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CHAPTER 1

Introduction

1.1 Introduction

Today, the situation on AC systems has become a serious concern. In addition to
external disturbances, such as outages, sags and spikes due to switching and atmospheric
phenomenon, there are inherent, internal problems specific to each site, resulting from
the combined use of linear and non-linear loads. Untimely tripping of protection
devices, harmonic overloads, high levels of voltage and current distortion, temperature
rise in conductors, transformers and generators all contribute to reducing the quality and
the reliability of AC systems. The above disturbances are well understood and directly
related to the proliferation of loads consuming non-sinusoidal current, referred to as
"non-linear loads". This type of load is used for the conversion, variation and regulation
of electrical power in commercial, industrial and residential installations. Moreover,
recent studies show that the consumption of non-linear loads will sharply increase in the
years to come [1].

With the increasing numbers of non-linear loads appearing in electricity supply
networks, utility companies are now restricting negative effects by imposing strict

limitations on the combined effects these loads impose on their systems. The benefits of

1
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increased demands on the system are thus offset by problems with the local electric
utility with regard to maintaining power quality limits. Generally speaking, disturbances
phenomena in the power supply system become more pronounced with more number of
non-linear loads. Consequently, power-conditioning equipment is becoming more
important for electric utilities and their customers.

The control or mitigation of the power quality problems may be realized through
the use of harmonic filters. Harmonic filters, in general are designed to reduce the
effects of harmonic penetration in power systems and should be installed when it has
been determined that the recommended harmonic content has been exceeded. Shunt
passive filters have been widely used by electric utilities to minimize the harmonic
distortion level [2,3]. They consist of passive energy storage elements (inductors and
capacitors) arranged in such a way to provide a low impedance path to the ground just
for the harmonic component(s) to be suppressed. However, harmonic passive filters
cannot adjust to changing load conditions; they are unsuitable at distribution level as
they can correct only specific load conditions or a particular state of power system [4,5].

Due to the power system dynamics and the random-like behavior of harmonics,
consideration has been given to power electronic equipment known as an active power
filter. An active power filter is simply a device that injects equal but opposite distortion
into the power line, thereby canceling the original power system harmonics and
improving power quality in the connected power system. This waveform has to be
injected at a carefully selected point in a power system to correct the distorted voltage
and current waveforms. The power converter used for this purpose has been known by
different names such as: active power filter and active power line conditioner. The rating
of the power converter is based on the magnitude of the distortion current and operated
at switching frequency dedicated by the desired filter bandwidth. In addition to its
filtering capability, this power converter can be used as a static var compensator
(Statcom) to generate a dynamic capacitive or inductive current to compensate for the
reactive power drawn from the load and to compensate for other disturbances such as
voltage flicker.

Although, the concept of active power filtering was first introduced in 1971 by

Sasaki and Machida who proposed implementation based on linear amplifiers [6], and
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further improved in 1976 by Gyugyi et.al, who proposed a family of active power filter
systems based on PWM current source inverters (CSI) and PWM voltage source
inverters [7], these designs remained either at the concept level or at laboratory level due
to the lack of suitable power semiconductor devices.

Due to recent developments in the semiconductor industry, power switches such
as the insulated gate bipolar transistor (IGBTSs) with high power rating and the capability
of switching at high frequency, are available on the market. This makes the application
of active power filters at the industrial level feasible. Several active power filter design
topologies have been proposed. They can be classified as:

e Shunt active power filter [8].

e Hybrid Shunt active filter [9].

e Series active power filter [10].

e Hybrid series active power filter [11].

However, there are some major drawbacks associated with the inverter based
active filters that may limit their operations. First, they usually employ relatively large
dc-link capacitors, which increases the cost of the filter [12]. Moreover, the switching
frequency of these filters is in the range of 20-30 kHz, which results in increased
switching losses [13]. Finally, the three-phase inverter performance tends to deteriorate
for unbalanced load currents or unsymmetrical supply voltages, especially in three-
phase four-wire distribution systems. Three single-phase inverters may provide a better
performance at the expense of cost increases [14].

As an alternative to overcome some of these problems, topologies based on
switched capacitor (SC) filters and lattice structures have been proposed [15-18]. They
offer good performance in terms of mitigation of harmonic distortion with smaller
capacitor size and lower switching frequency. However, their control circuits are rather
complicated requiring optimization techniques for the generation of gating signals.
Further, they are not suitable for online control especially for systems that requires fast

response due to high computation time.
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1.2 Objectives

The main objective of this research is to develop and design a practical power
conditioner solution capable of enhancing the power quality in distribution systems. The
proposed device offers the potential of responding quickly to the changes in the system
characteristics and is suitable therefore for on-line applications. This research is
motivated by the lack of suitable existing power conditioning techniques and the
demand for high filtering performance. The main topics can be outlined as follows:

e Development of circuit topology based on switched capacitor approach that

is suitable for online control for distribution systems.

e Development of an effective mathematical model that can be used for the
determination of different circuit parameters.

e Development of an easy reactive power compensation and harmonic
mitigation strategy, which reduces the switching frequency requirements of
the proposed power conditioner.

¢ Limiting the voltage across the capacitors to a range of relatively low values
to reduce switches stresses.

¢ Development of control principles to implement the filtering strategy.

o Investigating the transient performance of the scheme under different
conditions in the load and supply.

o Complete design of the active filter module

1.3 Contributions

Several aspects of this research work are novel and distinct from previous work
done in related areas.

e A new single-phase power conditioner that is based on switched capacitor

technology is presented. It presents a simple power structure and can be used for

online application. This approach allows the use of low switching frequency and

small rating switched capacitor circuit to achieve harmonic isolation and reactive

power compensation.
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e The proposed power conditioner operates with small passive elements that
reduce the cost of the scheme.

e A systematic optimization procedure that is based on a detailed code for
simulating currents and voltages in the circuit is used to determine the system
components for different applications.

e A control circuit that is completely based on analog components is used to
reduce the delay time introduced by digital circuits.

e A new control strategy for the standard hysteresis control is presented. It
provides an alternative switching scheme for hysteresis control that allows an
increase in the current tracking capability of the scheme at the worst possible
case for switched capacitor topologies: the zero crossing points of the ac line
voltage.

e With the low rating and low switching frequency characteristics, the
proposed power conditioner system has the potential for applications at the

distribution level of the utility grid.

