed a bidirectional switch at the front end
for improving the conduction of input current and the buck converter at the output stage of
three phase rectifier for the voltage regulator. The PI, fuzzy logic and the neuro fuzzy
controllers were used in this work. B.Venkata siva et al. [218] proposed the instantaneous

active and reactive power theory for shunt APF. The performance of conventional Pl is
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compared with artificial neural network based Pl controller and Particle swarm algorithm

based PI controller.

1.7 Scope of the work and Author’s Contribution

Applications of power electronic converters are increasing day by day in converting and
controlling the huge electrical power. They has led to the injection of harmonic currents and
drawing the reactive power from the supply mains. The generation of current harmonics
leads to further degradation in source voltage and generation of more harmonics. Owing to
these problems, the devices used in the consumer ends will get affected and they are
underutilized. APF is the viable solution for these problems. It is able to compensate the
reactive power, neutral current and input current balancing in addition to mitigation of
harmonics.

There are many topological and control methodologies in APF as discussed in the
literature review. Various configurations of APF are proposed to compensate current and
voltage harmonics as well as compensation of reactive power, neutral current, voltage flicker,
current and voltage unbalance and voltage regulations. Series APFs are proposed for
voltage related problems such as compensation of voltage harmonics, voltage unbalance,
voltage regulation and flicker etc. whereas shunt APFs are preferred for current related
problems such as compensation of current harmonics, unbalance, reactive power etc. and
are recommended to be installed at the customer’s end.

Improvement in high power self commutating switching devices like IGBT and GTO
used in power circuit of active power circuit and control techniques have attracted the
attention of researchers in this field. A voltage source PWM converter based APF has more
advantages over its counterpart viz. lightweight, high efficiency and low cost. The controlling
part of this system is how to generate the reference current to produce the PWM signals.
Many control techniques used to derive the harmonics and reactive volt ampere requirement
of the load. This is difficult to estimate the reference currents especially in the area of low
and medium power applications. The easier method by sensing line currents is used in this
work.

Now-a-days the soft computing techniques are used to implement the design of the
controller and to get the better transient response. The soft computing techniques used in
this work and also hybrid systems combining soft computing techniques like fuzzy logic,
neural networks, and genetic algorithm are effective in solving the wide variety of real world
problems. For example, while neural networks are good at recognizing patterns, they are not
good at explaining how they reach their decisions. Fuzzy logic systems, which can reason
with imprecise information, are good at explaining their decisions but they cannot
automatically acquire the rules they use to make those decisions. These limitations have

been a central driving force behind the creation of intelligent hybrid systems where two or
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more techniques are combined in a manner that overcomes the limitations of individual
technique. Hybrid systems are also important when considering the varied nature of
application domains. The use of intelligent hybrid systems is growing rapidly with successful
applications in many areas including process control, engineering design, financial trading,

credit evaluation, medical diagnosis, and cognitive simulation.

The main contributions made in this work are as follows

1) Design, development and investigations on three-phase shunt active power filter for
harmonic mitigation and reactive power compensation with a novel neuro fuzzy based
controller. Extensive simulations are carried out with balanced / unbalanced non
linear load at varying level of reactive power demand.

2) The active power filter has also been tested with PI, fuzzy logic and neural network
based controllers.

3) A prototype active power filter has been developed in laboratory to validate the

simulated investigations.

1.8 Organization of the Thesis
The thesis is organized in eight chapters. The overview of all the chapters is as follows:

A brief overview of power quality, problems such as harmonics, reactive power
compensation, classification of filters, control strategies and the detailed literature review on
fuzzy logic, neural network and neuro fuzzy based controllers for shunt active power filter are
presented in Chapter 1.

The survey of voltage and current harmonics before application of active power filter
has been conducted to know the existing harmonics in the system with 1kVA load. The
solution with PI controller covering the basics and implementation in MATLAB is reported.
The simulations for different loads with balanced and unbalanced nature are studied. The
performance is investigated during transient and steady state conditions, which is presented
in Chapter 2.

Introduction of fuzzy logic controller and its implementation in MATLAB is presented in
Chapter 3. The simulations results for different loads with balanced and unbalanced loads
are studied. The performance is investigated during transient and steady state conditions.

Introduction of neural network based controller and its implementation in MATLAB is
presented in Chapter 4. The simulations results for different loads with balanced and
unbalanced loads are studied. The performance is investigated during transient and steady
state conditions.

Introduction of neuro fuzzy controller and its implementation in MATLAB is presented in
Chapter 5. The simulations results for different loads with balanced and unbalanced loads

are studied. The performance is investigated during transient and steady state conditions.
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Chapter 6 presents selected experimental results for different loads in transient and
steady state conditions.

Comparison of all the simulation results of PI, fuzzy logic, neural network and neuro
fuzzy based controllers are presented and through exhaustive tabulations and graphical
representations for the various parameters. The comparison is also done between the
hardware and simulation results in Chapter 7.

Chapter 8 summarises the important conclusions of the work and states the scope for
future research. List of references are listed at the end.
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Chapter 2: PI BASED SHUNT ACTIVE POWER FILTER

2.1 Types of Controllers

In control system, a controller has a key role to play in regulating a control parameter in
accordance with an input signal with desired accuracy. A variety of controllers have been
developed over time which can broadly be classified in two categories:

a. Conventional controllers
b. Unconventional controllers

The conventional controllers such as proportional (P), proportional integral (Pl),
proportional derivative (PD) and proportional integral derivative (PID) controllers perform
according to a well defined transfer function and produce corresponding quality of output.
The unconventional controllers such as fuzzy, neuro and neuro fuzzy controllers are based
on artificial intelligence where knowledge of a precise mathematical model is generally not
required.

Many industrial processes are non-linear and thus difficult to describe mathematically.
However, it is known that good non-linear processes can be satisfactory controlled using PID
controllers provided that controller parameters are tuned well. Practical experience shows
that this type of control has a lot of sense, since it is simple and based on three basic
behavior types: proportional (P), integral (I) and derivative (D). PID controller and its different
types such as P, Pl and PD controllers are today basic building blocks in control of various
processes. Inspite of their simplicity, they are used to solve complex control problems,
especially when combined with different functional blocks, filters (compensators or correction
blocks), selectors etc. It is expected that it will be a backbone of many complex control

systems.

2.2 Conventional Controllers

PID controllers use three basic types or modes: P - proportional, | - integral and D -
derivative. While proportional and integral modes are also used as single control modes, a
derivative mode is rarely used on its own in control systems. Combinations such as Pl and
PD control are very often used in practical systems. The brief description of these controllers

is given below:

2.2.1 On-Off Controller: :m A
The output of on-off controller is shown in Fig. 2.1.
u(t) = Unax: V €(1)>0 S

0 e(t)

A 4

Fig. 2.1 Output characteristics of system with on-off controller
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Where
e(t) = control error (for unit feedback)
u(t) = control signal (controller output)

Control signal u(t) can have only two possible values, high Una or low level Uy,
depending on whether error is positive or negative. Assuming that process (controlled plant)
has a positive static gain, high-level control signal will cause increase in controlled variable
value. The main idea in this type of control with only two control levels is to achieve desired
value of the controlled variable in shortest possible time.

An inadequacy in this type of control is that the control signal tends to oscillate which
may cause control variable to oscillate around desired value. Sometimes there is no remedy
for this problem. On-off controller is very simple, since there are only two possible control
signal values, no matter what is the value of control error. Process is forced to oscillate since
u(t) is never zero (it is either Un, Or Unin). The only way to avoid these forced oscillations is
to diminish gain for small values of control error e(t). That can be achieved by introducing a

proportional mode which will be active for certain values of control error.

2.2.2 Proportional (P) Controller:
The P controller eliminates the output oscillations caused in on - off controller but it
does have a steady state error. Its characteristics are shown in Fig. 2.2., and transfer

function is shown in Fig. 2.3.

u(t) = Unax ; Vv e(t)>eo
=Ugt+ Ke(t) ; V -ep<e(t)<eq
= Unin ; Vv e(t)<eq

Where Uy = Amplitude of control signal when control error is zero.
K = P controller gain for nominal area e(t) < |eo|

The relation between control signal and control error inside e(t) < |eg| is u(t) = up+ K
e(t) and the control error is e(t) = (u(t)-Uo)/K.

For properly designed control system the steady state error should be zero. With a P
controller the zero steady state error is obtained when K= « or u(t)= Uy. With K= «, the P
controller is changed to on-off controller and the forced oscillations again come into picture.
For u(t)= Uy, P controller cannot stabilize higher order processes.

Large control gain K gives

1) Smaller Steady state error, i.e. better reference following
2) Faster dynamics, i.e. broader signal frequency band of the closed loop system
and large sensitivity with respective to measuring value.

3) Smaller amplitude and phase margin.
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u(t)
Urnax

Ui(t)

Uo

Umin

A 4

-€g (=1} t

Fig. 2.2 Output characteristics of the system with P controller

A
u(t) up(t) if K>1

\ 4

0 t

Fig. 2.3 Transfer characteristics of the system if P controller is applied if K>1

2.2.3 Proportional and Integral (PI) Controller:

The following equation represents the control process in a Pl controller:

1 et
u(t) = K| e(t) +ffoe(T)dT
Where:
T; = integral time constant of Pl controller.

Ki = K/T; is called reset mode. Integral control is also sometimes called reset control.

The transfer function of the integrator and Pl controller are shown in Fig. 2.4 and Fig.
2.5, respectively. The output of the controller is a line with K; as the slope. The integrator
shows that the output starts from zero as in Fig. 2.4 and the PI controller shows that the
output starts from the value K which is the gain of proportional controller as this is the

combined effect of the P and | controllers.

38



v

Fig. 2.4 Transfer function of Integrator

Upi(t)

A\ 4

Fig. 2.5 PI Controller transfer function

The name comes from the term "manual reset" which marks a manual change of
operating point or of "bias" Uy in order to eliminate error. Pl controller performs this function
automatically. If control signal of P controller in proportional area is compared with PI
controller outputs signal it can be seen that constant signal U, is replaced with signal

proportional with the area under error curve:

U, = [Tﬁj;e(T)dT}

i

The fact that Uy is replaced with an integral allows Pl controller to eliminate steady
state error. On the other hand, P controller cannot eliminate steady state error since it does
not have any algorithm that would allow for the controller to increase control signal in order to
increase controlled variable. It can be concluded that PI controller will eliminate forced
oscillations and steady state error resulting in operation of on-off controller and P controller
respectively. However, introducing integral mode has a negative effect on speed of the
response and overall stability of the system. PI controllers are very often used in industry,

especially when speed of the response is not an issue.
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2.3 Choice of Controllers

1. On-off controller
e There is no need to tune any parameters.
e As no storage elements are present there is no need to maintain it.
e |tis used in Home appliances, like refrigerators, washers etc. And also

temperature controller in building.

2. P Controller
e ltis used to get large gain to improve steady state error.

3. PI Controller
e Itis used when fast response of the system is not required
e It produces large disturbance and noise during operation of the process.
o ltis used if there is only one energy storage in process.

e |tis used when there is a large transportation delays in the system.

The PI controller is a better controller for avoiding oscillations and the steady state
error but it adversely affects on speed of the response and the stability of the system. These
two features are improved in a PID controller. However, in power electronic applications, the
switching frequency of the switching pulses is generally very high and using PID controller
creates noise and disturbances. In general for the power electronic applications, therefore
the PI controller is found more favourable.

The procedure of selecting the proportional and integral constants is explained in

Appendix A.

2.4 Description of System and Its Model
The basic principle of compensation in the APF is described in this section in detalil.
Let us consider

i, (t) is the instantaneous source current,
i (t)is the instantaneous load current, and
i, (t) is the instantaneous compensating current

From Fig. 2.6, according to Kirchhoff’s current law, the instantaneous currents can be

related as
L (1) =i, (1) -i, (1)

Let the instantaneous source voltage be ~ V, =V, sin ot
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Fig. 2.6 Schematic diagram of shunt active power filter
For a non-linear load the load current can be divided into two parts, one is the

fundamental component and second one is the harmonic component and can be written as

00 00

i (t)=)_I,sin(mat+4,)=1,sin(at+d)+ > I, sin(maet+4,)

m=1 m=2
The instantaneous load power can be given in terms of source voltage and load current as
p.(t) =V, (1) xi_(t)
=V_I,sin* at xcosd +V, I, sin at x cos ct xsin ¢

+V, sinatx Y"1, sin(mot + 4, ) (2.1)

m=2
= Pre (1) + Prec ) + P (1)
From Equation (2.1), real (fundamental) power is drawn by the load
p,.(t) =V, 1, sin’ wtxcosd (2.2)

From Equation (2.1), the fundamental source current is

I, (t) :p,e_(t) = |, cosg sinat =1, sin ot
v, (1)

Where |, =1,c0s¢
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Also there are some switching losses in the PWM converter. Hence, the source must
supply a small overhead for the capacitor leakage and converter switching losses in addition
to the real power of the load.

Hence, total peak current supplied by the source

Isp = Ism + IsL

If the active filter provides the total reactive and harmonic power, then i (t) will be in

phase with the source voltage and will be sinusoidal. The active filter then must provide the

following compensation current:

=1, 0-10)

Hence, for the accurate and instantaneous compensation of reactive and harmonic

power, it is necessary to calculatei_(t). This will be considered as reference current.

Estimation of Reference Source Current

The peak value of the reference current 1, can be estimated by controlling the dc side

capacitor voltage. The ideal compensation requires the main current to be sinusoidal and in
phase with the source voltage irrespective of nature of the load current. The desired source

currents after compensation [4] can be given as

=g, sinat

Isa, ref

gy e = 1 SIN(e0t —120°)

sh, ref

igo ror = Igp SiN(t +120°)

sc,ref
where |y, =14, + 1 is the amplitude of the desired source current. Since this current is in

phase with the source voltage, one only needs to know the magnitude (and not phase angle)
of desired source current.

Fig. 2.7 gives simulink model of shunt APF. The use of PI type of controller [12]
requires that its gain and time constant be fine tuned for a given load. The system consists of
a three phase supply feeding a rectifier fed RL load (non-linear load). The APF block
contains the two level inverter using MOSFETs as switching devices. There are six

MOSFETSs and they are controlled by the signals which are provided by the Control Circuit

block. The Inverter provides compensating current |, which is added to load current |, to

obtain near sinusoidal and in phase source current |, . The prevailing value of vV, is compared

with the reference valuev

dc,ref *

The error is processed in a controller and appropriate drive

command for the inverter is obtained from the drive circuit corresponding to the prevailing

source currents and voltages.
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Fig. 2.8 Drive Circuit

Fig. 2.8 shows the detailed drive circuit. The drive circuit shows the details of obtaining

the gating signals for inverter switches. The output of peak detection block (Fcn) is logged to

the peak phase voltage. Each phase voltage is divided by this peak value to get the unit

voltage template. This is multiplied with the output of the multiplier to get the current signal

corresponding to the shape of voltage and having magnitude of output of Controller. This will
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be the reference signals to compare with sensed current signals from supply mains. This is
given to hysteresis controller to get the signals. Here the numbers 1 to 6 are the
corresponding signals to each device in the inverter.

Design of Power Circuit of APF
Design of a power circuit includes three main parameters [10]:
1. Filter inductor (L,)

2. DC side capacitor (C, ), and

3. Reference value of dc side capacitor voltage (V. )

Cye == PWM
Converter

sy
Is1 + 1e1= Iq

orOr

Fig. 2.9 Design of APF

Selection of L,andV,

c,ref
From Fig. 2.11 we can conclude that
Vcl :Vs + ja)Lclcl

Vcl _Vs
ol

C

jlcl:

vV, -V,

S

| =
ol ol

The 3-phase reactive power delivered from the APF is as follows
V,)

(Vcl_
=, =3, ——=
Q s cl S wl (23)

C

Where,

Q = Three phase reactive power delivered from the APF.
V, = Supply voltage
I, = Fundamental compensating current

V., = Fundamental Output voltage of inverter
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L. = Inductance of filter inductor
This shows that the active filter can compensate the reactive power only whenV_, )V, . Ripple

Attenuation Factor is the ratio of Harmonic compensating current and rated fundamental
compensating current.
. I
Rip.Att.Fac. = % (2.4)
cl

Table 2.1 Generalized harmonics ofV,, for a large and oddm, [29]

Order of m,
Harmonic (h) 0.8 1.0
Fundamental 0.490 0.612

m; +2 0.135 0.195
m, £4 0.005 0.011
2m, £1 0.192 0.111
2m, £5 0.008 0.020
3m +2 0.108 0.038

The harmonic compensating current is represented as

Vchar (mf 60)

Ichar(mfw>: m. wlL
f C

(2.5)
Where

| 4r (M, @) = Harmonic compensating current

V... (M, w) = Harmonic compensating voltage

m, = Frequency modulation ratio of the PWM converter

If the PWM converter is assumed to operate in the linear modulation mode (0<m, <1),

the amplitude modulation factor m, is expressed as [9].

ma — \/Evcl
Hence, Voltage across capacitor, V, =22V, for m, = 1.
From Equation (2.3) the value of I, can be calculated. By using equation (2.4) and

and V

char

Table 2.1 the values of I can be calculated. By substituting these values in

char

equation (2.5) the value of L ,can be calculated. By substituting the value ofL_ in equation

(2.3) one can get vV, and henceV,

c,ref *
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Design of the dc side capacitor (C,.)

The design of dc side capacitor is based on the principle of instantaneous power flow.
The selection of C, is governed by reducing the voltage ripple. As per the specification of

peak-to-peak voltage ripple (V, ) is

cr,p—-p

\V/ _ 7l cl,rated

der,p—p — %T%

The dc side capacitor C, can be found as

4 I cl,rated

de — =
VBN p 2.7)

From the above equations and specifications the Shunt Active Filter's Compensating

C

Inductance (L,) and Capacitance (C, ) are computed as 6mH and 4800pF.

Finally we can make an m file to find out the system parameters of an APF with name
as getL is

function Lc = getL(f,Vs,RAF,mf,Qc,Vdcr)
Lc=(3*0.388*Vs*Vs)/(2*pi*f*RAF*mf*Qc);
Vdcref=(2*sqrt(2)*((3*Vs*Vs)+(2*pi*f*Lc*Qc)))/(3*Vs)
Cdc=(pi*Qc)/(3*sqrt(3)*2*pi*f*Vs*Vdcr)

This programs takes supply frequency, supply voltage, ripple amplification factor,
frequency modulation, reactive power compensated and the maximum peak to peak voltage
ripple in dc side as the arguments from the command window and computes the values

L.,V . andC, .

c,ref

Hysteresis Current Controller

A hysteresis controller is used to generate the gating signals to the inverter. The

hysteresis band is set to run the current error between lower limit ig g, and upper
limitig, rer u - Fig. 2.10 shows the base drive signals to the switching device 1. i, . is the
reference current i, is the actual current. Let the reference current i, . is positive and the
switching device 1 is on when the actual current i, is equal to the lower limit of the i, . i.e.
I, rer L @Nd vice versa. The switching operation of switching devices automatically forces the
actual currentig, to follow the reference currenti, .. . The inverted signals are given to the

switching device 2. This can also be explained if i, ¢ is negative. The hysteresis band is
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tested for some values. Out of these values, the hysteresis band is finalised. The Total
Harmonic Distortion (THD) for all the hysteresis band values are tried and finally observed
that the total harmonic distortion corresponding to hysteresis band 0.01A is finalised.

Current

Isa,Ref,U

Base ] Time
Drive i
Signal
to
Devicel t |tz Time

Fig. 2.10 Hysteresis controller

2.5 Results and Discussion
The simulated results of the PI controller based shunt APF are studied in this section.
The load is a three phase thyristorised controlled rectifier feeding a series R-L load. Three
settings of firing angle a are considered as 0, 30° and 60°. In each case, the response is
obtained for following conditions:
e Active Filter is enabled with fixed and balanced load
e Step change in load, with active filter enabled
e Unbalanced load, with active filter enabled
2.5.1 Simulation results for rectifier fed RL load at a=0
The simulated results with at a=0 are given below under different conditions:
2.5.1.1 Active filter is enabled
Fig. 2.11 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=0 with PI controller. In this case the values of R and L at the
output of rectifier are adjusted such that the load on ac side is 1 kVA. The APF is initially
disabled from t=0 to t=0.5 s. The compensating current is zero and source current is same as
the load current. The source current is non sinusoidal with harmonics and is found to have
THD of 30.64%. At t=0.5 s when the APF is enabled, the compensating current is applied at
point of common coupling which makes the source current nearly sinusoidal unlike the load
current. The THD of source current is now reduced to 2.93%. These waveforms show that
after enabling, the shunt APF compensates for the reactive power demand and reduces the

harmonic content in the source current. Fig. 2.11 (b) shows the waveforms of source current
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and source voltage from t=0.44 s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response

of the system for one cycle before and after the enabling of APF.
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Fig. 2.11 (a) Response of active power filter at a=0 (b) Source voltage and current

waveforms for one cycle before and after the enabling of active filter

2.5.1.2 Step changein load

Fig. 2.12 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=0 with Pl controller. Here, initially the load is 1 kVA up to
t=0.5 s and at t=0.5 s the load is suddenly increased to 2 kVA (by suitable variation of R and
L at the output of rectifier) and then, the load is brought back to 1kVA at t=0.7s. The
amplitude of load current, compensating current and source current also increases in
response to the increase in load up to t=0.7 s, then they return to previous values. The
source current is again found to be nearly sinusoidal. The quality of source current is
measured in terms of its THD under these loading conditions. From the FFT analysis of
source current waveforms at 1 kVA and 2 kVA, the THD is 2.93% and 2.88% respectively.
These waveforms show that after increment in load also, the shunt APF compensates the
reactive power and reduces the harmonic content in the source current. Fig. 2.12 (b) shows
the waveforms of source current and source voltage from t=0.44 s to t=0.46 s and from
t=0.54 s to t=0.56 s i.e. the response of the system for one cycle before and after the step

change in load of APF. Transient is completed in about two cycles without any overshoot.

2.5.1.3 Unbalanced load
Fig. 2.13 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=0 with PI controller. Here, initially the load is balanced up to

t=0.5 s and at t=0.5 s. Unbalance is introduced by applying a linear star connected load in
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parallel to existing 1kVA load, with Ra=40 Q, Rb=60 Q and Rc=20 Q. The amplitude of load
current, and compensating current is also changed by application of unbalanced load. The
source current is again found to be nearly sinusoidal. The quality of source current is
measured in terms of its THD under these loading conditions. From the FFT analysis of
source current waveforms at balanced load and unbalanced load, the THD is 2.93% and
2.73% respectively. These waveforms show that even with unbalanced load, the shunt APF
compensates the reactive power and reduces the harmonic content in the source current.
Fig. 2.13 (b) shows the waveforms of source current and source voltage from t=0.44 s to
t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle before
and after the application of unbalanced load of APF. The source current becomes balanced

after enabling APF even though the load is unbalanced.
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Fig. 2.12 (a) Step change in load of active power filter at a=0 (b) before and after the step

change of load for one cycle each
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Fig. 2.13 (a) Application of an unbalanced load at t=0.5 s (1,=5.84 A, I,= 5.92 A and 1.=5.89
A) for a=0 (b) before and after the application of unbalanced load for one cycle each
49



2.5.2 Simulation results for rectifier fed RL load at a=30°

The simulated results with at a=30° are given below under different conditions:

2.5.2.1 Active filter is enabled

Fig. 2.14 (a) shows the waveforms of load current (1 kVA load), compensating current,
source current and source voltage at a=30° with Pl controller. The APF is initially disabled
from t=0 to t=0.5 s. The compensating current is zero and source current is same as the load
current. The source current is non sinusoidal with harmonics and is found to have THD of
37.57%. Att=0.5 s when the APF is enabled, the compensating current is applied at point of
common coupling which makes the source current nearly sinusoidal unlike the load current.
The THD of source current is now reduced to 4%. These waveforms show that after
enabling, the shunt APF compensates for the reactive power demand and reduces the
harmonic content in the source current. Fig. 2.14 (b) shows the waveforms of source current
and source voltage from t=0.44 s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response

of the system for one cycle before and after the enabling of APF.
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Fig. 2.14 (a) Response of active power filter at a=30° (b) Source voltage and current

waveforms for one cycle before and after the enabling of active filter

2.5.2.2 Step change in load

Fig. 2.15 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=30° with PI controller. Here, initially the load is 1 kVA up to
t=0.5 s and at t=0.5 s the load is suddenly increased to 2 kVA and then, the load is brought
back to 1kVA at t=0.7 s. The amplitude of load current, compensating current and source
current also increases in response to the increase in load up to t=0.7 s, then they return to
previous values. The source current is again found to be nearly sinusoidal. The quality of

source current is measured in terms of its THD under these loading conditions. From the FFT
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analysis of source current waveforms at 1 kVA and 2 kVA, the THD is 4% and 3.12%
respectively. These waveforms show that after increment in load also, the shunt APF
compensates the reactive power and reduces the harmonic content in the source current.
Fig. 2.15 (b) shows the waveforms of source current and source voltage from t=0.44 s to
t=0.46 s and from t=0.54 s to t=0.56 s means the response of the system for one cycle
before and after the step change in load of APF. Transient is completed in about two cycles
without any overshoot.

2.5.2.3 Unbalanced load

Fig. 2.16 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=30° with Pl controller. Here, initially the load is balanced up
to t=0.5 s and at t=0.5 s. Unbalance is introduced by applying a linear star connected load in
parallel to existing 1kVA load, with Ra=40 Q, Rb=60 Q and Rc=20 Q. The amplitude of load
current, and compensating current also changed by applying the unbalanced load. The
source current is again found to be nearly sinusoidal. The quality of source current is
measured in terms of its THD under these loading conditions. From the FFT analysis of
source current waveforms at balanced load and unbalanced load, the THD is 4% and 3.93%
respectively. These waveforms show that even with unbalanced load, the shunt APF
compensates the reactive power and reduces the harmonic content in the source current.
Fig. 2.16 (b) shows the waveforms of source current and source voltage from t=0.44 s to
t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle before
and after the application of unbalanced load of APF. The source current becomes balanced
after enabling APF even though the load is unbalanced.
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Fig. 2.15 (a) Step change in load of active power filter at a=30° (b) before and after the step

change in load for one cycle each
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Fig. 2.16 (a) Application of an unbalanced load at t=0.5 s (1,=4.88 A, I,= 4.96 A and 1.=4.93

A) for a=30° (b) before and after the application of unbalanced load for one cycle each

2.5.3 Simulation results for rectifier fed RL load at a=60°

The simulated results with at a=60° are given below under different conditions:

2.5.3.1 Active filter is enabled

Fig. 2.17 (a) shows the waveforms of load current (1 kVA load), compensating current,
source current and source voltage at a=60° with PI controller. The APF is initially disabled
from t=0 to t=0.5 s. The compensating current is zero and source current is same as the load
current. The source current is non sinusoidal with harmonics and is found to have THD of
64.36%. At t=0.5 s when the APF is enabled, the compensating current is applied at point of
common coupling which makes the source current nearly sinusoidal unlike the load current.
The THD of source current is now reduced to 5.97%. These waveforms show that after
enabling, the shunt APF compensates for the reactive power demand and reduces the
harmonic content in the source current. Fig. 2.17 (b) shows the waveforms of source current
and source voltage from t=0.44 s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response

of the system for one cycle before and after the enabling of APF.

2.5.3.2 Step changein load

Fig. 2.18 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=60° with Pl controller. Here, initially the load is 1 kVA up to
t=0.5 s and at t=0.5 s the load is suddenly increased to 2 kVA and then, the load is brought
back to 1kVA at t=0.7 s. The amplitude of load current, compensating current and source
current also increases in response to the increase in load up to t=0.7 s, then they return to

previous values. The source current is again found to be nearly sinusoidal. The quality of
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source current is measured in terms of its THD under these loading conditions. From the FFT
analysis of source current waveforms at 1 kVA and 2 kVA, the THD is 5.97% and 4.37%
respectively. These waveforms show that after increment in load also, the shunt APF
compensates the reactive power and reduces the harmonic content in the source current.
Fig. 2.18 (b) shows the waveforms of source current and source voltage from t=0.44 s to
t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle before
and after the step change in load of APF. Transient is completed in about two cycles without
any overshoot.
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Fig. 2.17 (a) Response of active power filter at a=60° (b) Source voltage and current
waveforms for one cycle before and after the enabling of active filter
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Fig. 2.18 (a) Step change in load of active power filter at a=60° (b) before and after the step

change in load for one cycle each
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2.5.3.3 Unbalanced load

Fig. 2.19 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=60° with Pl controller. Here, initially the load is balanced up
to t=0.5 s and at t=0.5 s. Unbalance is introduced by applying a linear star connected load in
parallel to existing 1kVA load, with Ra=40 Q, Rb=60 Q and Rc=20 Q. The amplitudes of load
current and compensating current are also changed by applying the unbalanced load. The
source current is again found to be nearly sinusoidal. The quality of source current is
measured in terms of its THD under these loading conditions. From the FFT analysis of
source current waveforms at balanced load and unbalanced load, the THD is 5.97% and
5.38% respectively. These waveforms show that even with unbalanced load, the shunt APF
compensates the reactive power and reduces the harmonic content in the source current.
Fig. 2.19 (b) shows the waveforms of source current and source voltage from t=0.44 s to
t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle before
and after the application of unbalanced load of APF. The source current becomes balanced

after enabling APF even though the load is unbalanced.
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Fig. 2.19 (a) Application of an unbalanced load at t=0.5 s (1,=3.66 A, I,= 3.72 A and 1.=3.70

A) for a=60° (b) before and after the application of unbalanced load for one cycle each
2.6 Comparison of Simulation Response

The total harmonic distortion in source current after applying the APF is shown in

table 2.2. THDs found at a=15° and 45° have also been included As per IEEE std. 519 [226],

the source current THD should be lesser than 5%. As in table 2.3, the source current THD

for firing angle 60° is more than 5% which is not permissible. The lower value of the source

current THD can be achieved for higher firing angles by changing the proportional and

integral gains of the PI controller. But, it is also not possible for changing the Pl controller
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parameters for each and every firing angle. So, the soft computing techniques are introduced
to reduce the value of the source current THD within permissible limits of IEEE std. 519. The
detailed comparison of all the source current THDs with various parameters will be discussed
in Chapter 7. The corresponding graph showing the change of total harmonic distortion with
respect to the firing angle is shown in Fig. 2.20. As the firing angle increases the source
current total harmonic distortion also increases and crosses the permissible limit of source
current THD i.e. 5% according to IEEE-std. 519.

Table 2.2 Total Harmonic Distortion for various firing angles with PI controller

S.No Firing angle Total Harmonic
T (ain °) Distortion (THD in %)
1 0 2.93
2 15 3.25
3 30 4.00
4 45 4.35
5 60 5.97
' N
Is-THD Vs a for Pl Controller
6.5
= ° —<—-THD R4
£ 55 #Z
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Fig. 2.20 Source current THD in percentage with respect to firing angle a in degree for Pl

controller

2.7 Conclusion

This chapter explained the basics of Pl controller, block diagram of shunt APF, design
of the parameters required for this system, simulation study of the PI controller based shunt
APF. By looking at the results for different loads with various firing angles we can conclude
that the Pl controller based shunt APF is effective in mitigating the harmonics and
compensating the reactive power. It is not good at higher firing angles as the source current
total harmonic distortion crosses 5% which is not permissible according to IEEE-std. 519. For
lower firing angles this method will be applicable for getting the permissible source current

total harmonic distortion.
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Chapter 3: FUZZY LOGIC BASED SHUNT ACTIVE POWER FILTER

3.1 Introduction

Artificial Intelligence (Al) is an area of computer science concerned with designing
intelligent computer systems that exhibit the characteristics we associate with intelligence in
human behaviour. However, the term intelligence is not very well defined and therefore has
been less understood. Consequently, tasks associated with intelligence such as learning,
intuition, creativity, and inference all seem to have been only partially understood.

The quest to comprehend, model and implement theories of intelligence, has not just
registered modest success in developing techniques and methods for intelligent problem
solving, but in its relentless pursuit, has fanned out to encompass a number of technologies
in its fold. Some of these technologies include, but are not limited to, expert systems, neural
networks, fuzzy logic, genetic algorithm and probabilistic reasoning. Of these technologies
neural networks, fuzzy logic and probabilistic reasoning are known as soft computing.
Probabilistic reasoning, generic algorithms, chaos are parts of learning theory.

According to Zadeh, soft computing differs from hard computing in its tolerance to
imprecision, uncertainty and partial truth. Hard computing methods are predominantly based
on mathematical approaches and therefore demand a high degree of precision and accuracy
in their requirements. But in most of engineering problems, the input parameters cannot be
determined with a high degree of precision and therefore, the best estimates of the
parameters are used for obtaining solution to problems. This has restricted the use of
mathematical approaches for the solution of inverse problems when compared to forward
problems.

On the other hand, soft computing techniques, which have drawn their inherent
characteristics from biological systems, present effective methods for the solution of even
difficult inverse problems. The guiding principle of soft computing is exploiting the tolerance
for imprecision, uncertainty and partial truth to achieve tractability, robustness and low cost

solution.

3.2 Fuzzy Logic

Fuzzy set theory proposed in 1965 by Lotfi A.Zadeh is a generalization of classical set
theory. Fuzzy logic representations founded on Fuzzy set theory, try to capture the way
humans represent and reason with real world knowledge in the face of uncertainty.
Uncertainty could arise due to generality, vagueness, ambiguity, chance or incomplete
knowledge.

A fuzzy set can be defined mathematically by assigning to each possible individual in
the universe of discourse, a value representing its grade of membership in the fuzzy set. This

grade corresponds to the degree to which that individual is similar or compatible with the
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concept represented by the fuzzy set. In other words, fuzzy sets support a flexible sense of
membership of elements of a set.

In classical set theory, an element either belongs to or does not belong to a set and
hence, such sets are termed crisp sets. But in a fuzzy set, many degrees of membership
(between 0 and 1) are allowed. Thus, a membership function pa(x) is associated with a fuzzy
set A such that the function maps every element of the universe of discourse X to the interval
[0, 1].