1.4 Organization of the Thesis

The contents of the thesis is organized in the following manner:
Chapter 2 presents a literature review of the principle of operation of various power
quality-conditioning schemes. Power circuit configurations of these systems along with

their control strategies, advantages and disadvantages are presented in this chapter.

Chapter 3 describes the concept of the proposed switched capacitor based power
conditioner along with its standard control strategy. Further, a mathematical model for
the scheme that is used to determine the circuit parameters is presented. Finally, the
limitations associated with the proposed scheme while performing its function, reactive
power compensation and harmonic mitigation, are emphasized. Simulation and
experimental results are provided to prove the effectiveness of proposed power circuit

and the design methodology.
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Chapter 4 presents a modified switching scheme that aims to mitigate some of
limitations presented by the standard hysteresis control presented in Chapter 3. In
addition, simulation results to evaluate the performance of the SC filter under steady
state and transient operations to verify the effectiveness of the SC scheme and the design
methodology are presented. Finally, experimental verification with a laboratory

prototype for the modified scheme is presented.

Chapter S focuses on the application of the SC scheme in harmonic mitigation. Two
reference current generation methods that are easy to implement and can provide the
reference current with fast response, are chosen for generating the reference current for
compensating harmonic currents for a given load. Steady-state operation and transient
analysis are carried out to analyze the performance of the scheme under different
operating condition. Finally, experimental results are provided to demonstrate the

validity of the analysis and design procedure.

Chapter 6 summarizes the contribution of the research. Suggestions for future research

work are also included.
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CHAPTER 2

Background

2.1 Introduction

The flow of harmonics and reactive currents adversely affects the power system
by lowering the power factor and deteriorating the voltage quality. These harmful
effects are becoming increasingly more important for the following reasons:

e While the power demand is growing, public concerns over environmental
impacts of transmission lines and right of way costs are making it more difficult
for utility companies to build new transmission lines. The need to build new
lines is reduced if the current carrying capacity of the existing transmission
facilities is fully utilized by improving the power factor.

e Deregulation of the power industry is putting additional pressure on the utility
companies to remain competitive by improving the voltage quality and by
reducing the costly system losses.

¢ Addition of harmonics generating loads such as power electronics equipment by

consumers is increasing the level of harmonic current flow in power system.
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As a consequence to the economical significance of efficient power, a large
number of researchers have discussed this subject and power-conditioning equipment
becomes more important for electric utilities and their customers.

A literature review of the principle of operation of various power quality
conditioning schemes along with their control strategies, advantages, and disadvantages

is presented in this chapter.

2.2 Tuned or Trap Filters

Currently, the most widely used method for harmonic mitigation is the trap filter
(passive shunt connected filter) that has dominated because of its low cost, reliability
and simplicity, especially with one specific load power [1]. However, as their name
implies, they require tuning to a specific harmonic frequency. Their effectiveness is
marginal unless multiple tuned elements are incorporated. Moreover, this kind of
compensator cannot solve random variations in the load waveform, and is susceptible to
series and parallel resonance with the source impedance. As well, its compensation
characteristics are highly sensitive to the changes of the neighboring loads and the utility

impedance variations [2].

2.3 Active Filters

Figure 2.1 shows the components of a typical active power filter system and their
interco?nections. The information regarding the harmonic current generated by a non-
linear 1oad, for example, is supplied to the reference current/voltage estimator together
with information about other system variables. The reference signal from the current
estimator, as well as other signals, drives the overall system controller. This in turn
provides the control for the PWM pattern generator. The output of the PWM pattern
generator controls the power circuit via a suitable interface. The power circuit in the
generalized block diagram can be connected in parallel, series, or parallel/series
configurations, depending on the connection transformer used.

On the basis of the above, the published work in this field can be classified using

the following criteria:
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Figure 2.1 Generalized block diagram for active power filters

¥

a- power rating and speed of response required in compensated systems,

b- power circuit configuration and connections,

c- system parameters to be compensated (e.g. current harmonics, power factor,

etc,

d- control techniques employed, and

e- techniques used for estimating reference current/voltage.

The following sections classify the system according to the above criteria. This
will provide a better understanding in dealing with these systems, as it shows the merits

and drawbacks of each type.

2.3.1 Classification according to power rating and speed of response

required in the compensated system

The power rating of the compensated system and its speed of response play a
major role in deciding the control philosophy to implement the required filter. These
two factors follow a reciprocal relationship [19-21]. In general, the cost of any

particular system is proportional to the required speed of response [21].
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2.3.1.1 Low power applications

This type of application is mainly concerned with systems of power ratings
below 100 kVA. It is mainly associated with residential areas, commercial
buildings, hospitals, and for a wide range of applications employs sophisticated
techniques of dynamic active filters, especially those with high switching
frequency voltage or current source inverters. Their response time is much faster
than other techniques, rating from tens of microseconds to milliseconds and
resulting in a considerable reduction in the power compensation range as stated

above. This type comprises two categories:

o Single-phase systems. They are generally available in low power ratings {22-
-33]. They are suitable for retrofit application, such as in commercial or
residential buildings with computer loads [34], small factories, etc., where the
current can be dealt with at the point of common coupling. The main advantage
of these kinds of filters is that they can be operated at relatively higher
frequencies, as they dealt with low power, leading to improved performance.
However, in the absence of compulsory harmonic regulations [35-37], residential

customers are not likely to invest in single-phase active filters.

e Three-phase systems: For three-phase applications the choice of filters
depends on whether the three-phase are balanced or not. For balanced loads, a
single three-phase inverter can be employed [38-55]. This is acceptable if there
is no requirement to balance currents or voltages in each phase and aim is simply
to eliminate as many harmonic currents as possible, assuming that the
magnitudes and respective phase angels in each phase are the same. For
unbalanced load currents or unsymmetrical supply voltages, especially three
phase four wire systems; three single-phase inverters circuits [10] or alternative
configurations [29-33] may provide acceptable solutions. These alternative

configurations are discussed later in this chapter.

10
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2.3.1.2 Medium power applications

In this category three phase systems ranging from 100 kVA to 10 MVA are
mainly considered [56]. Medium to high voltage distribution systems and high
power high voltage drive systems, where the effect of unbalance is negligible,
fall within this classification. Here the main aim is to eliminate or reduce the
current harmonics. Because of economic considerations, reactive power
compensation using active filters at the high voltage distribution level is not
generally regarded as viable [20], because of the high voltage and its
accompanying problems of isolation and series/parallel connections of switches.
Alternative approaches, including line commutated thyristor converters and

tunable harmonic filters are considered more suitable [57-59].

2.3.1.3 High power applications

The implementation of very high power dynamic filters is extremely cost
ineffective, because of the lack of the high frequency power devices that can
control the current flow at such power rating, is a major limitation for such

systems [60,61].

2.3.2  Classification according to compensated variables

Active filters are built to improve some of the characteristics of power systems
under question. These characteristics are signified by the system parameters to be
controlled, leading to the subdivisions discussed in the following sections.

2.3.2.1 Reactive power compensation (‘VAR’ correction)

Most researchers regard reactive power compensation as not requiring
active filters [41-43,45,50]. However, compensation of power factor in
conjunction with current harmonics is fairly popular and is addressed by many
publications. On the other hand, active filter configurations rarely treat the
problem of power factor correction on its own, owing to the fact that other quasi-
dynamic cheaper and slower-in-response reactive-power compensators are
available in the market. This technique (in this case called active-power filter for

11
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reactive power compensation), if applied, would normally be suited for low
power applications, since the currents needed for reactive power compensation

are the same magnitude as the rated current of the load.

2.3.2.2 Harmonic compensation

This is the most important parameter requiring compensation in power
systems and it is subdivided into current and voltage harmonic compensation as
follows:

e Compensation of current harmonics: Compensation of current harmonics
is a very important issue for low and medium power applications and is covered
by many publications [19-21,29-33,59-60]. As mentioned above, the
compensation of current harmonics reduces to great extent the amount of
distortion in the voltage at the point of common coupling. The magnitude of the
current and its waveform determines many of the power system design criteria. It
is always recommended that the RMS value of the total current be reduced as
much as possible (to reduce cable and feeder losses). The imposition of
harmonic standards will soon oblige factories and establishments to control the
amount of harmonics they inject into the power system [36,37].

o Compensation of voltage harmonics: The subject of compensating voltage
harmonics is not widely addressed because power supplies usually have low
impedance [28,44]. The terminal voltage at the consumer point of common
coupling (PCC) is normally maintained within the standard limits for voltage sag
and total harmonic distortion and doesn’t normally vary much with loading. This
problem is usually important for harmonic voltage sensitive devices, which
require the supply to be purely sinusoidal, such as power system protection
devices. It is worth mentioning that the compensation of voltage and current
harmonics is interrelated. The reduction of voltage harmonics at the PCC helps a
great deal to reduce current harmonics, especially for the particular cases of non-
linear loads with resonance at the harmonic frequencies. However, the
compensation of the voltage harmonics at the PCC does not eliminate the need
for current harmonic compensation for non-linear loads.

12
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e Harmonic currents with reactive power compensation: The most common
and popular filters are those which compensate for both the reactive power and
the harmonic currents in order to maintain the supply current completely free of
harmonics and in phase with the supply voltage [22-24,52,53,62-66]. These
techniques have several advantages over other alternatives, as only one filter is
needed to compensate for everything, which is much more attractive than using
different types of compensators. However, because of the limits imposed by the
ratings of the power switches, one can only use this application for low power
application. The resulting switching frequencies would need to be lower for
higher-power applications, which restrict the filter under consideration to small

powers.

2.3.3 Classification according to power circuit configuration and

connections

Power circuit configurations play an important role in the selection of the
applications, as some circuits are suitable only for certain aspects of control and
power ranges, as discussed in this section and illustrated in the block diagram shown

in figure 2.2.

2.3.3.1 Shunt active filters

This class of filter configurations constitutes those most important and
most widely used in industrial processes [59-65]. It is connected to the main
power circuit, as shown in the single line diagram of figure 2.3. The purpose is
to cancel the load current harmonics fed to the supply. It can also contribute to
reactive power compensation and balancing of three phase currents, as
mentioned above. Shunt filters have the advantages of carrying only the
compensation current. It is also possible to connect several filters in parallel to
cater for higher currents, which makes this type of circuit suitable for a wide

range of power ratings. This configuration consists of two main categories of

13
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Figure 2.3 Schematic representation of shunt active filter
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circuits, namely inverter-based configurations and switched-capacitor-based
configurations. Information of these categories is discussed below.

o Inverter-Based shunt active filter: The basic block of an inverter based
active filter is shown in figure 2.4. Most of the proposed topologies employ dc-
ac converters (inverters) with IGBTs as semiconductor power switch and DSP
for control purposes [21-25, 42, 49-53, 65]. On the one hand, this results in
compactness, flexibility and better performance than passive filters but, on the
other hand, it results in higher costs. However, there are some major drawbacks
associated with the inverter based active filters that may limit their operations.
First, they usually employ relatively large dc-link capacitors (4000-9000uF),
which increase the cost of the filter [66]. In addition, they have the inherent
disadvantage that the DC voltage bus has to be regulated for proper performance,
which may complicate the control circuit. Moreover, the switching frequency of
these filters is in the range of 20-30 kHz, which increases the switching losses
[12]. Finally, the three-phase inverter performance tends to deteriorate for
unbalanced load currents or unsymmetrical supply voltages, especially in three-
phase four-wire distribution systems. Three single-phase inverters may provide a

better performance at the expense of cost increase [67].
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Figure 2.4 Inverter based shunt active filter topology

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



e Switched capacitor (SC) based shunt active filter: As an alternative to
overcome some of inverter based active filters problems, topologies based on SC
filters and lattice structures have been proposed [15-18, 68]. One of the proposed
SC schemes is shown in figure 2.5. They offer good performance in terms of
mitigation of harmonic distortion with smaller capacitor size and lower
switching frequency.  Therefore, they can be used of for high power
applications. Further discussion on the principle of operation of this topology

and different other configurations will be provided in the next chapter.
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Figure 2.5 Schematic diagram of one the of SC circuits.