The capability of fuzzy sets to express gradual transitions from membership
(0< pa(x) =1) to non-membership (pa(x) = 0) and vice versa has a broad utility. It not only
provides for a meaningful and powerful representation of measurement of uncertainties, but
also provides for a meaningful representation of vague concepts expressed in natural
language.

Operations such as union, intersection, subset hood, product, equality, difference and
disjunction are also defined on fuzzy sets. Fuzzy relations associate crisp sets to varying
degree of membership and support operations such as union, intersection, subset hood, and
composition of relations.

Just as crisp set theory has influenced symbolic logic, fuzzy set theory has given rise to
fuzzy logic. While in symbolic logic, truth values true or false alone are accorded to
propositions, in fuzzy logic multi valued truth values which are developed by a set of fuzzy IF-

THEN rules are supported have found wide applications in real-world problems.

3.3 Fuzzy Inference System
Fuzzy inference system interlinks the fuzzy values into the crisp values and vice versa.
It converts the linguistic or numerical inputs into numerical or linguistic outputs, based on the

system requirement. The main parts of the fuzzy inference system are (Fig.3.1)

Fuzzification
Defuzzification

Decision Making Unit

P w N PE

Knowledge Base

Knowledge Base

Data Base Rule Base Data Base

Error(e) I I To Dirve

Circuit (l.p)
g Fuzzification Defuzzification

Change in
d/dt Errror (ce)

Fig. 3.1 Fuzzy Inference System
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3.4 Fuzzification
Fuzziness in the fuzzy set is designed by the membership functions. There are many

types of membership functions to represent an input variable. The value of membership
function is in between 0 and 1. These membership functions are represented graphically.
The main features of the membership functions are defined in following three properties:

1. Core,

2. Support and

3. Boundary.

»
ux |4— Core —H

>
>

Suppof:j—b X
Bounda

Fig. 3.2 Features of membership function

If the region of universe whose value of membership functions is 1 in the set of P, then
this gives the core of the membership function of P. The elements which have membership

value 1 are called elements of the core.

Mo (X) =1
If the region of universe whose value of membership functions is non zero in the set of

P, then this gives the support of the membership function of P. The elements which have

membership value in between 0 and 1 are called elements of the support.

Mo (X) >1
If the region of universe whose value of membership functions is non zero but not the
full membership function, is called the boundary of the membership function of P. The

elements whose membership value is a non zero but not 1 are the elements of the boundary.

O0<(X)<1
3.4.1 Membership Functions

1) Triangular membership function
The triangular curve is a function of a vector x, and depends on three scalar parameters

a, b, and c, as described by
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Fig. 3.3 Shape of the triangular membership function

The parameters a and c locate the "feet" of the triangle and the parameter b locates the
peak. The Fig. 3.3 shows the shape of triangular membership function with a=3, b=6, c=8.

2) Trapezoidal membership function
The trapezoidal curve is a function of a vector, x, and depends on four scalar
parameters a, b, ¢, and d, as described by

0, x<a w
X—a 08
T a<X<b
b-a 5 08
f(X,a,b,C,d): 1, bSXSC 204-
C—X 02
o C<X<d

\ |
4 5 6
gbellmf, P=[2 4 6]

Fig. 3.4 Shape of the trapezoidal membership function

The parameters a and d locate the "feet" of the trapezoid and the parameters b and ¢
locate the "shoulders". The Fig. 3.4 shows the shape trapezoidal membership function with
a=1, b=5, c=7 and d=8.

3) Generalized bell membership function
The generalized bell function is a function of a vector x, and depends on three

parameters a, b, and c as described by

o
®

o
>

f(x;a,b,c) =

Fuzziness
o
=

°
>

{ 3 3 ] 5 3 7 & B 70
trapmf, P=[1578]

Fig. 3.5 Shape of the generalized bell membership function
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where the parameter b is usually positive. The parameter ¢ locates the center of the

curve. Fig.3.5 shows the shape of gbell membership function with a=2, b=4 and c=6.

4) Gaussian membership function
The symmetric Gaussian function is a function of a vector x, and depends on two

parameters a and b as given by

o
o

—(x=b)?
f(x;a,b)=e %

o
o

Fuzziness
o
£ .

o
¥

e

gaussmf, P=[2 5]

Fig. 3.6 Shape of the gaussian membership function

The Fig. 3.6 shows the shape of gauss membership function with a=2 and b=5.

Out of these membership functions, the triangular membership function is applied in

present work for getting maximum fuzziness of designing the fuzzy inference system.

3.4.2 Membership Value Assignment

There are different methods of assigning membership values or functions to the fuzzy
variables.

Intuition method is based on human’s own intelligence and the skill of making the
membership functions based on the system data and the performance. The knowledge of the
linguistic variables should be known to get these membership functions.

Inference method depends on the known facts and the knowledge. It involves the
knowledge of deductive reasoning.

The polling process is used to assign membership functions by rank ordering process.
Preference is based on the pair wise comparison.

Angular fuzzy sets are different from other sets of fuzzy logic as it takes the coordinate
description. These are applied in quantitative description of the linguistic variables known as
truth table.

Neural networks are used to simulate the work just like the human brain. The given
data is first converted into the training data and the testing data. The neural network is first
trained with the training data and then tested with the testing data to get the perfect

membership functions.
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Genetic algorithm uses Darwin’s theory of evolution. It is based on “the survival of
existence” and the new category will come to exist while performing the reproduction, cross
over and mutation of the existing category.

Inductive reasoning method can also be used to get the membership functions based
on the characteristics of the system. This requires a strong data base of the input output
relations. If the system is dynamic this method cannot be applicable as the relation keeps on
changing.

3.5 Defuzzification

Method of converting fuzzy values, linguistic or numerical, into the crisp value or
numerical is called Defuzzification. The following are different methods of defuzzification
1. Max-membership principle
Centroid method
Weighted average method
Mean—max membership
Centre of sums
Centre of largest area and

N o g~ w DN

First of maxima or last of maxima

3.5.1 Max- Membership Principle
This method is also known as the height method as it converges the fuzzy values into
the maximum of the entire fuzzy set.

It follows the expression as below

,U(Z*) > 1(7) where Z €1

This can also be represented pictorially as follows (Fig. 3.7)
u(2)
1

Fig. 3.7 Max- Membership Principle

3.5.2 Centroid Method
This method is also known as centre of gravity or centre of area method. This is widely
used method as it takes the centre of the gravity, the mostly dense area, as the crisp value.

This method is based on the expression
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#(z)zdz
1(z)dz

The graphical representation is as shown in Fig. 3.8

K (z)
1

Fig. 3.8 Centroid Method

3.5.3 Weighted Average Method
This method can be used for the symmetric output membership functions only. This
can be formed by weighing each membership output value with the largest membership

value. The evaluated expression is
. 2 (D)2
> 1(z)

The graphical representation is as shown in Fig. 3.9

M (2)
1

Fig. 3.9 Weighted Average Method

3.5.4 Mean- Max Method

This method is just like the Max- Membership Principle. Here it is taking the range of
the maximum values unless the max- membership principle where only unique point is the
maximum value. This is also known as middle of maxima method. The expression that

governs this method is
~ a+b
/7 = —-
2
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The graphical representation is as shown in Fig. 3.10

u(@

Fig. 3.10 Mean- Max Method
3.5.5 Centre of Sums Method

It involves algebraic sum of the two fuzzy sets P1 and P2 instead of union. The

intersected area is added twice. This is like weighted average method where the highest
membership value is considered.

The defuzzification value is

IZZ::lypk (2)dz

2

*

[ u, ()

The graphical representation is as shown in Fig. 3.11

M (2)
1

~F)
-
Fig. 3.11 Centre of Sums Method

3.5.6 Centre of largest area

If the fuzzy set consists of two convex sub regions then the entire convex sub region
with the largest area represents the defuzzification value.

_[z,qu (z)dz

*

‘- [ 42, (2)0z

The graphical representation is as shown in Fig. 3.12
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H(2)

Fig. 3.12 Centre of largest area Method

3.5.7 First of Maxima or Last of Maxima
This method is based on the calculation of the all fuzzy sets used to determine the
smallest membership value, with maximized degree of membership.

The evaluated formula is

Let largest height in the union is represented as hgt(PR, ) then it is found by
hgt(F,) =sup,, (/’lPk (2))
First of Maxima is found by
2" =inf, ,(zeZ //UPk (Z) = hgt(R,))
Last of Maxima is found by

z" =sup,_,(zeZ /g (Z) = hgt(R,))

Where inf = infirm denotes greatest lower bound

Sup = supremum denotes least upper bound

H(2)

1

\

10 z

Fig. 3.13 First of Maxima or Last of Maxima Method

65



3.6 Implementation of fuzzy logic controller

Fig. 3.14 shows a schematic diagram used to simulate the APF using fuzzy logic
controller. Here the measurement blocks are considered to measure the required voltages
and currents at those places. The schematic diagram shows a fuzzy logic controller for DC
link voltage control of shunt APF.

The MATLAB Simulink model of fuzzy logic controller is shown in Fig. 3.15. The fuzzy
logic controller is placed in place of Pl controller. The fuzzy logic controller is shown as AIC,
i.e. Artificial Intelligence Controller, in Fig. 3.15. The input to fuzzy controller is the error in
capacitor votage. The change in error will be the difference of the error and the unit delayed
error. Error and change in error are fed to fuzzy logic controller block through the multiplexer.
The fuzzy logic controller processes these signals to produce the necessary output. The final
output of the fuzzy logic controller is fed to the control circuit which produces switching

signals.
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Fig. 3.14 Simulation diagram of shunt active power filter with fuzzy logic controller
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Fig. 3.15 Block diagram of the fuzzy logic controller

The fuzzy logic controller in the MATLAB is available as a Graphic User Interface.
The fuzzy logic controller is configured as discussed below. The first thing is the fuzzy
inference system (FIS) which has been choosen as Mamdani type as shown in Fig. 3.1. It
consists of fuzzification, knowledge base, decision making and defuzzification methods. The
fuzzification is done for two parameters called error and change in error. The FIS is shown in
Fig. 3.16.

FIS
(Mamdani)

[
WW .

Change of Error

e

Fig. 3.16 Inputs, output and the FIS

As shown in Fig. 3.16, the input variables error and change of error and the output
variables are assigned seven membership functions. The method of FIS used here is the
Mamdani and that is also shown in the controller block with name as APF. The membership
functions and type of membership fuctions of the input and output parameters of the FIS are
shown in Fig. 3.17.

As shown in Fig. 3.17, the membership function of each parameter is the triangular
membership function. Each parameter has seven membership functions named as negative
big (NB), negative medium (NM), negative small (NS), zero (Z), positive small (PS), positive
medium (PM) and positive big (PB). This can be done by using the section called
membership value assignment. Out of seven methods of assigning membership values,

intuition method is used in this work. By using the knowledge base, the values are assigned
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by observing the data of the APF with the PI controller. The rules were defined as shown in
Table 3.1.

The table contains the error on the left most column and the first row shows the
change in error. All other letters represent the output values for the corresponding inputs of
error and change in error. The defuzzification method used in this process is centroid
method. Fig. 3.18 shows the surface view of the inputs and outputs. It shows the values of
each parameter and their spread over in the graph in three dimensional view.The rule table
can also be represented in linguistic form where the inputl, input2 and output are given their
respective membership linguistic assigned values as nb, nm, ns, z, ps, pm and pb as shown
in Fig. 3.19.

NB NM NS z PS PM PB

Fuzzi
ness

Input Variable “Error”

NB NM NS z PS M PB

Fuzzi
ness

Input Variable “Change in Error”

NB NM NS z PS PM PB

Fuzzi
ness

Output Variable “Output”

Fig. 3.17 Membership functions of inputs and output

Table 3.1 Rule Table of FIS

e:“lna NMINs| z |ps|Pm|PB

NB |NB|NB|NB|NB|NM|NS]| 2

NM|NB|NB|NB|NM|NS| Z |PS

NS INB [NB |[NM|NS| Z | PS |PM

Z [NBINM|NS| Z |PS|PM|PB

PS|INMINS| z |PS |PM|PB | PB

PM|NS| z |PS|PM|PB|PB|PB

PB| Z |PS|PM|PB |PB|PB|PB
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Fig. 3.18 Surface view of FIS

If (input1 is nb) and (input2 is nb) then (output1 is nb) (1)
If (input1 is nb) and (input2 is nm) then (output1 is nb) (1)
If (input1 is nb) and (input2 is ns) then (output1 is nb) (1)
If (input1 is nb) and (input2 is ze) then (output1 is nb) (1)
If (input1 is nb) and (input2 is ps) then (output1 is nm) (1)
If (input1 is nb) and (input2 is pm) then (output1 is ns) (1)
If (input1 is nb) and (input2 is pb) then (output1 is ze) (1)
If (input1 is nm) and (input2 is nb) then (output1 is nb) (1)
If (input1 is nm) and (input2 is nm) then (output1 is nb) (1)

. If (input1 is nm) and (input2 is ns) then (output1 is nb) (1)
. If (input1 is nm) and (input2 is ze) then (output1 is nm) (1)
. If (input1 is nm) and (input2 is ps) then (output1 is ns) (1)
. If (input1 is nm) and (input2 is pm) then (output1 is ze) (1)
. If (input1 is nm) and (input2 is pb) then (output1 is ps) (1)
. If (input1 is ns) and (input2 is nb) then (output1 is nb) (1)
. If (input1 is ns) and (input2 is nm) then (output1 is nb) (1)
. If (input1 is ns) and (input2 is ns) then (output1 is nm) (1)
. If (input1 is ns) and (input2 is ze) then (output1 is ns) (1)
. If (input1 is ns) and (input2 is ps) then (output1 is ze) (1)
. If (input1 is ns) and (input2 is pm) then (output1 is ps) (1)
. If (input1 is ns) and (input2 is pb) then (output1 is pm) (1)
. If (input1 is ze) and (input2 is nb) then (output1 is nb) (1)
. If (input1 is ze) and (input2 is nm) then (output1 is nm) (1)
. If (input1 is ze) and (input2 is ns) then (output1 is ns) (1)

. If (input1 is ze) and (input2 is ze) then (output1 is ze) (1)

. If (input1 is ze) and (input2 is ps) then (output1 is ps) (1)

. If (input1 is ze) and (input2 is pm) then (output1 is pm) (1)
. If (input1 is ps) and (input2 is nb) then (output1 is nm) (1)
. If (input1 is ps) and (input2 is nm) then (output1 is ns) (1)
. If (input1 is ps) and (input2 is ns) then (output1 is ze) (1)

. If (input1 is ps) and (input2 is ze) then (output1 is ps) (1)

. If (input1 is ps) and (input2 is ps) then (output1 is pm) (1)
. If (input1 is ps) and (input2 is pm) then (output1 is pb) (1)
. If (input1 is ps) and (input2 is pb) then (output1 is pb) (1)

. If (input1 is ze) and (input2 is pb) then (output1 is pb) (1)

. If (input1 is pm) and (input2 is nb) then (output1 is ns) (1)
. If (input1 is pm) and (input2 is nm) then (output1 is ze) (1)
. If (input1 is pm) and (input2 is ns) then (output1 is ps) (1)
. If (input1 is pm) and (input2 is ze) then (output1 is pm) (1)
. If (input1 is pm) and (input2 is ps) then (output1 is pb) (1)
. If (input1 is pm) and (input2 is pm) then (output1 is pb) (1)
. If (input1 is pm) and (input2 is pb) then (output1 is pb) (1)
. If (input1 is pb) and (input2 is nb) then (output1 is ze) (1)

. If (input1 is pb) and (input2 is nm) then (output1 is ps) (1)
. If (input1 is pb) and (input2 is ns) then (output1 is pm) (1)
. If (input1 is pb) and (input2 is ze) then (output1 is pb) (1)

. If (input1 is pb) and (input2 is ps) then (output1 is pb) (1)

. If (input1 is pb) and (input2 is pm) then (output1 is pb) (1)
. If (input1 is pb) and (input2 is pb) then (output1 is pb) (1)

Fig. 3.19 List of 49 rules of FIS

69



input1 = 0.05 input2 = 0.001 output = 5.86
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Fig. 3.20 Rule Viewer
Fig. 3.20 shows the rule viewer of FIS. It shows three vertical sets of figures which
contain error, change in error and output for 49 rules. The selected value of the inputs are
shown in red color. As in Fig. 3.20, the inputl called as error and the input2 called as change
in error were set as 0 at red line. The min method is used to get the output of the controller

from error and change in error and the max mehtod is used to get the ultimate output of the
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49 rules from all individual outputs of each rule. This ultimate output is processed with
defuzzification method i.e. centroid method. As in Fig. 3.20, the values taken for a study are
Error = 0.05, Change in Error = 0.001 and output = 5.86. In this way within the range of error
and change in error, the fuzzy inference system gives the required output. This output is the
final controller output.

After setting all the range of error, change in error and output, writing the rules and the
defuzzification method, the whole data is exported to workspace and saved as a .fis file. This
fis file need to be called from the fuzzy logic controller block in MATLAB Simulink as shown
in Fig. 3.14.