2.3.3.2 Series active filters

Figure 2.6 shows the basic block diagram of a stand-alone series active
filter. The active filter in this configuration produces a PWM voltage waveform,
which is continuously added/subtracted to/from the supply voltage to maintain a
pure sinusoidal voltage wa‘veform across the load [10,56-59]. The inverter
configuration accompanying such a system is a voltage fed inverter without any
current control loops. Series active filters are less common industrially than

their rivals, shunt active filters. This is because of the main drawback that they
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have to handle high currents, which increases their current rating compared with
shunt filters, especially in the secondary side of the coupling transformer. The
main advantage of series active filter is that they are ideal for eliminating
voltage-waveform harmonics. It can provide the load with a pure sinusoidal
waveform, which is important for voltage sensitive devices such as protection
devices [26,28,43,45].
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Figure 2.6 Inverter based series active filter topology-
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2.3.3.3 Other filter combinations

Combinations of several types of filter can achieve greater benefits for
some applications
o Combination of series active and shunt passive filters: To reduce the
complexity of the previous filter combination, a shunt passive filter to provide a
path for harmonic currents of the load accompanies the inverter type series active
filter, which theoretically constitutes infinite impedance for high frequency
harmonics [69-71]. This kind of filter is quite popular because the solid-state
devices used in the active series part can be of reduced size and cost (about 5%
of the load size) and a major part of this combination is made of passive shunt
L-C filter used to eliminate lower order harmonics [72]. This combination,
represented by figure 2.7, permits an improvement over the characteristics of
plain series active filters and the extension of their capabilities to include current

harmonic reduction and voltage harmonic elimination.
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Figure 2.7 System configuration of “series active-shunt passive” filter topology

o  Combination of shunt active and passive filters: This combination shown
in figure 2.8 represents a very important mixture of passive and active inverter-
type filters. The active filter is designed to eliminate only part of the low order
current harmonics while the passive filter is designed to eliminate the bulk of the
load-current harmonics. In such combinations, the system can be designed for
higher powers without excessive costs for high-power switching [47,72]. The
main drawback of this technique is that it contains too many power components,
especially for the passive filter. Since the passive filter is always connected to
the system, this approach is only suitable for a single load with a predefined

harmonic source.
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Figure 2.8 System configuration of “shunt active-shunt passive” filter topology
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o  Combination of series and shunt active filters: This configuration is
known as “universal active filter” and its power circuit is shown in figure 2.9.
The dc-link element is hared between two inverters operating as active series and
active shunt compensators [73-75]. It is considered an ideal active filter, which
eliminates voltage and current harmonics and is capable of giving clean power to
critical and harmonic loads. However, its main drawbacks are its large cost and

control complexity because of large number of solid-state device involved.

Zs ls + sh - lL
_'I: > ' >
Inverter -
Inverter Syst
le'ldysem -‘_-L Syst;m .
Control Circut - an
% (09 e LT femm] 79 CD ASD
Circuit
Passive
. Filter e

LT

Figure 2.9 System configuration of “series and shunt active filters” filter

topology

2.3.4 Classification according control techniques

Figure 2.10 shows a convenient method of classifying the presently available
control techniques. These techniques fall into the main categories of open loop and
closed loop controls. The closed loop controls can be further subdivided into other

techniques as shown in figure 2.10.
2.3.4.1 Open loop control systems

Open loop systems sense the load current and the harmonics it contains. They

simply inject a fixed amount of power in the form of current (mainly reactive) into
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Figure 2.10 Classification of active filters according to control techniques.

the system, which may compensate for most of the harmonics and/or reactive
power available. These systems do not check how successful the compensation
has been. This has been the case with some of the traditional filtering techniques.
Such techniques may include switched passive filter baﬁks, systems with known
constant load harmonic pattern, and harmonic cancellation by third harmonic

injection [76].

2.3.4.2 Closed loop control systems

As opposed to open loop systems, the closed loop techniques incorporate a
feedback loop, which senses the required variables under consideration. These
systems are more accurate from the point of view of the amount harmonic and
reactive power reduction they can achieve. Almost all new techniques in use are
of this type. These controllers usually employ digital signal processors (DSPs).

o Constant capacitor voltage technique: This technique, which is suitable for
single and three-phase inverter configurations with a capacitor in the DC link,
relies on the fact that the capacitor voltage is the voltage source that controls the
current waveform simply by connecting the capacitor to the mains supply

through the smoothing inductor. The resulting current is then controlled by
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ordinary PWM techniques. Because energy is supplied to or taken from the DC
capacitor, the voltage across its terminals fluctuates. To keep this voltage within
limits, a reference voltage is chosen. The error difference between the actual
capacitor voltage and the reference value determines the active component of
power necessary to compensate for capacitor voltage attenuation. This error is
added to current controller error signal to determine the overall system error to
be processed by the current controller [21-26, 59-65]; This technique is very

popular as is clear from the large number of references provided.

o Constant inductor current technique: This control technique, on the other
hand, is suitable for standard converter with inductor in the DC link
[19,20,27,43,46]. The operation of the system is then very similar to that of the
constant capacitor voltage system when the capacitor voltage is replaced with the
inductor current. Although the concept is well established, it is not possible to

implement it with present power electronics technology [54].

o Optimization techniques: The optimization procedure for switched capacitor
(SC) and lattice structure circuits is the same [29-33,66]. The rate of rise of the
current and the amplitude depend mainly on the size of the capacitors and the
initial voltages on them. These factors are function of the switching pattern. The
key to controlling these filter configurations is to determine the appropriate
switching function for the switches. The main task of the system controller is to
minimize a predetermined number of individual load current harmonics, in
addition minimizing either the THD or the fundamental component of the filter
current. However, this is not performed instantaneously. A time delay exists
between the detection of a change in the harmonic current and the application of
the new set of switching angles obtained from the optimization procedure. This

system is mainly suitable for constant or slowly varying loads.

2.3.5 Classification according current/voltage reference estimation

techniques

The reference current/voltage to be processed by the control loops constitutes

an important and crucial measure for subdividing active filtering techniques. Figure
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2.11 illustrates these estimation techniques, which cannot be considered to belong to
the control loop since they perform an independent task by providing it with the
required reference for further processing. Most conventional methods of reference
estimation can be classified either as time domain or frequency domain. However,

other modern techniques exist.

Active Power System Filters

Time Frequency
Domain Domain
— Instantaneous Reactive Power Theory ' —» Fourier Transform

— Synchoronous Reference Frame

— Sliding Mode Control

Figure 2.11 Classification of active filters according to current/voltage

estimation techniques.