3.7 Simulation Results
The simulated results of the fuzzy logic controller based shunt APF are studied in this
section. The load is a three phase thyristorised controlled rectifier feeing a series R-L load.
Three settings of firing angle a are considered as 0, 30° and 60°. In each case, the response
is obtained for following conditions:
e Active Filter is enabled with fixed and balanced load
e Step change in load, with active filter enabled

e Unbalanced load, with active filter enabled

3.7.1 Simulation results for rectifier fed RL load at a=0

The simulated results with at a=0 are given below under different conditions:

3.7.1.1 Active filter is enabled

Fig. 3.21 (a) shows the waveforms of load current (1 kVA load), compensating current,
source current and source voltage at a=0 with fuzzy logic controller. The APF is initially
disabled from t=0 to t=0.5 s. The compensating current is zero and source current is same as
the load current. The source current is non sinusoidal with harmonics and is found to have
THD of 30.64%. At t=0.5 s when the APF is enabled, the compensating current is applied at
point of common coupling which makes the source current nearly sinusoidal unlike the load
current. The THD of source current is now reduced to 2.71%. These waveforms show that
after enabling, the shunt APF compensates the reactive power and reduces the harmonic
content in the source current. Fig. 3.21 (b) shows the waveforms of source current and
source voltage from t=0.44 s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the

system for one cycle before and after the enabling of APF.

3.7.1.2 Step change in load
Fig. 3.22 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=0 with fuzzy logic controller. Here, initially the load is 1 kVA

up to t=0.5 s and at t=0.5 s the load is suddenly increased to 2 kVA and then, the load is
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brought back to 1kVA at t=0.7 s. The amplitude of load current, compensating current and
source current also increases in response to the increase in load up to t=0.7 s, then they
return to previous values. The source current is again found to be nearly sinusoidal. The
guality of source current is measured in terms of its THD under these loading conditions.
From the FFT analysis of source current waveforms at 1 kVA and 2 kVA, the THD is 2.71%
and 2.65% respectively. These waveforms show that after increment in load also, the shunt
APF compensates the reactive power and reduces the harmonic content in the source
current. Fig. 3.22 (b) shows the waveforms of source current and source voltage from t=0.44
s to t=0.46 s and from t=0.54 s to t=0.56 s means the response of the system for one cycle
before and after the step change in load of APF. Transient is completed in about two cycles

without any overshoot.
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Fig. 3.21 (a) Response of active power filter at a=0 (b) Source voltage and current

waveforms for one cycle before and after the enabling of active filter
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Fig. 3.22 (a) Step change in Load of active power filter at a=0 (b) before and after the step

change in load for one cycle each
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3.7.1.3. Unbalanced load

Fig. 3.23 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=0 with fuzzy logic controller. Here, initially the load is
balanced up to t=0.5 s and at t=0.5 s. Unbalance is introduced by applying a linear star
connected load in parallel to existing 1kVA load, with Ra=40 Q, Rb=60 Q and Rc=20 Q. The
amplitude of load current, and compensating current are also changed by applying the
unbalanced load. The source current is again found to be nearly sinusoidal. The quality of
source current is measured in terms of its THD under these loading conditions. From the FFT
analysis of source current waveforms at balanced load and unbalanced load, the THD is
2.71% and 2.69% respectively. These waveforms show that even with unbalanced load, the
shunt APF compensates the reactive power and reduces the harmonic content in the source
current. Fig. 3.23 (b) shows the performance of source current and source voltage from
t=0.44 s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one
cycle before and after the application of unbalanced load of APF. The source current

becomes balanced after enabling APF even though the load is unbalanced.
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Fig. 3.23 (a) Application of an unbalanced load at t=0.5 s (1,=5.82 A, I,= 5.90 A and 1.=5.86

A) for a=0 (b) before and after the application of unbalanced load for one cycle each

3.7.2 Simulation results for rectifier fed RL load at a=30°

The simulated results with at a=30° are given below under different conditions:

3.7.2.1 Active filter is enabled
Fig. 3.24 (a) shows the waveforms of load current (1 kVA load), compensating current,
source current and source voltage at a=30° with fuzzy logic controller. The APF is initially

disabled from t=0 to t=0.5 s. The compensating current is zero and source current is same as
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the load current. The source current is non sinusoidal with harmonics and is found to have
THD of 37.57%. At t=0.5 s when the APF is enabled, the compensating current is applied at
point of common coupling which makes the source current nearly sinusoidal unlike the load
current. The THD of source current is now reduced to 2.88%. These waveforms show that
after enabling, the shunt APF compensates the reactive power and reduces the harmonic
content in the source current. Fig. 3.24 (b) shows the waveforms of source current and
source voltage from t=0.44 s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the
system for one cycle before and after the enabling of APF.
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Fig. 3.24 (a) Response of active power filter at a=30° (b) Source voltage and current

waveforms for one cycle before and after the enabling of active filter

3.7.2.2 Step change in load

Fig. 3.25 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=30° with fuzzy logic controller. Here, initially the load is 1
kVA up to t=0.5 s and at t=0.5 s the load is suddenly increased to 2 kVA and then, the load is
brought back to 1kVA at t=0.7 s. The amplitude of load current, compensating current and
source current also increases in response to the increase in load up to t=0.7 s, then they
return to previous values. The source current is again found to be nearly sinusoidal. The
quality of source current is measured in terms of its THD under these loading conditions.
From the FFT analysis of source current waveforms at 1 kVA and 2 kVA, the THD is 2.88%
and 2.79% respectively. These waveforms show that after increment in load also, the shunt
APF compensates the reactive power and reduces the harmonic content in the source
current. Fig. 3.25 (b) shows the waveforms of source current and source voltage from t=0.44

s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle
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before and after the step change in load of APF. Transient is completed in about two cycles

without any overshoot.
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Fig. 3.25 (a) Step change in Load of active power filter at a=30° (b) before and after the step
change in load for one cycle each

3.7.2.3 Unbalanced load

Fig. 3.26 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=30° with fuzzy logic controller. Here, initially the load is
balanced up to t=0.5 s and at t=0.5 s. Unbalance is introduced by applying a linear star
connected load in parallel to existing 1kVA load, with Ra=40 Q, Rb=60 Q and Rc=20 Q. The
amplitude of load current, and compensating current are also changed by applying the
unbalanced load. The source current is again found to be nearly sinusoidal. The quality of
source current is measured in terms of its THD under these loading conditions. From the FFT
analysis of source current waveforms at balanced load and unbalanced load, the THD is
2.88% and 2.82% respectively. These waveforms show that even with unbalanced load, the
shunt APF compensates the reactive power and reduces the harmonic content in the source
current. Fig. 3.26 (b) shows the waveforms of source current and source voltage from t=0.44
s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle
before and after the application of unbalanced load of APF. The source current becomes

balanced after enabling APF even though the load is unbalanced.
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Fig. 3.26 (a) Application of an unbalanced load at t=0.5 s (1,=4.86 A, I,= 4.94 A and 1.=4.91
A) for a=30° (b) before and after the application of unbalanced load for one cycle each

3.7.3 Simulation results for rectifier fed RL load at a=60°

The simulated results with at a=60° are given below under different conditions:

3.7.3.1 Active filter is enabled

Fig. 3.27 (a) shows the waveforms of load current (1 kVA load), compensating current,
source current and source voltage at a=60° with fuzzy logic controller. The APF is initially
disabled from t=0 to t=0.5 s. The compensating current is zero and source current is same as
the load current. The source current is non sinusoidal with harmonics and is found to have
THD of 64.36%. At t=0.5 s when the APF is enabled, the compensating current is applied at
point of common coupling which makes the source current nearly sinusoidal unlike the load
current. The THD of source current is now reduced to 3.45%. These waveforms show that
after enabling, the shunt APF compensates the reactive power and reduces the harmonic
content in the source current. Fig. 3.27 (b) shows the waveforms of source current and
source voltage from t=0.44 s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the

system for one cycle before and after the enabling of APF.

3.7.3.2 Step change in load

Fig. 3.28 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=60° with fuzzy logic controller. Here, initially the load is 1
kVA up to t=0.5 s and at t=0.5 s the load is suddenly increased to 2 kVA and then, the load is
brought back to 1kVA at t=0.7 s. The amplitude of load current, compensating current and

source current also increases in response to the increase in load up to t=0.7 s, then they
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return to previous values. The source current is again found to be nearly sinusoidal. The
quality of source current is measured in terms of its THD under these loading conditions.
From the FFT analysis of source current waveforms at 1 kVA and 2 kVA, the THD is 3.45%
and 3.33% respectively. These waveforms show that after increment in load also, the shunt
APF compensates the reactive power and reduces the harmonic content in the source
current. Fig. 3.28 (b) shows the waveforms of source current and source voltage from t=0.44
s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle
before and after the step change in load of APF. Transient is completed in about two cycles
without any overshoot.
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Fig. 3.27 (a) Response of active power filter at a=60° (b) Source voltage and current

waveforms for one cycle before and after the enabling of active filter
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Fig. 3.28 (a)Step change in Load of active power filter at a=60° (b) before and after the step

change in load for one cycle each
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3.7.3.3 Unbalanced load

Fig. 3.29 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=60° with fuzzy logic controller. Here, initially the load is
balanced up to t=0.5 s and at t=0.5 s. Unbalance is introduced by applying a linear star
connected load in parallel to existing 1kVA load, with Ra=40 Q, Rb=60 Q and Rc=20 Q. The
amplitude of load current and compensating current are also changed by applying the
unbalanced load. The source current is again found to be nearly sinusoidal. The quality of
source current is measured in terms of its THD under these loading conditions. From the FFT
analysis of source current waveforms at balanced load and unbalanced load, the THD is
3.45% and 3.38% respectively. These waveforms show that even with unbalanced load, the
shunt APF compensates the reactive power and reduces the harmonic content in the source
current. Fig. 3.29 (b) shows the waveforms of source current and source voltage from t=0.44
s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle
before and after the application of unbalanced load of APF. The source current becomes

balanced after enabling APF even though the load is unbalanced.
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Fig. 3.29 (a) Application of an unbalanced load at t=0.5 s for (1,=3.64 A, I,= 3.70 A and

1.=3.68 A) a=60° (b) before and after the application of unbalanced load for one cycle each
3.8 Comparison of Simulation Response

The total harmonic distortion in source current after applying the APF is shown in Table

3.2. THDs found at a=15° and 45° have also been included. As per IEEE std. 519 [226], the

source current THD should be lesser than 5%. The soft computing techniques are
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introduced to get the lesser value of the source current THD which was permissible by IEEE
std. 519. The detailed comparison of all the sourcecurrent THDs with various parameters will
be discussed in Chapter 7. The corresponding graph showing the change of total harminic
distortion with respect to the firing angle is reported in Fig. 3.30. As the firing angle increses
the source current total harmonic distortion also increases.

Table 3.2 Total Harmonic Distortion for various firing angles with fuzzy logic controller

S.No Firing angle Total Harmonic
T (ain °) Distortion (THD in %)
1 0 2.71
2 15 2.82
3 30 2.88
4 45 3.25
5 60 3.45
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Fig. 3.30 Source Current THD in percentage with respect to Firing angle a in degree for

fuzzy logic Controller

3.9 Conclusion

This chapter explained the basics of fuzzy logic controller, simulation system of shunt
APF and simulation response of the fuzzy logic controller based shunt APF. By seeing the all
the results for different loads with various firing angles we can conclude that the fuzzy logic
controller based shunt APF is effective in mitigating the harmonics and compensating the
reactive power. It's response is better even at higher firing angles as the source current total
harmonic distortion does not cross 5% which is permissible according to IEEE-std. 519. For
any firing angles this method will be applicable for getting the permissible source current total

harmonic distortion.
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Chapter 4: NEURAL NETWORK BASED SHUNT ACTIVE POWER FILTER

4.1 Introduction

Neural Networks (NN) are simplified models of the biological nervous system and
therefore have drawn their motivation from the kind of computing performed by a human
brain. A NN, in general, is a highly inter connected network of a large number of processing
elements called neurons in an architecture inspired by the brain. Neural networks exhibit
characteristics such as mapping capabilities or pattern association, generalization,
robustness, fault tolerance, and parallel and high speed information processing. Neural
networks learn by examples. They can therefore be trained with known examples of a
problem to acquire knowledge of it. Once appropriately trained, the network can be put to
effective use in solving unknown or untrained instances of the problem.

This chapter explains the basics of neural network, Back-Propagation Algorithm used
to train the neurons, implementation of neural network in MATLAB Simulink and the

simulation results related to the present work.

4.2 Neural Networks
Neural networks are inspired from the biological nervous system. Fig. 4.1 shows two-
input and one-output neural network. It comprises of the following parts:
1. Weights (w; and wy)
2. Bias (b)
3. Activation Function (f(x))

X4

Wy

Activation
Function f(x)

W2

Fig. 4.1 A simple neural network
The net output becomes

y = f(b+xawi+xaw2)

4.2.1 Weights

Fig. 4.1 shows the set of inputs x; and x,, associated weights w; and w, respectively
and the output y. The net output value y can be calculated by the activation of the net input
which is sum of the product of each input and the weight raised by the corresponding inputs
and the bias.

Net input = b+x;wW;+XW,
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4.2.2 Bias

A bias is a weight on a connection from a unit whose input value is always unity.
Increasing the bias increases the net input to the unit.

4.2.3 Activation Functions
The activation function is used to calculate the output response of the neuron. For the
neurons of the same layer, same activation function is used. There are linear and non-linear
activation functions as shown in Fig. 4.2. Non linear activation functions are used in
multilayer networks.
Here are some of the commonly used activation functions
1) ldentity Function
f(X)=x V X
2) Binary Step Function
f(x)=1; 1f f(x) >0
£(x)=0; if f(x) < where 0is the threshold
3) Sigmoid Function

1

f(x)= 1+ where O is steepness parameter

4) Bipolar Sigmoid Function

1_ e'O'X
1+e-O'X

f(x)=

4.3 Classification of Data
The implementation of the neural networks depends on the previous or the current data
of the system. The perfect utilization of the neural network depends on the perfect usage of
the data. The data has to be used for the three purposes viz.
1. Training
2. Validating
3. Testing

4.4 Training Methods

Out of the available training methods, back propagation method has been chosen in
this work. Back-Propagation is a multi layer forward network using extended gradient
descent based delta learning rule, commonly known as Back-Propagation rule. The aim of
this network is to train the net to achieve the balance between the ability to respond correctly

to the input patterns that are used for training and the ability to provide target outputs.
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Function

Fig. 4.2 Different Activation Functions

83



4.4.1 Back-Propagation Algorithm

The architecture of Back-Propagation network is shown in Fig. 4.3, having three layers
named as Input Layer, Hidden Layer and Output Layer. Input Layer iS Xi, Xz, ..ecey Xiy «eueee , Xn.
It starts from x4, X,, the generalized term x; and the last term x,.

Input Vector X =[ Xg,Xa,...... Xiyernnns Xnl

Hidden Layer Z = [2,25,......,Zj,...... Zp)

Output Layer Y = [y1,Y2,----osYkse -+ - Yml

Hidden Layer Weights are

(Vi1 Vi2 . . Vi . . Vip]
Va1 V22 . . V2 . . Vp
A Vit Vie . . Vi . . Vi
_an Vn2 . . an .o Vnp_
Output Layer Weights are
W11 W12 . . Wik . . Win]

W21 W22 . . Wx . . Wam

Wjii Wpg . . Wik . . Wjm

Wpor Wp2 . . Wpk . . Whpm]

Input Hidden Output
Layer Layer Layer

0
X m//
' \ ;'/ \ ;' .
%! w‘ f

0' !

. /\,/ J 0/
Vi

Vo1 Wo1

WOk

o Vop o WoOm

Fig. 4.3 Architecture of Back-Propagation Network
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Bias on the hidden unit |
Bias on the output unit k

Target Vector T = [ty,to,...... N Al
The activation function considered is binary sigmoid function
This process is implemented in following seven steps:
Step: 1
Initialize the weight to random values.
Step: 2
While stopping condition is false, do step 3-7
Step: 3
Obtain the hidden layer values by multiplying the input values with corresponding

weights and sum it up with bias. The corresponding equation is as follows
Z-inj = VOj +invij

Applying activation function
Z; =f(z,;)
This can be sent to the next higher layer (output layer in this case)
Step: 4
Obtain the output layer values by multiplying the input values with corresponding
weights and sum it up with bias. The corresponding equation is as follows
p
Yiink = Wox +ZZjok
j=1
Applying activation function
Y = (Vin)
Step: 5

The error information term is calculated at the output unit k as follows
8= (te-YOf (V)

0, = (t, - YRV i -1 ok )

8= (t,-Y (Y )(1-Y,)

Where & denotes error at output unit k

Error back propagated to hidden layer is

m

6-inj:zakwjk

k=1
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The error information term is calculated at the hidden unit j as follows
8]': (S-inj ) (Z-inj)
8;= (8. (2 )(1-f(z 55)))
6;= (0,y)(Z))(1-Z))
Where d; denotes error at hidden unit j
Step: 6
Change in weight of the output layer is given by

Aw . =ad, Z. .
TPk where a denotes learning rate.

Change in bias in the output layer is given by
Aw =00,
Therefore, the new weight and bias at output layer are as follow
W, (new) = w;, (old)+Aw,
Wo (new) = wy, (old)+Aw,
Change in weight of the hidden layer is given by
AV =00 X;
Change in bias in the hidden layer is given by
Av =09,
Therefore, the new weight and bias at output layer are as follow
v; (new) = v; (old)+Av,
Vg (new) = v, (old)+Av,
Step: 7
Test the stopping condition and go to step 2 if necessary. The entire procedure of

implementing the Back-Propagation algorithm is explained step by step as a flow chart in Fig.
4.4,
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Initialize the
weights to random
variables

True

Stopping
Condition

False

1
Z-m\ = Vf'u +Z Xt\-n
=1

¥

ZJ = f(z_mI )

P
¥ -k = “VHI; +Z Zj“r_wk
=1

Yy, =1 )

I 8= (L, -Y (Y )(1-Y,) |

n

O-mJ :Z oy Wik
=1

[ 6,= 6,07 )1-2)]

| -1y

| Aw, =ad, |

| W (new) = w  (old)+Aw |

¥

| W, (new) =w, (old)+Aw I

| Av, =ad x, |

| v, (new)=v, (old)+Av, |

!

Vi, (new) =v,, (old JRRANS

>
>
Y

End

Fig. 4.4 Flow chart of Back-Propagation network
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4.5 Implementation of Neural Network based Active Power Filter
This section deals with the application of NN in the APF. Following steps are used to

develop neural network in MATLAB NFTOOL environment (Neural Network fitting tool)

1. Select a Network
Select Data
Classify the data into training data, validation data and test data
Network Size
Train the Network
Evaluate the Network

N o gk wD

Save the Results
In the step 1 the feed-forward neural network is selected with two layers. This network
is mapped between a data set of numeric inputs and a set of humeric targets. A two-layer
feed-forward network consists of a set of sigmoid hidden neurons and linear output neurons,
which can fit multi-dimensional mapping problem, given that there is enough training data

and enough neurons in its hidden layer as in Fig. 4.6.

Hidden L ayer Output Layer

5Bl BT

Fig. 4.5 Structure of two layered neural network

In step 2, the input and target data are given to the network from the files saved in
workspace or in a computer. In step 3, the complete data is divided into three kinds of
samples viz. Training, Validating and Testing Data. In step 4, the number of hidden neurons
has to be specified to get the required training. If the training is unsatisfactory then the
number of hidden neurons should be changed in this step.

In step 5, the network is trained with Leven Berg-Marquardt Back-Propagation
algorithm. Training automatically stops when generalization stops improving, as indicated by
an increase in the mean square error of the validation samples. In step 6, the network is
evaluated. In this step, the network is optionally tested for the correctness of the target data.

The above steps are repeated for selecting more data (step 2), changing size of
network (step 4) and training the network (step 5). In step7, the results which are generated

by the network can be saved, can generate an M-file or can generate a simulink diagram.
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Fig. 4.6 shows the first step of the process to indicate the layers and their structures of

the neural network.

[oou 1t f———pbin sis——»{

{1} w1}
Meural Netwiork

Fig. 4.6 Generated Block with Input and Target

4.6 Simulation Results
The simulated results of the neural network based shunt APF are studied in this
section. The load is a three-phase thyristorised controlled rectifier feeding a series R-L load.
Three settings of firing angle a is considered as 0, 30° and 60°. In each case, The response
is obtained for following conditions:
e Active filter is enabled with fixed and balanced load
e Step change in load with active filter enabled

e Unbalanced load with active filter enabled

4.6.1 Simulation results for rectifier fed RL load at a=0

The simulated results with at a=0 are given below under different conditions:

4.6.1.1 Active filter is enabled

Fig. 4.7 (a) shows the waveforms of load current (1 kVA load), compensating current,
source current and source voltage at a=0 with neural network controller. The APF is initially
disabled from t=0 to t=0.5 s. The compensating current is zero and source current is same as
the load current. The source current is non sinusoidal with harmonics and is found to have
THD of 30.64%. At t=0.5 s when the APF is enabled, the compensating current is applied at
point of common coupling which makes the source current nearly sinusoidal unlike the load
current. The THD of source current is now reduced to 2.43%. These waveforms show that
after enabling, the shunt APF compensates for the reactive power demand and reduces the
harmonic content in the source current. Fig. 4.7 (b) shows the waveforms of source current
and source voltage from t=0.44 s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response

of the system for one cycle before and after the enabling of APF.
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Fig. 4.7 (a) Response of active power filter at a=0 (b) Source voltage and current waveforms

for one cycle before and after the enabling of active filter

4.6.1.2 Step change in load

Fig. 4.8 (a) shows the waveforms of load current, compensating current, source current
and source voltage at a=0° with neural network controller. Here, initially the load is 1 kVA up
to t=0.5 s and at t=0.5 s the load is suddenly increased to 2 kVA and then, the load is
brought back to 1kVA at t=0.7 s. The amplitude of load current, compensating current and
source current also increase in response to the increase in load up to t=0.7 s, then they
return to previous values. The source current is again found to be nearly sinusoidal. The
guality of source current is measured in terms of its THD under these loading conditions.
From the FFT analysis of source current waveforms at 1 kVA and 2 kVA, the THD is 2.43%
and 2.33% respectively. These waveforms show that after increment in load, the shunt APF
continues to compensate the reactive power and reduces the harmonic content in the source
current. Fig. 4.8 (b) shows the waveforms of source current and source voltage from t=0.44 s
to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle before
and after the step change in load of APF. The transient is completed in about two cycles

without any overshoot.

4.6.1.3 Unbalanced load

Fig. 4.9 (a) shows the waveforms of load current, compensating current, source current
and source voltage at a=0 with neural network controller. Here, initially the load is balanced
up to t=0.5 s and at t=0.5 s. Unbalance is introduced by applying a linear star connected load
in parallel to existing load, with Ra=40 Q, Rb=60 Q and Rc=20 Q. The amplitude of load

current, and compensating current change by applying the unbalanced load. The source
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current is again found to become nearly sinusoidal. The quality of source current is
measured in terms of its THD under these loading conditions. From the FFT analysis of
source current waveforms at balanced load and unbalanced load, the THD is 2.43% and
2.35% respectively. These waveforms show that even with unbalanced load, the shunt APF
compensates the reactive power and reduces the harmonic content in the source current.
Fig. 4.9 (b) shows the waveforms of source current and source voltage from t=0.44 s to
t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle before
and after the application of unbalanced load of APF. The source current becomes balanced
after enabling APF even though the load is unbalanced.
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Fig. 4.8 (a) Step change in Load of active power filter at a=0 (b) before and after the step

change in load for one cycle each
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Fig. 4.9 (a) Application of an unbalanced load at t=0.5 s (1,=5.81 A, I,= 5.89 A and 1.:=5.85 A)

for a=0° (b) before and after the application of unbalanced load for one cycle each
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4.6.2 Simulation results for rectifier fed RL load at a=30°
The simulated results with at a=30° are given below under different conditions. The

reactive power demand of load increases as compared to the case at a=0.

4.6.2.1 Active filter is enabled

Fig. 4.10 shows the waveforms of load current (1 kVA load), compensating current,
source current and source voltage at a=30° with neural network controller. The active power
filter is initially disabled from t=0 to t=0.5 s. The compensating current is zero and source
current is same as the load current. The source current is non sinusoidal with harmonics and
is found to have THD of 37.57%. At t=0.5 s when the APF is enabled, the compensating
current is applied at point of common coupling which makes the source current nearly
sinusoidal unlike the load current. The THD of source current is now reduced to 2.85%.
These waveforms show that after enabling, the shunt APF compensates for the reactive
power demand and reduces the harmonic content in the source current. Fig. 4.10 (b) shows
the waveforms of source current and source voltage from t=0.44 s to t=0.46 s and from
t=0.54 s to t=0.56 s i.e. the response of the system for one cycle before and after the
enabling of APF.
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Fig. 4.10 (a) Response of active power filter at a=30° (b) Source voltage and current

waveforms for one cycle before and after the enabling of active filter

4.6.2.2 Step change in load

Fig. 4.11 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=30° with neural network controller. Here, initially the load is 1
kVA up to t=0.5 s and at t=0.5 s the load is suddenly increased to 2 kVA and then, the load is

brought back to 1kVA at t=0.7 s. The amplitude of load current, compensating current and
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source current also increase in response to the increase in load up to t=0.7 s, then they
return to previous values. The source current is again found to be nearly sinusoidal. The
quality of source current is measured in terms of its THD under these loading conditions.
From the FFT analysis of source current waveforms at 1 kVA and 2 kVA, the THD is 2.85%
and 2.78% respectively. These waveforms show that after increment in load, the shunt APF
continues to compensate the reactive power and reduces the harmonic content in the source
current. Fig. 4.11 (b) shows the waveforms of source current and source voltage from t=0.44
s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle
before and after the step change in load of APF. The transient is completed in about two

cycles without any overshoot.
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4.6.2.3 Unbalanced load

Fig. 4.12 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=30° with neural network controller. Here, initially the load is
balanced up to t=0.5 s and at t=0.5 s. Unbalance is introduced by applying a linear star
connected load in parallel to existing load with Ra=40 Q, Rb=60 Q and Rc=20 Q. The
amplitude of load current, and compensating current change by applying the unbalanced
load. The source current is again found to become nearly sinusoidal. The quality of source
current is measured in terms of its THD under these loading conditions. From the FFT
analysis of source current waveforms at balanced load and unbalanced load, the THD is
2.85% and 2.76% respectively. These waveforms show that even with unbalanced load, the
shunt APF compensates the reactive power and reduces the harmonic content in the source
current. Fig. 4.12 (b) shows the waveforms of source current and source voltage from t=0.44
s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle
before and after the application of unbalanced load of APF. The source current becomes

balanced after enabling APF even though the load is unbalanced.

4.6.3 Simulation results for rectifier fed RL load at a=60°

The simulated results with at a=60° are given below under different conditions. The
reactive power demand of the load further increases as compared to the previous case of
a=30°.

4.6.3.1 Active filter is enabled

Fig. 4.13 (a) shows the waveforms of load current (1 kVA load), compensating current,
source current and source voltage at a=60° with neural network controller. The APF is
initially disabled from t=0 to t=0.5 s. The compensating current is zero and source current is
same as the load current. The source current is non sinusoidal with harmonics and is found
to have THD of 64.36%. At t=0.5 s when the APF is enabled, the compensating current is
applied at point of common coupling which makes the source current nearly sinusoidal unlike
the load current. The THD of source current is now reduced to 3.21%. These waveforms
show that after enabling, the shunt APF compensates for the reactive power demand and
reduces the harmonic content in the source current. Fig. 4.13 (b) shows the waveforms of
source current and source voltage from t=0.44 s to t=0.46 s and from t=0.54 s to t=0.56 s i.e.

the response of the system for one cycle before and after the enabling of APF.

4.6.3.2 Step change in load

Fig. 4.14 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=60° with neural network controller. Here, initially the load is 1

kVA up to t=0.5 s and at t=0.5 s the load is suddenly increased to 2 kVA and then, the load is
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brought back to 1kVA at t=0.7 s. The amplitude of load current, compensating current and
source current also increase in response to the increase in load up to t=0.7 s, then they
return to previous values. The source current is again found to be nearly sinusoidal. The
quality of source current is measured in terms of its THD under these loading conditions.
From the FFT analysis of source current waveforms at 1 kVA and 2 kVA, the THD is 3.21%
and 3.15% respectively. These waveforms show that after increment in load, the shunt APF
continues to compensate the reactive power and reduces the harmonic content in the source
current. Fig. 4.14 (b) shows the waveforms of source current and source voltage from t=0.44
s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle
before and after the step change in load of APF. The transient is completed in about two
cycles without any overshoot.
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Fig. 4.13 (a) Response of active power filter at a=60° (b) Source voltage and current

waveforms for one cycle before and after the enabling of active filter

4.6.3.3 Unbalanced load

Fig. 4.15 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=60° with neural network controller. Here, initially the load is
balanced up to t=0.5 s and at t=0.5 s. Unbalance is introduced by applying a linear load in
parallel to existing load, with Ra=40 Q, Rb=60 Q and Rc=20 Q. The amplitude of load
current, and compensating current change by applying the unbalanced load. The source
current is again found to become nearly sinusoidal. The quality of source current is
measured in terms of its THD under these loading conditions. From the FFT analysis of
source current waveforms at balanced load and unbalanced load, the THD is 3.21% and
3.16% respectively. These waveforms show that even with unbalanced load, the shunt APF

compensates the reactive power and reduces the harmonic content in the source current.
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Fig. 4.15 (b) shows the waveforms of source current and source voltage from t=0.44 s to
t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle before
and after the application of unbalanced load of APF. The source current becomes balanced
after enabling APF even though the load is unbalanced.
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Fig. 4.14 (a) Step change in Load of active power filter at a=60° (b) before and after the step
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Fig. 4.15 (a) Application of an unbalanced load at t=0.5 s (1,=3.63 A, 1,=3.69 A and 1.=3.67 A)

for a=60° (b) before and after the application of unbalanced load for one cycle each
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4.7 Comparison of Simulation Response

The total harmonic distortion in source current after applying the APF is shown in
Table 4.1, THDs found at a=15° and 45° have also been included. As per IEEE std. 519
[226], the source current THD should be lesser than 5%. The application of neural network
controller are used to get the lesser value of the source current THD which was permissible
by IEEE std. 519. The detailed comparison of all the source current THDs with various
parameters are discussed in Chapter 7. The corresponding graph showing the change of
total harminic distortion with respect to the firing angle is given in Fig. 4.16. As the firing

angle increses the source current total harmonic distortion also increases.

Table 4.1 Total Harmonic Distortion for various firing angles with neural network controller

S.No Firing angle Total Harmonic
T (ain ©) Distortion (THD in %)
1 0 2.43
2 15 2.63
3 30 2.85
4 45 3.12
5 60 3.21
4 N
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Fig. 4.16 Source Current THD in percentage with respect to Firing angle a in degree for

neural network controller

4.8 Conclusion
This chapter explained the basics of neural network controller, simulation diagram of
shunt APF and simulation study of the neural network controller based shunt APF. By seeing

the all the results for different loads with various firing angles we can conclude that the neural
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network controller based shunt APF is effective in mitigating the harmonics and
compensating the reactive power. It is good even at higher firing angles as the source
current total harmonic distortion is below 5% which is permissible according to IEEE-std.
519.
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Chapter 5: NEURO FUZZY BASED SHUNT ACTIVE POWER FILTER

5.1 Introduction

Neuro Fuzzy is one of the most researched forms of hybrid system in Al applications
for various electrical systems. Neural networks and fuzzy logic represent two distinct
methodologies to deal with uncertainty. Each of them has its own merits and demerits.
Neural networks can model complex non-linear relationships and are suitable for
classification phenomenon into predetermined classes. On the other hand, the precision of
outputs is quite often limited and does not admit zero error but only minimization of least
squares errors. Besides, the training time required for a NN can be substantially large. Also,
the training data has to be chosen carefully to cover the entire range over which the different
variables are expected to change.

Fuzzy logic systems address the imprecision of inputs and outputs directly by defining
them using fuzzy sets and allow for a greater flexibility in formulating system descriptions at
the appropriate level of detail. The limitations of fuzzy logic lie in estimating the membership
function. There are many ways of interpreting fuzzy rules, combining the outputs of several
fuzzy rules and de-fuzzifying the output. Selection of the optimum method is very difficult and
time consuming.

Neuro-Fuzzy systems which are an integration of NN and FL have demonstrated the
potential to extend the capabilities of systems beyond either of these technologies when

applied individually.

5.2 Fuzzy Neuron
The fuzzy neuron is the basic element of fuzzy Back-Propagation model. Fig. 5.1
illustrate the architecture of the fuzzy neuron.

Consider the input vector
Weight vector

Fuzzy Neuron computes the crisp output O is given by
I [—
O, = f(NET,) = f{CE(;Wi.Ii)}
Where I, =(1,0,0) is the bias. Fuzzy weighted summation Nét is given by

net = (YW, T)
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CE = Centroid of triangular fuzzy member treated as defuzzification operation which

maps fuzzy weighted summation value to a crisp value.

If net=(net,, net,,net,)is fuzzy weighted summation then

CE(net) =net | +%(netﬂ —net )}=NET

~
-~
]
=

net;

™~
=

—

[/

Fuzzy Neuron j
Fig. 5.1 Fuzzy Neuron

f is a sigmoidal function which performs non-linear mapping between input and output

and f is defined as

1
f(NET) =
( ) 1

+ e—NET

5.3 Fuzzy Back-Propagation Architecture
Fuzzy Back-Propagation is a three layered feed forward architecture. The three layers
are input layer, hidden layer and output layer. As in Back-Propagation Network, the
functioning proceeds in two stages, namely
1. Learning or Training and

2. Inference

Consider a configuration of | —m—n (input neuron - hidden neuron - output neuron) for

fuzzy Back-Propagation model. Fig. 5.2 illustrates the fuzzy Back-Propagation.
Let I, =(1 0 1 prens D 1,),P=12,.....N pe the p" pattern among N input

patterns that fuzzy BP needs to be trained, with |, =(1,0,0) as the bias.