2.3.5.1 Frequency domain approaches

Development of compensating signals in the frequency domain is based on
the Fourier analysis of the distorted voltage or current signals to extract
compensating commands [27,39,41,77]. Using Fourier transformation, the
compensating harmonic components are separated from the harmonic polluted
signals and combined to generate compensating commands. However, the on-
line application of Fourier transform is a cambersome computation and results in

a large response time.
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2.3.5.2 Time domain approaches

Development of compensating signals in the time domain is based on
instantaneous derivation of compensating commands in the form of either
voltage or current signals from distorted and polluted harmonic voltage or
current signals. There is a large number of control methods in the time, which
are known as “Instantaneous reactive power theory” [8,42,43,46], “Synchronous

d-q reference frame” [69,78,79], “Sliding mode controller” [80,81], etc.

2.4 Conclusions

The review and classifications done in this chapter shows that there has been an
increasing concern about power quality and the availability of suitable power switching
devices at affordable prices. To facilitate understanding and selection of particular
configuration and control techniques for a given application, the classification is based
on five main criteria. The power circuit configurations of power conditioners and the
ratings of the compensated systems define the two broad categories. The other three
classification criteria are based on system parameters to be compensated control
techniques employed, and techniques used for estimating reference current/voltage.

It is obvious from the survey that a great deal of work still needs to be done;
particularly as the problems associated with generation, transmission, distribution and

consumption of power become more serious.
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CHAPTER 3

The Proposed Scheme and
Standard Control Strategy

3.1 Introduction

In this chapter an alternative switched capacitor-based power conditioner
topology that employs three bi-directional switches and two small capacitors and can be
controlled with standard hysteresis current control is proposed. The voltage across the
capacitors can be limited to a range of relatively low values by an adequate design of the
passive components. A systematic design approach based on a detailed code for
simulating currents and voltages in the circuit and a systematic optimization procedure
that resulted in graphs that allow the choice of the system components is presented.
Simulation resuits for the scheme when operating as a power quality conditioner will be
presented. Finally, the validity of the design will be confirmed with an experimental

prototype.
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3.2 Principle of Operation of a Switched Capacitor Topology

3.2.1 Basic principle of Continuous Reactive Power Compensation

The economic and technical advantages of continuously adjustable reactive
power flow have become evident to electrical engineers since early 1920’s [82]. The
principle of this method is illustrated in figure 3.1a, where the reactive power
flowing from a certain network bus into the feeder, R, L, can be settled to the desired
level by adjusting the magnitude and the phase angle of the phasor voltage e=E £ ®.
The principle can be further clarified from the graph shown in figure 3.1b when
assuming that the variable voltage source ‘e’ can be controlled to be in phase with
the voltage at the point of common coupling ‘v,..” and as a consequence the reactive

power can be made either inductive or capacitive depending only on the magnitude

of ‘e’.
i R L
A’ A S g 5 o o U
+
]
1
: Continuous
Power Viee | @ R;acme
e ower
Network : Compensator
|
]
l
=1
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Q,
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3
é } e = \2E sin(wt + )
s i=yzV —E<4
- R+ joL
o 09V LOYV 11V E if =0 and R << oL
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Q i I
L
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Figure 3.1 The principle of continuous control of KVar.

(a) Equivalent circuit. (b) Reactive power versus control voltage.
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Several schemes were proposed to perform this function such as: synchronous
condenser [83] and thyristorized static var compensator (SVC) [84]. However, the
slow response, special maintenance requirements, and low order harmonics injection
are the major limitations of these schemes.

Recent development of semiconductor switches such as insulated gate bipolar
transistor (IGBT) has started to open the door for implementation of SVC’s with
sinusoidal current (Statcom). One of the schemes that have been used to implement
this function and presents several advantages in terms of small passive elements and
low switching frequency is the switched capacitor power conditioner that will be

described in the next section.

3.2.2  Principle of Continuous Reactive Power Compensation with
Switched Capacitor (SC)

The simplest known schematic diagram of a "Switched Capacitor Topology" is
the one with two bi-directional switches and a single capacitor described in [15] as

shown in figure 3.2.

Source Choke
Inductance Inductance
s i i Lc

s L
B2 A > > N
+

y
v pee
s @ i Inductance
7o
|
- - S Y
— . 1
= o

L Filter CD ASD
i

3
|
|
|
|
|
|
|
|
|
|
|
I
|

Signal

I
|
I—D—-———-b2 s

Figure 3.2 Switched capacitor filter with non-linear load.
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Ideal waveforms for the voltage at the point of common coupling, vy,
capacitor voltage, v., and SC scheme current (compensating current), i, when the SC
scheme 1s working as static var compensator (SVC), are shown in figure 3.3. The
current ir is confined within two closely bound limits, a template, which follows the
waveform of any reference current.

Controlling the rate of change of the current in the inductor, which can be
made either positive or negative depending on which switch is on, controls the SC
scheme current. The coil voltage (vzoi = L di/dt) determines the slope of the current.
Moreover, at any moment the capacitor voltage should be bigger than the supply
voltage, vc > |Vpeo| and should have the same polarity (in phase) to allow the SC
scheme to work properly. This condition is easy to achieve due to the inrush current
during the starting of the scheme that make the capacitor voltage to be higher than
the voltage at the point of common coupling. By virtue of the inductance L¢, the
capacitor voltage will charge to a value in excess of the peak of v,... This provides
an adequate voltage for the SC scheme to begin its operation.

In fact, the magnitude of the rate of change of current in the inductor can be
calculated as follows:

b vy g i h

pece D (o]

3.1

Where k =1 if vpoo > 0, and k = -1 if v, < 0.
Therefore, the switches will operate in the following sequence, as shown in
figure 3.4:
For the positive cycle of the voltage at the point of common coupling, v,..>0:
e when S; is on, Sz is off, Voo = vpee and the rate of rise of current has the same
polarity of vy, di/dt>0.
e when S; is off, S; is on, the rate of rise of current has the opposite polarity of
Vpee SINCE, Ve > | Vpoc |, di/dt<0.
For the negative cycle of the of voltage at the point of common coupling, v..<0:
e when S; is on, S; is off, Vo = Vpee and the rate of rise of current has the same

polarity of vpcc, di/dt<0.
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e when S is off, S; is on, the rate of rise of current has the opposite polarity of

Vpee SINCE, Ve > | Vpe |, di/dt>0.