Here

|pi © i™ input component of the input pattern p
Opi  the output value of the i" input neuron
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O‘p,- andoxxpjithe ji™ and k™ crisp defuzzification outputs of the hidden and output layer
neurons respectively.

Wjiandej ‘the fuzzy connection weights between the i" input neuron and the jth
hidden neuron, and the j" hidden neuron and k™ output neuron respectively. In addition,

CEandf :sigmoidal and Centroid functions.

Input Hidden Output
Layer Layer Layer

Fig. 5.2 Architecture of Fuzzy Back-Propagation Network
The computations carried out by each neuron are

Input neurons

0, =1,=12..5,0, =(10,0) (5.1)

pi pi
Hidden neurons
O ,;=f(NET)),j=12,..mO =1
|
NET, =CE (;wji.opij
Output neurons

O‘\pk: f(NET\pk),k:]-,Z,----n_l (52)

NET",, =CE (Zwkj .om}

j=0

5.3.1 Learning in Back-Propagation
The learning procedure of fuzzy BP follows the gradient descent method of minimizing

error due to the learning. Here, the mean square error function of pattern P is defined as
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1 “
£, =25(Dy -0 2

Where Dpi : the desire output value of the i™ output neuron and

O™ : the computed value of the i output neuron.
The overall error of the training pattern
E= Zp: E,
The change in weight to minimize error is
AW (t) =—nE, (t) + AW (t —1) (5.3)
Where 77 : the learning rate

o : the constant value

AW (t—1) : Momentum term to be added to speed up the convergence

The term VE, is given by

P _ p p

VE, = = , ,
POW() | AW, (1) W, (t) W, (t)

oE [aEp oE an

Where W (t) = (W, (t),W,,(t),W, (1)) : fuzzy connection weights
W‘ji (t) = (\N\mji (t)’W\aji (t)’W\ﬁji (t)) and W\kj (t) = (\N‘mkj (t),W‘akj (t)’W\ﬁkj (t)) : the
fuzzy connection weights between the input-hidden and hidden-output layer neurons

respectively.
Consider the hidden output layer and applying chain rule,

oE, OE, onet’
oW oW

~ onet’

mkj pmk mkj

:{ 0E, 00, J@net‘pmk

ao\\pk ﬁnet\pmk oW \mkj
__(D, -0™,) 60“pk 8NET‘pk 6net‘pmk
pk "L ONET ", onet” ., | OW ",
= _(Dpk _O\\pk )O“pk (1_0‘\pk).1.o‘pj
Hence,
aEp . . R ‘
oW" " :_(Dpk -0 pk)o pk(l_o pk)'l'o oj (5.4)
mKj
Again
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OE OE, onet’

p

oW, onet,, AW,

:L 0E, 90>, Janet‘pak
00, onet’ | OW"

- 00, ONET", \onet" ,
= _(Dpk _O pk) N N N
ONET ", onet,, | W,

- - - -1\ ..
_(Dpk_o pk)O pk(l_o pk)(?)o pj

Hence,
oE, (1
6W‘akj :—(Dpk -0 pk)O pk(l—O pk). ? 0 bi (5.5)

Similarly,
oE - - - 1) .
p :—(Dpk—O pk)O pk(1—O pk).[éj.o o (5.6)

OW

ok
Thus, the egs. (5.4), (5.5), (5.6) give the oW (pt) terms for hidden — output layer.

Now, consider the input — hidden layer. Let us define the error values
%, (b,-0" )0 " (1-0"))
pmk — anetxpmk - pk pk pk

5 %0 _ (D,-0",)0 ", (1-0 )(‘ﬂ
pak _anet\pak - pk pk pk pk /* 3

% (b, -0",)0",1-0" )[1j
ppk anet\pﬂk - pk pk pk pk/* 3

pk

To obtain,
8Ep

VEO=5w0

0E, OE, 00,
W, 00" W,

_CE, [ 00", ONET, Gnetpij
060", | ONET énet,, oW,
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_ % 5 (1-0".).1.0
ao‘pj p) 4] pi

( " OE, onet,,

i 10N (1-0".).1.0,
kz_(;anet e 007, J P P P

Thus,
ok 4 . . N
: :(Zépmkw mkjjO i (1-0 pj)'l'opi (5.7)
anji k=0
Similarly,
o n ¢ \an N
a\N;ji :(ggpakw akjjo pi 1-0 pi)'(?j'opi (5.8)
OE n < )As (1
aWﬁpji :(kz_;‘gpﬂkw ﬁkjjo pi (1-0 pj)-(gj-opi (5.9)

Thus, Egs. (5.7), (5.8), and (5.9) give the VE_(t)term for the input-hidden layer

weights.
Now change in weights AW (t) for input-hidden layer and AW (t) for hidden-output layer

weights can be obtained using Eq.(5.3).
The updated weights at time t are given by

W' (t) =W (t—1)+ AW (1), for hidden-output layer
W(t) =W (t—1) + AW(t), for input-hidden layer

5.3.2 Inference

Once the fuzzy BP model has been trained for a given set of input-output patterns a
definite number of times, it is ready for inference. Given a set of patters Fp to be inferred,
where F, =(F,;,F ;- Fy) .The aim is to obtain O, , the output corresponding to F, .

Op is computed in one pass by allowing Fp to pass through the series of computations
illustrated in Egs.(5.4) and (5.5). The O“p computed by the output neurons, is the output

corresponding to F,.

5.4 Implementation of Neuro Fuzzy Controller for Active Power Filter
The following steps are performed to develop neuro fuzzy network based SAPF:
1. The input and output data of the PI controller is taken in a matrix and saved in a
file.

2. Type anfisedit in MATLAB command prompt to get the GUI.
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The saved file is called for training data under the heading of load data.
In Generate FIS, the number of membership functions, type of membership
functions of input and type of membership function of the output are assigned.

5. In Train FIS, the optimization method, error tolerance and no. of epochs are
assigned and then train the data.

6. Then Test FIS, view the graph in the GUI. If satisfied proceed otherwise go to
step 4 and 5 to change the settings for getting the target value.

5.5 Simulation Results
The simulated results of the neural network based shunt APF are studied in this
section. The load is a three phase thyristorised controlled rectifier feeing a series R-L load.
Three settings of firing angle a are considered as 0, 30° and 60°. In each case, the response
is obtained for following conditions:
e Active Filter is enabled with fixed and balanced load
e Step change in load, with active filter enabled

e Unbalanced load, with active filter enabled

5.5.1 Simulation results for rectifier fed RL load at a=0

The simulated results with at a=0 are given below under different conditions:

5.5.1.1 Active filter is enabled

Fig. 5.3 (a) shows the waveforms of load current (1 kVA load), compensating current,
source current and source voltage at a=0 with neuro fuzzy controller. The APF is initially
disabled from t=0 to t=0.5 s. The compensating current is zero and source current is same as
the load current. The source current is non sinusoidal with harmonics and has 30.64% THD.
At t=0.5 s when the APF is enabled, the compensating current is applied at point of common
coupling which makes the source current nearly sinusoidal for the same load current. The
THD of source current is now reduced to 1.53%. These waveforms show that after enabling,
the shunt APF compensates for the reactive power demand and reduces the harmonic
content in the source current. Fig. 5.3 (b) shows the waveforms of source current and source
voltage from t=0.44 s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the

system for one cycle before and after the enabling of APF.

5.5.1.2 Step change in load

Fig. 5.4 (a) shows the waveforms of load current, compensating current, source current
and source voltage at a=0 with neuro fuzzy controller. Here, initially the load is 1 kVA up to
t=0.5 s and at t=0.5 s the load is suddenly increased to 2 kVA and then, the load is brought
back to 1kVA at t=0.7 s. The amplitude of load current, compensating current and source

current also increase in response to the increase in load up to t=0.7 s, then they return to
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previous values. The source current is again found to be nearly sinusoidal. The quality of
source current is measured in terms of its THD under these loading conditions. From the FFT
analysis of source current waveforms at 1 kVA and 2 kVA, the THD is 1.53% and 1.43%
respectively. These waveforms show that after increment in load, the shunt APF continues to
compensate the reactive power and reduces the harmonic content in the source current. Fig.
5.4 (b) shows the waveforms of source current and source voltage from t=0.44 s to t=0.46 s
and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle before and after
the step change in load of APF. The transient is completed in about two cycles without any

overshoot.
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Fig. 5.3 (a) Response of active power filter at a=0 (b) Source voltage and current waveforms

for one cycle before and after the enabling of active filter
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5.5.1.3 Unbalanced load

Fig. 5.5 (a) shows the waveforms of load current, compensating current, source current
and source voltage at a=0° with neuro fuzzy controller. Here, initially the load is balanced up
to t=0.5 s and at t=0.5 s. Unbalance is introduced by applying a linear star connected load in
parallel to existing load, with Ra=40 Q, Rb=60 Q and Rc=20 Q. The amplitude of load
current, and compensating current change by applying the unbalanced load. The source
current is again found to become nearly sinusoidal. The quality of source current is
measured in terms of its THD under these loading conditions. From the FFT analysis of
source current waveforms at balanced load and unbalanced load, the THD is 1.53% and
1.48% respectively. These waveforms show that even with unbalanced load, the shunt APF
compensates the reactive power and reduces the harmonic content in the source current.
Fig. 5.5 (b) shows the waveforms of source current and source voltage from t=0.44 s to
t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle before
and after the application of unbalanced load of APF. The source current becomes balanced
after enabling APF even though the load is unbalanced.
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Fig. 5.5 (a) Application of an unbalanced load at t=0.5 s (1,=5.83 A, I,= 5.91 A and 1.:=5.87 A)

for a=0 (b) before and after the application of unbalanced load for one cycle each

5.5.2 Simulation results for rectifier fed RL load at a=30°

The simulated results with at a=30° are given below under different conditions:

5.5.2.1 Active filter is enabled
Fig. 5.6 (a) shows the waveforms of load current (1 kVA load), compensating current,
source current and source voltage at a=30° with neuro fuzzy controller. The APF is initially
disabled from t=0 to t=0.5 s. The compensating current is zero and source current is same as
the load current. The source current is non sinusoidal with harmonics and is found to have
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THD of 37.57%. At t=0.5 s when the APF is enabled, the compensating current is applied at
point of common coupling which makes the source current nearly sinusoidal unlike the load
current. The THD of source current is now reduced to 1.79%. These waveforms show that
after enabling, the shunt APF compensates for the reactive power demand and reduces the
harmonic content in the source current. Fig. 5.6 (b) shows the waveforms of source current
and source voltage from t=0.44 s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response
of the system for one cycle before and after the enabling of APF.
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Fig. 5.6 (a) Response of active power filter at a=30° (b) Source voltage and current

waveforms for one cycle before and after the enabling of active filter

5.5.2.2 Step change in load

Fig. 5.7 (a) shows the waveforms of load current, compensating current, source current
and source voltage at a=30° with neuro fuzzy controller. Here, initially the load is 1 kVA up to
t=0.5 s and at t=0.5 s the load is suddenly increased to 2 kVA and then, the load is brought
back to 1kVA at t=0.7 s. The amplitude of load current, compensating current and source
current also increase in response to the increase in load up to t=0.7s, then they return to
previous values. The source current is again found to be nearly sinusoidal. The quality of
source current is measured in terms of its THD under these loading conditions. From the FFT
analysis of source current waveforms at 1 kVA and 2 kVA, the THD is 1.79% and 1.72%
respectively. These waveforms show that after increment in load, the shunt APF continues to
compensate the reactive power and reduces the harmonic content in the source current. Fig.
5.7 (b) shows the waveforms of source current and source voltage from t=0.44 s to t=0.46 s
and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle before and after
the step change in load of APF. The transient is completed in about two cycles without any
overshoot.
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Fig. 5.8 (a) Application of an unbalanced load at t=0.5 s (1,=4.86 A, 1,=4.95 A and 1.=4.92 A)

for a=30° (b) before and after the application of unbalanced load for one cycle each

5.5.2.3 Unbalanced load

Fig. 5.8 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=30° with neuro fuzzy controller. Here, initially the load is
balanced up to t=0.5 s and at t=0.5 s. Unbalance is introduced by applying a linear star
connected load in parallel to existing load, with Ra=40 Q, Rb=60 Q and Rc=20 Q. The
amplitude of load current, and compensating current change by applying the unbalanced
load. The source current is again found to become nearly sinusoidal. The quality of source
current is measured in terms of its THD under these loading conditions. From the FFT
analysis of source current waveforms at balanced load and unbalanced load, the THD is
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1.79% and 1.75% respectively. These waveforms show that even with unbalanced load, the
shunt APF compensates the reactive power and reduces the harmonic content in the source
current. Fig. 5.8 (b) shows the waveforms of source current and source voltage from t=0.44 s
to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle before
and after the application of unbalanced load of APF. The source current becomes balanced
after enabling APF even though the load is unbalanced.

5.5.3 Simulation results for rectifier fed RL load at a=60°

The simulated results with at a=60° are given below under different conditions:

5.5.3.1 Active filter is enabled

Fig. 5.9 shows the waveforms of load current (1 kVA load), compensating current,
source current and source voltage at a=60° with neuro fuzzy controller. The APF is initially
disabled from t=0 to t=0.5 s. The compensating current is zero and source current is same as
the load current. The source current is non sinusoidal with harmonics and is found to have
THD of 64.36%. At t=0.5 s when the APF is enabled, the compensating current is applied at
point of common coupling which makes the source current nearly sinusoidal unlike the load
current. The THD of source current is now reduced to 2.28%. These waveforms show that
after enabling, the shunt APF compensates for the reactive power demand and reduces the
harmonic content in the source current. Fig. 5.9 (b) shows the waveforms of source current
and source voltage from t=0.44 s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response
of the system for one cycle before and after the enabling of APF.
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Fig. 5.9 (a) Response of active power filter at a=60° (b) Source voltage and current

waveforms for one cycle before and after the enabling of active filter
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5.5.3.2 Step change in load

Fig. 5.10 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=60° with neuro fuzzy controller. Here, initially the load is 1
kVA up to t=0.5 s and at t=0.5 s the load is suddenly increased to 2 kVA and then, the load is
brought back to 1kVA at t=0.7 s. The amplitude of load current, compensating current and
source current also increase in response to the increase in load up to t=0.7 s, then they
return to previous values. The source current is again found to be nearly sinusoidal. The
quality of source current is measured in terms of its THD under these loading conditions.
From the FFT analysis of source current waveforms at 1 kVA and 2 kVA, the THD is 2.28%
and 2.22% respectively. These waveforms show that after increment in load, the shunt APF
continues to compensate the reactive power and reduces the harmonic content in the source
current. Fig. 5.10 (b) shows the waveforms of source current and source voltage from t=0.44
s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle
before and after the step change in load of APF. The transient is completed in about two
cycles without any overshoot.
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Fig. 5.10 (a) Step change in Load of active power filter at a=60° (b) before and after the step

change in load for one cycle each

5.5.3.3 Unbalanced load

Fig. 5.11 (a) shows the waveforms of load current, compensating current, source
current and source voltage at a=60° with neuro fuzzy controller. Here, initially the load is
balanced up to t=0.5 s and at t=0.5 s. Unbalance is introduced by applying a linear star
connected load in parallel to existing load, with Ra=40 Q, Rb=60 Q and Rc=20 Q. The

amplitude of load current, and compensating current change by applying the unbalanced
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load. The source current is again found to become nearly sinusoidal. The quality of source
current is measured in terms of its THD under these loading conditions. From the FFT
analysis of source current waveforms at balanced load and unbalanced load, the THD is
2.28% and 2.24% respectively. These waveforms show that even with unbalanced load, the
shunt APF compensates the reactive power and reduces the harmonic content in the source
current. Fig. 5.11 (b) shows the waveforms of source current and source voltage from t=0.44
s to t=0.46 s and from t=0.54 s to t=0.56 s i.e. the response of the system for one cycle
before and after the application of unbalanced load of APF. The source current becomes
balanced after enabling APF even though the load is unbalanced.
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Fig. 5.11 (a) Application of an unbalanced load at t=0.5 s (1,=3.65 A, 1,=3.71 A and 1.=3.69 A)

for a=60° (b) before and after the application of unbalanced load for one cycle each
5.6 Comparision of Simulation Response

The total harmonic distortion in source current after applying the APF is shown in
Table 5.1, THDs found at a=15° and 45° have also been included. As per IEEE std. 519
[226], the source current THD should be lesser than 5%. The hybrid soft computing
techniques are introduced to get the lesser value of the source current THD which was
permissible by IEEE std. 519. The detailed comparison of all the source current THDs with
various parameters will be discussed in Chapter 7. The corresponding graph showing the
change of total harminic distortion with respect to the firing angle is reported in Fig. 5.15. As

the firing angle increses the source current total harmonic distortion also increases.
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Table 5.1 Total Harmonic Distortion for various firing angles with neuro fuzzy controller

S.No Firing angle Total Harmonic
T (ain °) Distortion (THD in %)
1 0 1.53
2 15 1.65
3 30 1.79
4 45 2.05
5 60 2.28
( )
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Fig. 5.12 Source Current THD variation with Firing angle (a) for neuro fuzzy Controller

5.7 Conclusion

This chapter explained the basics of neuro fuzzy controller, block diagram of fuzzy
Back-Propagation algorithm with flowchart and simulation study of the neuro fuzzy controller
based shunt APF. By seeing the all the results for different loads with various firing angles
we can conclude that the neuro fuzzy controller based shunt APF is effective in mitigating the
harmonics and compensating the reactive power. It is good even at higher firing angles as
the source current total harmonic distortion is below 5% which is permissible according to
IEEE-std. 519. This controller adopts the benefits of both fuzzy logic and neural network so it

is the better out of all these three controllers.
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Chapter 6: HARDWARE IMPLEMENTATION

6.1 Introduction
To validate the simulation results of soft computing techniques, a laboratory prototype
is developed which includes:

Three phase power diode bridge rectifier connected to series R-L load

2. Three phase MOSFETSs based inverter with inductors and capacitor as shunt active
power filter.

3. dSPACE based controller for effective implementation of SAF control algorithms.

In this set-up, MOSFET (IRPF 460) have been used as the switching devices for
realizing inverter which is connected with a capacitor on the DC side and a three phase
inductor on the AC side.The other hardware components as required for the operation of the
experimental set-up such as dead-band circuit, voltage and current sensor circuits, rectifier
fed R-L load as non-linear load have been designed and developed in the laboratory. The
schematic diagram for the realization of three phase shunt APF is shown in Fig. 6.1.

A Digital Signal Processor (DSP) DS1104 of dSPACE has been used for the real-time
implementation of control algorithm. By using the Real-Time Workshop (RTW) of MATLAB
and Real-Time Interface (RTI) feature of dSPACE-DS1104, the Simulink models of the
various controllers of the prototypes have been implemented. The control algorithm is first
designed in the MATLAB/Simulink software. The RTW of MATLAB generates the optimized
C-code for real-time implementation. The interface between MATLAB/Simulink and Digital
Signal Processor (DSP, DS1104 of dSPACE) allows the control algorithm to be run on the
hardware. The master bit 1/0 is used to generate the required gate pulses and seven Analog
to Digital Converters (ADCs) are used to interface the sensed line currents, supply voltages
and dc-bus capacitor voltages. The details of MATLAB based programming for dSPACE
controller is given in Appendix-B.

The development of different hardware components as required for the operation of the

hardware prototypes are discussed in the next section.
6.2 System Development

To verify the viability and effectiveness of the two level inverter based SAF for
harmonic elimination and reactive compensation, experimental investigations have been
conducted with non-linear loads. The system is developed mainly in three stages

1. Development of power circuit
2. Sensing of system parameters

3. Development of control hardware
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Fig. 6.1 Schematic Diagram of Hardware Implementation of Shunt Active Power Filter

6.2.1 Development of Power Circuit

The development of power circuit of the system is presented in this section.
The Non linear load

The non-linear load used here is the diode rectifier fed R-L load. The AC side is
connected to the power supply and R-L load is connected at the DC side.

Fig. 6.2 shows the diode rectifier fed R-L load. The non-linear nature of the rectification

produces the harmonics in AC side currents that the APF has to compensate.

I

T\

A A -

M
A

Three
Phase
Supply

Fig. 6.2 Power Circuit with R-L as the load
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Development of the active power filter

The development of APF includes the filter inductor, filter capacitor and the inverter
where three inductors are placed on the AC side of the inverter and the capacitor is placed
on the DC side.

As shown in Fig. 6.3, the inverter used here is a two level inverter consisting of six
MOSFETSs with driving circuits connected individually to each gate. The signals coming out
from the dSPACE are passed through dead band circuit where each signal is converted into
two signals with anti digital logic and small dead band between them. Each signal is going to
respective driving circuit. As six switches and six driving circuits are used here, six signals
from dead bands are required. The schematic diagram of the dead band circuit will be

discussed in the next section.

— I } I } I }
Lc Driving — Driving — Driving —
Circuit 1 Circuit 3 Circuit 5
Y yyn
Three Phase Y A == Cdc
Supply
Y Y Y\ A A
— — —
Driving — Driving — Driving —
Circuit 2 Circuit 4 Circuit 6
Driving Driving Driving
Circuit 1 Circuit 3 Circuit 5
Dead Dead Dead

Band Band Band
| Driving | Driving Driving
Circuit 2 Circuit 4 Circuit 6

Fig. 6.3 Power circuit of inverter with filter inductors and filter capacitor

6.2.2 Sensing of system parameters

In this section, the system voltage and current measurement is discussed. As in Fig.
6.1, the feedbacks which are required for the dSPACE are seven, out of which three are
supply voltages and three are supply currents and one DC voltage at the filter capacitor.

The voltage measurement or voltage sensing circuit for both AC and DC are same. The

required circuits are as follows:

6.2.2.1 Voltage sensing circuit

The voltage sensing circuit consists of an isolation amplifier AD202JY with input signal
connected at 1 and 2 terminals passing (Fig.6.4) through a potential divider of required
values, input power supply to 31 and 32 terminals from +12 V DC supply and the output is

taken from 37 and 38 terminals.
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Fig. 6.4 Voltage Sensing Circuit

6.2.2.2 Current sensing circuit
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Fig. 6.5 Current Sensing Circuit

The ac source currents have been sensed using the PCB-mounted Hall-effect current

6.2.3 Development of Control Hardware

current sensing scheme is shown in Fig. 6.5.

sensors (TELCON HTP25). The HTP25 is a closed loop Hall effect current transformer
suitable for measuring currents up to 25 A. This device provides an output current into an
external load resistance. These current sensors provide the galvanic isolation between the
high voltage power circuit and the low voltage control circuit and require a nominal supply
voltage of the range £12V to +15V. It has a transformation ratio of 1000:1 and thus, its output

is scaled properly to obtain the desired value of measurement. The circuit diagram of the

This section include two circuits under control hardware

1. Dead Band Circuit
2. MOSFET Driver Circuit
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6.2.3.1 Dead Band Circuit

The dead band circuit is used to provide the two anti phase signals to the upper and
lower switches of a leg of the inverter with a small time gap between the switch on and off of
the two switches.

2k 103AEC
—AAA f4
v AN
R c
+5V 1 | _
—_— | e o o Signal 1
Signal from ‘! ] i
dSPACE ) v g
Sm— ' . [ ] l I ] . . ]
l 1 + Ground
Ground
MC74ACO4N 74LS03T3 -
T\
"A'A"
R 2k |
C T 103AEC

Fig. 6.6 Dead Band Circuit

The circuit diagram of dead band circuit is shown in Fig. 6.6. In the dead band circuit
two logic gates NAND and NOT are used. The NAND gate gives signal 1 to the upper switch
and the NOT gate gives signal 2 to the lower switch. The signal from dSPACE and +5V DC
are used as inputs. The combination of RC will provide the necessary dead band between

the signals.

6.2.3.2 MOSFET Driver Circuit

Fig. 6.7 shows the driver circuit and snubber circuit for MOSFET. The driving circuit
consists of an opto coupler to isolate the signal from input to the output. The opto coupler
MCT2E isolates the signal from dead band to the gate signal. There are two grounds. One is
at the input of opto coupler with firing pulses and +5V DC supply and other is at output with
gate. There is an individual supply of +12V DC from the rectified AC supply to be given at the
output to get the +12V pulses at the gate. The snubber circuit with air cored resistor, power
diode, capacitor and MOV is connected to drain and source terminals of the MOSFET. Fig.
6.7 shows the driving circuit and snubber circuit of the MOSFET.

The +12V DC supply can be obtained by rectifying the AC supply. First, the 230V AC
supply is transformed to 18V by a 230V/18V transformer and rectified to DC supply by using
diodes. The capacitors are used to smoothen the rectified dc and regulator L7812CV and

Zener Diodes are used to obtain the DC voltage of +12V.
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Fig. 6.7 MOSFET Driving Circuit

6.3 Experimental Results

The experimental results are taken for Pl and fuzzy logic based controllers. The steady
state and transient state responses are recorded in each case. The response of the DC
capacitor voltage at variation in load is also captured for these controllers. The results are
compared with the corresponding simulation results.

Fig. 6.8 shows the experimental results of the steady state performance of load current,
compensating current, source current and source voltage. Fig. 6.8(a) is for Pl controller and
Fig. 6.8(b) is for fuzzy logic controller. The Fig. 6.8(b) shows the improvement of source
current in the fuzzy logic case. The THD of the fuzzy logic case (5.7%) is lower than that of

PI1 controller case (6.3%) is shown in Fig. 6.20.
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Fig. 6.8 Experimental performance of APF with (a) PIC and (b) FLC : (1) load current (scale:
1 A/div), (2) compensating current (scale: 1 A/div), (3) source current (scale: 1 A/div) and (4)

source voltage (scale: 50 V/div)

Fig. 6.9 shows the simulation results of steady state performance of the load current,
compensating current, source current and source voltage corresponding to experimental

results of Fig. 6.8.
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Fig. 6.9 Simulation of Steady State performance of APF (voltage rating brought down to the
level of experimental value) with (a) Pl and (b) FLC

Fig. 6.10 shows the source current and source voltage of Fig.6.8 on same plane to
emphasize that they are also in same phase. As these two waves are aligned properly, the
power factor is almost unity. Fig. 6.10(a) is for Pl controller and Fig. 6.10(b) is for fuzzy logic

controller.
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(a) (b)

Fig. 6.10 Experimental performance of APF using (a) Pl and (b) FLC : (3) source current
(scale: 1 A/div) and (4) source voltage (scale: 20 V/div)

Fig. 6.11 shows the simulation results showing the source voltage and source current.
The power factor in simulation results is also almost unity. Fig. 6.11(a) is for the PI controller
and Fig. 6.11(b) is for fuzzy logic controller. The experimental results of Fig. 6.10 are found
similar to the simulation results of Fig. 6.11 under same operating conditions.
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Fig. 6.11 Simulation results of steady state performance of APF using (a) Pl and (b) FLC for
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experimental parameters for source voltage and current

Fig. 6.12 shows the experimental results of the dynamic performance of load current,
compensating current, source current and source voltage. The dynamic nature follows due to
a step increase in load. Fig. 6.12(a) is for Pl controller and Fig. 6.12(b) is for fuzzy logic
controller. The Fig. 6.12(b) shows the improvement of source current in the fuzzy logic case.
The THD of the fuzzy logic case is better than that of PI controller case as can be seen from

Fig. 6.20 and Fig. 6.21. This is the comparison of Pl and fuzzy logic controller cases.
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Fig. 6.12 Experimental (Dynamic) performance of APF using (a) Pl and (b) FLC for step
increase in load: (1) load current (scale: 1 A/div), (2) compensating current (scale: 1 A/div),

(3) source current (scale: 1 A/div) and (4) source voltage (scale: 50 V/div)

Fig. 6.13 shows the simulation results of dynamic state performance of the load
current, compensating current, source current and source voltage. The simulations are
conducted at the operating conditions same as in experimentation to see the comparison
with experimental results. Fig. 6.13 is for Pl and fuzzy logic controllers. These waveforms for

the step increase in load show that compensating current also increases without perceptible

delay.
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Fig. 6.13 Simulation results of dynamic performance of APF using (a) Pl and (b) FLC for step

increase in load for experimental parameters

Fig. 6.14 shows the simulation results of dynamic state performance of the load
current, compensating current, source current and source voltage. The simulations are

conducted at the operating conditions same as in experimentation to see the comparison
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with experimental results. Fig. 6.14 is for Pl and fuzzy logic controllers. These waves are for

the step decrease in load.
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Fig. 6.14 Experimental (Dynamic) performance of APF using (a) Pl and (b) FLC for step
decrease in load: (1) load current (scale: 1 A/div), (2) compensating current (scale: 1 A/div),
(3) source current (scale: 1 A/div) and (4) source voltage (scale: 50 V/div)

Fig. 6.15 shows the simulation results dynamic state performance of the load current,
compensating current, source current and source voltage. The Fig.6.15 is for Pl and fuzzy
logic controllers. So, the comparison between Pl and fuzzy logic controller in simulation
results of experimental parameters is also shown. These waves are for the step decrease in
load.
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Fig. 6.15 Simulation results of dynamic performance of APF using (a) Pl and (b) FLC for step

increase in load for experimental parameters

Fig. 6.16 shows the DC capacitor voltage and source current with step increase in

load. It shows that the change in DC capacitor voltage with respect to source current and the
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change is less in fuzzy logic case (Fig. 6.16(a)) when compared to that of PI controller case
(Fig. 6.16(b)). Fig. 6.17 shows the simulation results of the DC capacitor voltage for Pl and
fuzzy logic cases with same axis. It is clear that the fuzzy logic case attains the steady state

early and the change from steady state is less in case of fuzzy logic controller case.
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Fig. 6.16 Experimental (Dynamic) performance of APF using (a) Pl and (b) FLC for step
increase in load: (3) source current (scale: 1 A/div) and (4) DC link voltage (scale: 50 V/div)
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Fig. 6.17 Simulation of step increase in load for DC link voltage

Fig. 6.18 shows the DC capacitor voltage and source current with step decrease in
load. It shows that the change in DC capacitor voltage with respect to source current and the
change is less in fuzzy logic case (Fig. 6.18(a)) when compared to that of PI controller case
(Fig. 6.18(b)). Fig. 6.19 shows the simulation results of the DC capacitor voltage for Pl and
fuzzy logic cases with same axis. It is clear that in fuzzy logic case the steady state is

achieved earlier and the deviation from steady state is less in case of fuzzy logic controller.
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Fig. 6.18 Experimental (Dynamic) performance of APF using (a) Pl and (b) FLC for step
decrease in load: (3) source current (scale: 1 A/div) and (4) DC link voltage (scale: 50 V/div)
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Fig. 6.20 Experimental spectral analysis for source current in (a) PI controller (b) fuzzy logic

controller
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FFT analysis
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Fig. 6.21 Simulation results of spectral analysis for source current in (a) Pl controller (b)

fuzzy logic controller

Fig. 6.20 shows the spectral analysis of the source current in experimentation for PI
and fuzzy logic controller cases. Fig. 6.21 shows the spectral analysis for the source current
for simulation study with experimental parameters. It is seen that the total harmonic distortion
for fuzzy logic case is the least out of the two controllers.

The comparison of experimental and simulation results are almost the same in case of
waveforms and total harmonics distrotion of the source current. The same fact is again
tabulated in Table 6.1. It shows the total harmonic distortion in Pl and fuzzy logic controllers

for simulation and experimentation.

Table 6.1 Source current THD (%) for Pl and fuzzy logic cases in simulation and

experimentation

Source Curent THD (%) Pl Fuzzy Logic
Simulation 4.86 3.87
Experimentation 6.30 5.70
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6.4 Conclusion

This chapter has given the details of the hardware implementation related to this work.
The power and control circuits have been briefly explained with circuit diagrams. The
experimental results for all the parameters are given in this chapter. The simulation results
for the experimental parameters are also reported for the comparison with experimental
results. The comparison of Pl and fuzzy logic controller is also given in simulation and
experimental results. It is shown that fuzzy logic control gives improved results for both
steady state and dynamic conditions as compared to PI controller.
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Chapter 7: PERFORMANCE COMPARISON OF ALL METHODS

7.1 Introduction

In this chapter, comparison of the simulation and hardware results for different
controllers, are presented. Performance results for before and after the compensation with Pl
controller are presented. After that the performance of soft computing controllers like Fuzzy
logic, Neural Network and Neuro Fuzzy over a range of firing angle of the load rectifier are
compared.

7.2 Comparison of source current THD and power factor before and after the

compensation for Pl controller

As in Fig. 2.6, a three phase non-linear load is considered to be supplied from three
phase mains. Two values of loading are considered, 1kVA and 2kVA and for this R, L
combination is adjusted as the firing angle (a) of rectifier is varied. A star connected R load
with Ra=40Q, Rb=20Q and Rc=60Q is connected in parallel to the 1kVA non linear load to
study the unbalanced load condition. Table 7.1 shows the THD and power factor for 1 kVA, 2
kVA and for unbalance before compensation. The source voltage and source current before
compensation is shown in Fig. 7.1. The THDs and power factors are seen to be increasing
as firing angle setting is changed from a=0 to a=60°. As in Fig. 7.1, the source current THD is
distorted due to the harmonics. In this case as the firing angle is 0, the reactive power
demand is negligible.