Capacitor voltage
Vc\\
DU R 4| R ,t_____ypcc<0-______’,/
Al ICompensating AN
) % N current 5%/ \LOWCI’ band
Reference |/ ™\ 4l limit
current ) R
/ / Time
TN/
|
Switching |
pattern of
switth (AN N N 1 N N
S
Switching Time
pattemof | A A — sisilm —
switch
S, .
Time

Figure 3.3 Standard hysteresis control.
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Figure 3.4 Different modes of operations for SC circuit.
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However, when the standard hysteresis current control, shown in figure 3.3, is
employed, there will be an unexpected phase shift between the source and the
capacitor waveforms, as seen in figure 3.5. This happens due to the inertia of the
capacitor that doesn’t allow the capacitor to flip its polarity instantaneously. The
control strategy should be counted for this shift, adding more complications to the
design. Therefore, the control scheme used in [15] is based on optimization
techniques for the generation of gating signals. Further, the computation of the
optimization process takes a long time that makes this technique unsuitable for
online control. Further, for the experimental set-up, a third branch with a switch and
a resistor is included, which probably help to speed up the discharge of the capacitor,
thus reducing the phase shift between v,.. and v, but adding more losses to the
circuit.

Different other alternatives for the previous scheme, as shown in figure 3.6,
had been proposed to improve the filter performance [13,16-18]. However, these
schemes required additional switches or passive elements than the previous scheme,
which means more switching losses and additional complication to the control
strategy.

In conclusion, to improve the performance of the switched capacitor topology
we have to do the following:

a- avoiding any time delay between the zero crossings of both the capacitor
voltage and voltage at the point of common coupling,

b- improving control strategy to make it suitable for online control,

c- reducing the number of switching devices or passive components to

reduce the scheme cost.

N WUPIN W .

........

00435 00435 0.0555 0.0615
Time (sec)

Figure 3.5 Voltage at the point of common coupling and capacitor voltage waveforms.
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Figure 3.6 Switched capacitor configurations.
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3.3 The Proposed Scheme

3.3.1  Power Structure and Standard Control Strategy

The schematic diagram of the proposed topology is shown in figure3.7 [68]. It
employs two switched capacitors which present voltage waveforms that are mostly
dc with inverse polarities. In the basic operating mode, shown in figure 3.7, switches
S: and S, operate complementarily to control the rate of rise of current in the
positive semi cycle (Vc2 > +Vpee pear), Up and down respectively. For the negative
semi cycle, S; and S; operate complementarily, where vcs < -Vpoe peat, resulting in a
fall and rise of the inductor current respectively. This way the inductor current is
made to follow a command current template in a hysteresis mode. The schematic
diagram of the circuit that implements this logic is shown in figure 3.8. The error ()
between the actual (i) and the command current (i) is calculated and fed to a
hysteresis comparator and a logic circuit that yields the desired gating signals for S,
S, and S;. From the discussion given above, the logic circuits in figure 3.8 can be

designed using the truth table for each switch as follows:

° For S,:
vpcc (vP6‘0> 0)
0 (6>0) 1
8 (50) 0
S 2= vpcc M 5
° For S;:
Ve (Vpec<0)
5(80) 0
8 (5<0) 1
Sy=V,.08
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o TFinally, for the logic of S, it can be deduced from the logic of both S; and S3, as

it is complementary of any one of them. Therefore, the logic of S; is:

S, =iS2+S3i:(vp0605+;;05)

By employing two capacitors we could achieve the following:
e there is no need for changing the polarity of the capacitor voltage in synchronism
with Ve,
e standard hysteresis current control can be used.
e due to the simplicity of the control circuit, the scheme can be used for online
control as the delay time is very small.

This way the proposed scheme could improve most of deficiencies associated
with the original topology. _

Finally, for proper operation of the proposed SC scheme, the capacitor voltage
magnitudes should always be larger than the peak voltage of the ac mains. Passive
elements, ¢ and Cg, command current, i., and initial capacitor voltage, Vo, are the
main factors that affect the capacitor voltages. Therefore, for a known command
current, there is a need for an adequate choice of the passive components that is
rather complicated due to the L-C interaction and needs an optimization procedure to

select them as will be shown in the next section.
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Figure 3.7 Proposed switched capacitor based power conditioner.
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Figure 3.8 Control circuit of the standard switching strategy.
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3.3.2  Designing the Proposed Topology
3.3.2.1 Generic considerations.

The choice of the passive elements should consider some basic aspects of
the topology. The reactor, should be selected so that the rate of change of the

current satisfies the following conditions:

|di f l > dicompensati on I 37

| dt | dt | 32)

From (3.3) one sees that high rates of rise of current can be achieved by
using small inductors. However, with controlling the SC scheme with hysteresis
current control, as the supply voltage increases, the rate of rise becomes bigger

as well as the switching frequency.

Veoil

Ly <z (33)

compensaton

dt

Regarding the choice of the capacitor, it should be made as small as
possible, for reduced cost, but big enough to limit the voltage ripple (AVcmax) to
an acceptable value. Further, for a known initial capacitor voltage and reference
current, the capacitor should be designed so that its voltage is always bigger than
the voltage at the point of common coupling for proper operation of the SC
scheme. An initial guess of the value of the capacitor, for the optimization
procedure described in the following section is:

t

[i,@) at

0

AV |

max

C,> (3.4)

max
Where igt) is the instantaneous filter current during the conduction period
of S; and S;.
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3.3.2.2 Deriving Design Equations

The scheme can be split into two different modes as shown in figure 3.9.
This figure can be used to obtain representative equations that describe the

operation of the filter current at capacitor voltage at all points within each

switching period.
The general expression for the current during any time interval (k), is as
follows:
lfK = lforced X t L atural X 3.5)
where:

i, is the magnitude of the total filter current at any instant of time k,
! forced 18 the magnitude of the forced filter current at any instant of time k,

Lnaturai , 1 the magnitude of the natural filter current at any instant of time k.

i Rf Lf i Rf Lf
e AAA_ YT — AN

RS
©
S
)
(-
Ay
1
O

Case ] Case Il

Rf is the SC scheme resistance
Lf is the SC scheme inductance

C, is the SC scheme capacitance

Figure 3.9 Circuit separation

o (Casel:

Z'(s)=R,; +sL, (3.6)
where the single root is
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sl =gl =221
L,
Hence
oL
l‘}omcd ()= Vo sin | @t - tan 1[—fH 3.7
JRE + (oL ;)? R,
and
. ] I _-alt
! natural (1) = By e (3.8)

Solving for B, using initial conditions i}K(tk_l), t'}o,ced((tk_l), and #.; for

Case / during the time interval £ is:

vy .
Lre (tk—l) = ! forced (tk—l)

-a't,

Bj = (3.9)

€

where

Finally, from Eq.(3.5), Eq.(3.7), Eq.(3.8), and Eq.(3.9), the current i; (¢)
for Case I during the time interval & is:
. P
i]{K(t)=G, sin(wt —y,;)+ B} e %" (3.10)

where

v,

— m

=
JRE + (L)

Finally, the capacitor voltage in this case is constant and equal to the final

capacitor voltage from case /7 as follows:
I b/
ve ()= ve () =V, (3.11)

Eq. (3.10) and Eq. (3.11) can then be used to determine the filter current

and capacitor voltage during the time interval k& while the circuit remains in this
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state. At each switching transition the initial conditions change. Therefore the
preliminary calculations must be reevaluated.

e Casell:

The total impedance of the circuit in Case 1] is:

1
Z¥%(s)y=R, +sL , + 312
(s) f f sC (3.12)

The previous equation has two roots that are:

st =-a” +yJa” -}
sé’ ol — /am —a)g
where
R 1
I S
a’ =——&a)=—F——
2Ly VLrCy

If the value of Ry is too small such that R, <<wl,, this means that o/ <<af
and the response is under damped, and therefore the general solution of the

equation is:

P70 (0) = i ea () + e (Alk cos|Blt + A 5 sin Iﬂlt) (3.13)

where

B =oi-a”

Ay & A,, = constants

The forced current can be calculated by:

2
w'L.C,—-1
e, (1) = z 2 sin[an-tan"[*——f———;—;——]
a)Cf
(3.14)
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From Eq.(3.5), (3.13), and (3.14), the current i, (#) during the time
interval % is:
i1 () =Gy sin(wt—yy)+e® (A cos|Blt+ Ay sin|flf) (3.15)

where

V
Gy = =

2
R? 4 w’L,C, -1
4 oC,

oL .C,-1
711=tan-1[ .
oC R,

Ajx & Ay should be recalculated at the end of each switching transition to
be used as the initial conditions for the next state.

Finally, the capacitor voltage in case I/ can be given as:

1%
v, )= o Jif () d+ 7, (3.16)
St

3.3.2.3 Calculating Circuit Components

Eq. (3.10), (3.11), (3.15) and (3.16) can be used to obtain the SC scheme
current and capacitor voltage waveforms at all switching instants. These are
obtained from the control circuit shown in figure 3.8, for a given hysteresis
window (AI), usually 5%. The results are then used to evaluate the performance
of the scheme in terms of the THD of the source current (i5) and calculate the
average switching frequency. Then the values of Ly and C; are changed
according to the algorithm of the flow chart of figure 3.10 and the simulation
process is repeated. From a practical point of view, an inductor value L¢ < 5% of
the scheme base impedance will enable a low and cost effective scheme with

acceptable performance in terms of switching frequency and total harmonic
distortion (THD) [85,86].

40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



V.

atedLrateqe NYSteTesis window (DI),
Initial capacitor voltage V
Minimum capacitor voltage (V.) as percentage of V,
V crin= IV emin(1) Vmind2)-eevevees V (™1
Filter inductance
LAELA)LA2) e L{(m)],

| set thvm(i) ‘

!
[ Set L, (i)=Lg)
l Adjust V., range
Calculate acoording to the new V,
QG.j), Cij) THDG), 1
Switching frequency,£(i.j) Increase the initial capacitor
L voltage V,
I
-
Yes

No

if min(THD) meets the
nternational standards

Choose the THD that meets the
internatinal standards and
corresponding to the minimum
switching frequency

Choose Liand C,that correspond
to this value of THD

Figure 3.10 Optimization procedure for selection of different filter parameters.
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The determination of the capacitor value is less straightforward than the
filter inductor, as it depends on the initial, minimum, and maximum capacitor
voltages (Vco, Vemin, Vemax). On the one hand, Vemin should be greater than the
peak of the v, for proper operation of the filter. On the other hand, V¢max should
be limited to a relatively small voltage to decrease the switch ratings. A closed
form for calculating Vco, Vemin, Vemax requires a precise knowledge of the
capacitor current. This has been done for a similar topology operating as a Static

Var Compensator in [17]. Assuming that v,.. can be represented as follows:

V e (1) = N2V sin ot (3.17)
and the filter current, that is assumed to be reactive as a first assumption, 1s:

i, (1) =221 cos ot (3.18)
and from the power balance in the scheme:

di dav
_ . f . c
Pr=Vps _Lf—dt i +v”Cf——dt (3.19)

substituting form Eq. (3.19) and (3.20) in Eq. (3.21) gives

+ Qsin 2wt = —XI} sin 2wt + Cv,, dtc (3.20)
integration of the above equation results in
X1% +
vi(t)y= - —f——Q—cos 2wt + K (3.21)

where K is the integration constant. Keeping in mind that at t=0; v.=Vcy,

results in

XI2+Q

v,(t)= V3 + (1-cos 2mt) (3.22)

where

Q=VlI¢is the required reactive power from the SVC

It is RMS value of the SVC current

From Eq. (3.22) the capacitor maximum voltage Vcmax (during capacitive
current) or minimum voltage Vemin (during inductive current) can be calculated

and it will always occur at ax=mn/2. By selecting V¢o to be at a certain level
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bigger than the peak of the voltage at the point of common coupling, and for
different values of capacitor voltage ripples, the capacitor value can be
calculated. Then, the optimization technique is performed to provide a set of
graphs for THD, switching frequency, and capacitor value, for different inductor

values that will allow the choice of optimum values for L & C:.

3.4 Reactive Power Compensation with the Proposed SC Scheme

This section presents the analysis and design procedure of the SC based power
converter when used for reactive power control. Control circuits for generating the
reference current is described. Finally, simulation results for steady state operation are

carried out to analyze the performance of the scheme under different loading conditions.

3.4.1 Generation of the Reference Current for the Proposed Control

Strategy
3.4.1.1 General Consideration

The hysteresis current control scheme presents several desirable features
such as easy implementation and fast and accurate response. However, since the
compensator does not include large storage elements, the net active power flow
in the compensator should be minimum in steady state to maintain the capacitor
voltages at the required level.