15 T T T T T T T T

Source Voltage (V) *0.1
&
Source Current (A)

. I I 1 I I I I I I )
18.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.2
Time(s)

Fig. 7.1 Source voltage and source current before compensation (Balanced non-linear load
of 1kVA at a=0)

When the APF is enabled, the source voltage and current corresponding to Fig. 7.1

are shown in Fig. 7.2. The shape of source current is sinusoidal now and also in phase with
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the source voltage. The controller used in this set up is PI type of controller and the

corresponding THDs and power factors are tabulated in Table 7.2. The THDs are in the

permissible limits by IEEE guidelines and they keep on increasing with firing angle. The

power factors are almost the same for all the cases showing that the reactive power is almost

compensated.
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15

Source Current (A)

8.1

0.11

0.12

0.13

0.14

0.15
Time(s)

0.16

0.17

Fig. 7.2 Source voltage and source current after compensation

0.2

Table 7.1 Total Harmonic Distortion of source current (%) and Fundamental Power Factor for

various firing angles before compensation

Before Compensation

Firing THD of source current PF
angle (a) | 1 kvA 2 kVA UB 1 kVA 2 kVA UuB
0 30.64 30.88 16.44 0.99 1.00 0.99
15 31.24 31.07 16.53 0.97 0.96 0.96
30 37.57 36.71 19.76 0.91 0.89 0.93
45 46.82 45.27 24.57 0.79 0.78 0.89
60 64.36 62.56 33.43 0.66 0.64 0.84

Table 7.2 Total Harmonic Distortion of source current (%) and Fundamental Power Factor for

various firing angles after compensation

After Compensation (PI)

Firing THD of source current PF
angle (a) | 1 kVA 2 kVA UB 1 kVA 2 kVA uUB
0 2.93 2.88 2.73 1.00 1.00 1.00
15 3.25 3.15 3.12 1.00 1.00 1.00
30 4.00 3.12 3.93 1.00 1.00 1.00
45 4.35 4.26 4.32 1.00 1.00 1.00
60 5.97 4.37 5.38 0.99 0.99 0.99
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The comparison of source current THD before and after enabling APF is again shown
in Fig. 7.3, Fig. 7.4 and Fig. 7.5 for 1kVA, 2 kVA and unbalance respectively. The THD after
compensation in all cases is seen to be much less when compared to that of before
compensation case. The THDs increase with firing angle without APF. However, its change
is very less when the APF is enabled.
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Fig. 7.3 Total Harmonic Distortion with respect to firing angle before and after compensation
for 1 kVA
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Fig. 7.4 Total Harmonic Distortion with respect to firing angle before and after compensation
for 2 kVA
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Fig. 7.5 Total Harmonic Distortion with respect to firing angle before and after compensation
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The comparison of power factor before and after enabling the APF is shown in Fig.

7.6, Fig. 7.7 and Fig. 7.8 for 1 kVA, 2 kVA and for unbalance respectively. In all these case

the power factor is almost unity showing that the reactive power is perfectly compensated in

all the cases.
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Fig. 7.6 Power Factor with respect to firing angle before and after compensation for 1 kVA
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Fig. 7.8 Power Factor with respect to firing angle before and after compensation for

unbalance in load

7.3 Performance comparison of all controllers

With PI controller, it is observed in the previous section that the THDs have been
fairly low. However, at a=60° setting, the THD becomes 5.97% crossing the permissible limit
as can be seen from Table 7.2 for 1 kVA load setting. In general, Pl controller offers
satisfactory performance for a fixed load. Its parameter need to be retuned for a different
load settings. To overcome this problem, soft computing techniques are used in place of Pl

controller. The soft computing techniques used here are Fuzzy, Neural Network and Neuro
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Fuzzy. The THDs offered by all these controllers for 1 kVA load are shown in Table 7.3, that
of 2 kVA load is shown in Table 7.4 and for unbalanced load are shown in Table 7.5.

In Table 7.3, the THD of the source current with various controllers namely PI
controller, fuzzy and neural network and neuro fuzzy controller are tabulated for various firing
angles from a=0 to a=60° for 1kVA load. The neuro fuzzy controller gives improved results
when compared to other controllers and the THD at firing angle a=0 is the least in each
controller.

Table 7.4 and Table 7.5 present the source current THD with various controllers and
various firing angles for 2 kVA and unbalanced load, respectively. Here, again the

performance of neuro fuzzy controller is found to be superior to all the types.

Table 7.3 Source current THD (%) with 1kVA load for various firing angles and various

controllers

Firing

angle Pl FL NN NF
(a)
0 2.93 2.71 2.43 1.53
15 3.25 2.82 2.63 1.65
30 4.00 2.88 2.85 1.79
45 4.35 3.25 3.12 2.05
60 5.97 3.45 3.21 2.28

Table 7.4 Source current THD (%) with 2kVA load for various firing angles and various

controllers

Firing

angle PI FL NN NF
(a)
0 2.88 2.65 2.33 1.43
15 3.15 2.75 2.55 1.58
30 3.12 2.79 2.78 1.72
45 4.26 3.18 3.05 2.01
60 4.37 3.33 3.15 2.22

various controllers

Table 7.5 Source current THD (%) with unbalance in load for various firing angles and

Firing

angle Pl FL NN NF
(a)
0 2.73 2.69 2.35 1.48
15 3.12 2.78 2.57 1.61
30 3.93 2.82 2.76 1.75
45 4.32 3.22 3.08 2.03
60 5.38 3.38 3.16 2.24
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The corresponding graph for comparing the all controllers is shown in Fig. 7.9, Fig.
7.10 and Fig. 7.11 for 1 kVA, 2 kVA and for unbalanced load respectively. In all the cases the
source current THD is plotted with respect to the firing angle. The neuro fuzzy controller has
the least THD in all the cases and while the PI controller has the highest THD.

Table 7.6 Power Factor with 1kVA load for various firing angles and various controllers

Firing

angle PI FL NN NF
(a)
0 1.00 1.00 1.00 1.00
15 1.00 1.00 1.00 1.00
30 1.00 1.00 1.00 1.00
45 1.00 1.00 1.00 1.00
60 1.00 1.00 1.00 1.00

Table 7.7 Power Factor with 2kVA load for various firing angles and various controllers

Firing

angle Pl FL NN NF
(a)
0 1.00 1.00 1.00 1.00
15 1.00 1.00 1.00 1.00
30 1.00 1.00 1.00 1.00
45 1.00 1.00 1.00 1.00
60 1.00 1.00 1.00 1.00

Table 7.8 Power Factor with unbalance in load for various firing angles and various

controllers

Firing

angle Pl FL NN NF
()
0 1.00 1.00 1.00 1.00
15 1.00 1.00 1.00 1.00
30 1.00 1.00 1.00 1.00
45 1.00 1.00 1.00 1.00
60 1.00 1.00 1.00 1.00

In Table 7.6, the power factor with various controllers namely PI controller, fuzzy and
neural network and neuro fuzzy controller are tabulated for various firing angles from a=0 to
a=60° for 1 kVA load. In all the cases, the power factor is unity showing that the control
method provides unity power factor with all the controllers. We can conclude that the reactive

power is completely compensated in this control method irrespective of type of the controller.
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Table 7.7 and Table 7.8 present the power factors with various controllers and
various firing angles for 2 kVA and unbalanced load, respectively. Here, again the reactive
power is completely compensated.
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Fig. 7.9 Source current THD (%) with various firing angles for 1kVA load for various
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Fig. 7.10 Source current THD (%) with various firing angles for 2kVA load for various

controllers
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Fig. 7.11 Source current THD (%) with various firing angles for unbalance in load for various
controllers
A further insight on the harmonic contents is obtained by spectral analysis. A
representative case of neuro fuzzy controller is taken here since this is found to be best
among all the controllers considered in this work.The spectral analyses for the neuro fuzzy
controller before and after compensation is shown in Fig. 7.12 for firing angle a=0, Fig. 7.13
for firing angle a=30° and Fig.7.14 for firing angle a=60°.
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Fig. 7.12 FFT analysis for source current (a) before and (b) after compensation with 1kVA
load for firing angle a=0 and neuro fuzzy controller
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Fig. 7.12 shows the FFT analysis of the source current for neuro fuzzy controller at
firing angle a=0. In Fig. 7.12 (a) the FFT analysis before the application of the APF is shown
and it is 30.64% with some harmonics in the FFT analysis. In Fig. 7.12 (b) the FFT analysis
after the application of the APF is shown and it is 1.53% with very less harmonics in the FFT
analysis showing that the harmonics are almost mitigated. The corresponding current value
is also reduced from 3.25 A to 3.21 A.
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Fig. 7.13 FFT analysis for source current (a) before and (b) after compensation with 1kVA

load for firing angle a=30° and neuro fuzzy controller

Fig. 7.13 shows the FFT analysis of the source current for neuro fuzzy controller at
firing angle a=30°. In Fig. 7.13 (a) the FFT analysis before the application of the APF is
shown and it is 37.57% with some harmonics in the FFT analysis. In Fig. 7.13 (b) the FFT
analysis after the application of the APF is shown and it is 1.79% with very less harmonics in
the FFT analysis showing that the harmonics are almost mitigated. The corresponding
current value is also reduced from 3.28A to 3.25A.

Fig. 7.14 shows the FFT analysis of the source current for neuro fuzzy controller at
firing angle a=60°. In Fig. 7.14 (a) the FFT analysis before the application of the APF is
shown and it is 64.36% with some harmonics in the FFT analysis. In Fig. 7.14 (b) the FFT

analysis after the application of the APF is shown and it is 2.28% with very less harmonics in
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the FFT analysis showing that the harmonics are nearly mitigated. The corresponding current
value is also reduced from 3.32 to 3.29.

FFT analysis

Fundamental (50Hz) = 3.32, THD= 64.36%
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Fig. 7.14 FFT analysis for source current (a) before and (b) after compensation with 1kVA

load for firing angle a=60° and neuro fuzzy controller

7.4 Conclusion

The comparison of the source current THD for shunt APF with different types of
controller namely Pl, Fuzzy Logic, Neural network and neuro fuzzy is presented. The
effectiveness of neuro fuzzy controller is established through the detailed presentation of
results. The spectral analyses for neuro fuzzy controller for various firing angles before and
after compensation is also presented in this chapter. These analyses show the variation with

firing angle for before and after compensation. The firing angle 0 analysis is better than that
of other angles.
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Chapter 8: CONCLUSIONS AND FURTHER SCOPE OF WORK

8.1 Conclusions

The use of power electronic converters for converting and controlling electrical power is
rapidly increasing to achieve high efficiency, improved performance, compactness and power
saving. These processes, however, suffer from many power quality problems, mainly related
to harmonics and reactive power.

From the available literature, it emerges that the APF is a viable solution for these
power quality problems while using power electronic converters. Many topologies are
developed to compensate the current and voltage harmonics, reactive power, unbalance etc.
The use of voltage source PWM converter based shunt APFs are researched widely due to
its high efficiency, light weight, low cost and expandability to multi level and multi-step
configurations.

In this thesis, a shunt APF is presented in which issues related to design and control
are developed in detail. The developed system is investigated for compensating the
harmonics, reactive power and input balancing in three phase three wire system. It is a
simple and cost effective solution, especially for low and medium power applications. A
current controlled voltage source PWM converter with inductor at ac side and capacitor at dc
side is used as a shunt APF. The control technique used here is the unit voltage template
method. In this method, the unit voltage templates are generated by dividing each voltage
wave with its maximum value. The output of dc capacitor voltage controller is multiplied by
these voltage templates to generate the reference currents which are having the magnitude
as the output of the controller and the frequency of the source voltage. The error generated
between the reference current and actual source current is processed in hysteresis controller
to generate the required gating signals for the inverter.

Extensive simulations have been carried out for steady state, transient state and
unbalanced load conditions, first using a PI controller. The performance is investigated for (a)
balanced load, (b) unbalanced load, (c) step change in load. The firing angle of the rectifier
representing a non linear load is varied for achieving the wide variation in harmonic contents
and reactive power requirement in non-linear load. The simulation results are obtained in
terms of waveforms of load current, compensating current, source current and source
voltage under above mentioned loading conditions. The variation of source current THD for
various load settings are studied. In order to further verify the simulation results, a prototype
is developed in the laboratory with diode rectifier fed RL load as the non linear load. The
MOSFET based shunt active power filter is used in this experimentation. Various waveforms
are captured in this work like load current, compensating current, source current and source
voltage, DC link voltage and spectral analysis for getting total harmonic distortion in both
steady state and transient state.
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Pl controller parameters need to be changed for each load setting to obtain the
minimum value of total harmonic distortion. This is not possible when the load is changed
suddenly or is frequently varied. So, the artificial intelligent techniques are developed in this
thesis to make this action automatic. The artificial intelligent techniques used in this work are
fuzzy logic, neural networks and neuro fuzzy.

The fuzzy logic controller is designed based on the mamdani method of fuzzy inference
system. In this method, the error, change in error and the output of the controller are
designed for the controller with triangular membership functions. In neural network, the Back-
Propagation algorithm is used to train the network. In neuro fuzzy controller, the triangular
membership function is used for the fuzzy case and the Back-Propagation is used for the
neural network case.

In all cases of PI, fuzzy logic, neural network and neuro fuzzy controllers, the harmonic
mitigation and the reactive power compensation is achieved. Out of all these methods, neuro
fuzzy controller performs the better compared to all the other three methods by utilizing the
advantages of both fuzzy logic and neural network methods. The simulation results
corresponding to the each controller for steady state and transient, for variation in the firing
angle, for balanced, step change in load and unbalanced loads are presented in this thesis.

The entire range of work carried out in this thesis is shown in Table 8.1.

Table 8.1 Simulation and Experimental work presented in this thesis

Performance of

) . . Fuzzy Neural Neuro
active power filter in Controllers PI _
_ Logic Network Fuzzy
this work
) ] Active Filter is enabled Y Y Y Y
Simulation Study i
Step change in load Y Y Y Y
(a=0° 30° and 60°)
Unbalanced load Y Y Y Y
) Steady state Y Y N N
Experimental Study
Transient (increase and
(a=0°) Y \'% N N

decrease in load)

Y: The work has been included in this work

N: The work has not been included in this work
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8.2 Further Scope of the work
After having accomplished this work, the author believes that the following more
studies can be done for performance enhancement:

1. Atwo level inverter is used in this work and there is a possibility to upgrade this work
by using a multilevel inverter to get the advantages of the multilevel inverter.

2. Various types of artificial intelligent controller are used as voltage controller. The
same step can be extended to change the current control from hysteresis controller to
artificial intelligent controllers.

3. There are other types of intelligent controllers based on genetic algorithm, ant colony
algorithm, particle swarm algorithm and so on. They can also be tried as voltage or
current controllers.

4. The other complex power electronics loads such as matrix converters can also be
considered to investigate the performance of artificial intelligent techniques suggested

in this work.
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APPENDIX - A

In this appendix, the selection of Pl controller parameters (proportional and integral
constants) is explained. The method used is the trial and error method. In this method, the
integral constant is taken as small as possible and keeps on changing the proportional
constant. After reaching the best proportional constant according to the best total harmonic
distortion, the proportional constant is kept constant and then the integral constant keeps on
increasing to get the best integral constant according to total harmonic distortion.

These two values are set as the proportional and integral constants for the PI
controller. These two values are different for different loads. So, the artificial controller comes
into picture. These two values set for Pl controller in this work is for 1kVA load by taking the
number of samples of proportional and integral constants as explained above and is shown
in a Table below.

Table A1l. Selection of the best proportional and integral constants

Changing k, by keeping k; constant at one
Load Ky Ki THD
0.51 1 3.18
0.52 1 3.21
0.53 1 3.29
0.54 1 3.11
0.55 1 3.08
LkVA 0.56 1 2.99
0.57 1 3.04
0.58 1 3.24
0.59 1 3.31
0.6 1 3.35
Changing k; by keeping k, at adjusted
value
Load Ky K; THD
0.56 2 3.45
0.56 3 3.15
0.56 4 3.22
0.56 5 3.27
0.56 6 3.19
0.56 7 3.16
0.56 8 3.12
LkVA 0.56 9 3.00
0.56 10 2.93
0.56 11 2.97
0.56 12 3.06
0.56 13 3.17
0.56 14 3.22
0.56 15 3.34

Hence, proportional constant and integral constant are selected as 0.56 and 10 respectively
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APPENDIX - B

In this appendix-B, the MATLAB simulink program used in the experimentation is
shown in Fig. B1. The ADC signals C5, C6 and C7 are the sensed currents of phase A,
phase B and phase C respectively. The Mux ADC signals are the sensed voltages of phase
A, phase B and phase C. The ADC signal C8 is the sensed voltage at DC link capacitor. The
signals g1, g3 and g5 of Control Circuit block are taken from the input output channel in LED
panel to generate signals to the dead bands which are discussed in chapter 6 as shown in
Fig.6.6. Finally, seven inputs (ADC C5, C6, C7, C8 and Mux ADC) and three outputs g1, g2
and g3 are associated in this work.
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Fig. B1. MATLAB Simulink diagram for performing the experimental validation for active
power filter using d’'SPACE

Fig. B2 is the Control Circuit block of Fig. B1. The unit voltage template method is
used in this work. The function block, Fcn, generates the maximum value of each phase and
each voltage wave is divided by this maximum value to get the unit voltage template.
Multiplication of this wave with output of controller gives the reference current wave form.
Comparing each current with this reference current and sending this error though hysteresis
controller and data type conversion provide the required signals to dead bands g1, g3 and
g>5.
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Fig. B2. Control Circuit of Fig. B1
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