An investigation of the existing control strategies for power conditioners
has been done to select one that meet the requirements of the SC scheme and can
be easily implemented for reactive power compensation. Instantaneous Reactive
Power Theory (IRP) [87], Frequency Domain Analysis [88], and d-q Reference
Frame Theory are commonly used but they have the inherent disadvantages that
they are complex to implement, difficult to adjust, or have relatively long delay
times. Moreover, since dynamic compensation requires rapid detection of the
required signal, a control circuit that is based on analog components is better

than digital detection that is not as fast [89,90]. Therefore, a detection technique

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



that is based on Adaptive Noise Canceling (ANC) is chosen for generating the
reference current for compensating reactive currents for a given load [91,92]. A

detail of the technique is given below.

3.4.1.2 Principle of operation of Adaptive Noise Canceling (ANC)

Technique

The Adaptive Noise Canceling technique has been widely used in recent
years [91]. It can maintain the system in the best operating state by continuously
self-studying and self-adjusting from start to end. The basic noise-canceling
situation is illustrated in figure 3.11. A signal is transmitted over a channel to a
sensor that receives the signal, s, plus an uncorrelated noise, ny. The combined
signal and noise, s+ ny, forms the “primary input” to the canceller. A second
sensor receives a noise n;, which is uncorrelated with the signal but correlated in
the same unknown way with the noise ny. This sensor provides the “reference
input” to the canceller. The noise n; is filtered to produce an output y, which is
an approximate replica of ny. This output is subtracted from the primary input s+

ny to form the system output, s+ np—y.
Primary

Input
Signal Tpd D s+n A Errore System
Source - Qutput

Noise n -
Source i>—_' Adaptive Filter

Reference
Input

Figure 3.11 Adaptive noise canceling concept.

In the system shown in figure 3.11, the reference input is processed by an

adaptive filter, which automatically adjusts its own response through a least-
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squares algorithm. Thus the filter can operate under changing conditions and can
readjust itself continuously to minimize the error signal €. An ideal situation is
when the same noise in the primary input as in the reference input is completely
eliminated and the system output contains only the signal components as those
contained in the reference input.

Generally speaking, the active component of the fundamental load current
and the ac source voltage are in phase but with different amplitudes. If the
fundamental voltage acts as the reference input and the load current as the
primary input, it is similar to the foregoing situation that the reference input is
processed by an adaptive filter to produce an output, which equals the active
component of the primary input in amplitude and phase. This output is
subtracted from the primary input to cancel its active component; consequently

the system output will be the sum of the harmonic and reactive components.

3.4.1.3 Reference Current Generation Using Adaptive Noise Canceling
(ANC) Technique

The schematic diagram for the circuit that performs the function of the
adaptive ANC technique is shown in figure 3.12.
Under normal circumstances, the utility can be assumed to be a sinusoidal
voltage source.
v.(t)=V, sinwt (3.23)
If a load is applied, i, (f) can be expressed as the sum of a fundamental
current, ir; (f), and harmonic current, ir, (f). The fundamental current can be
further decomposed into an active current component i;,(¢) and reactive current

component iz4(1).
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Figure 3.12 Scheme for generating the reference current of the power

conditioner.

ip(y=1Isin(ot +8,)+ > I, sin(nwt +6,)

n=2 (3.24)
i) =i () +iy @)

where

i (t)=1,sin(wt+6,)= I, )+ Irg 3]
Iy, (1) = I, cos 6, sin o,

i, (1) = 1, sin 6, cos wt,

iy () =) 1,sn(nwt +6,)

n=2

Therefore, the load power can be expressed as:
pLO)=v, ()i (1)

=1V, sin % wtcos §, + I,V,, sin ot cos ot sin 6, (3.25)

+ Y.V, sin otl, sin(not +6,)
2

By integrating Eq. (3.25) over a whole period, the average power can be
calculated as:
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1T
Praw = _]—:{pL (t)dt

1V, sin ? T cos 0,)dwt +

(3.26)

(V,sin T Y 1,sin( noT +6,))dwt

1 T
oT '([ (
1 T
o ‘([(IIV,,, sin wT cos wT sin 6,)dwt +
| er
of |

By applying the Orthogonal Function theory [92] on the above integration,
the second and third terms in the right hand side of Eq. (3.26) will be equal to
zero. Therefore, the final output of the integration process will be:

Pray =VnI; cos6, (3.27)

Comparing Eq. (3.27) with Eq. (3.24), one can see that the value of p.y, is
equal to the peak value of the fundamental active current, iz, when it is scaled by
a factor equal of Vy,, which is done automatically by the adaptive filter.

Finally, the load active current component, iz, is subtracted from the load,
ir, current to get the final current command to the filter, 7.

Therefore, the SC scheme should provide the following compensation

current
I, (t) = iL(t) - in(t)
=1y () +ip, (1)

The system will reach its steady state when the integrator output is constant

(3.28)

which means that 7 ,(¢) is in phase with v,(?). Finally, the final current
command, i.(t), to the SC scheme is compared with the actual current, i(?), and
the error is passed through a hysteresis window and a logic circuit that yields the

desired gating signals for S, S, and S;.
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3.42 Design Procedure
3.4.2.1Estimation of the Average Switching Frequency

The hysteresis current controller ideally has a constant current ripple, Al
but no defined switching period, At [93].

The average switching frequency (ASF) of the scheme can be calculated as

follows:

> (3.29)

where
N; = number of switching per line period

T = Fundamental period

3.4.2.2 Optimization Procedure and Design Example

The optimization procedure is based on a mathematical model that has
been presented in Section 3.3.2. The model describes the state of the scheme, in
terms of the current and capacitor voltage, at any instant of operation. The
waveforms, such as those presented in figure 3.13, are a result of this code. The
inputs for the optimization procedure are:

1- rated voltage (120 V),

2- rated current for the power conditioner operating as SVC (5 A),

3
4

hysteresis window as 5% of the peak rated current (0.35 A),

minimum allowable capacitor voltage Vemin =1.1Vpee = 187 V.
5- minimum initial desired capacitor voltage, (Vco)min , is designed to allow
a maximum of 20 % in the capacitor voltage ripple in order to reduce the
size of the capacitor and switches ratings.
Vco)min=187/0.8 =235 V
This is the boundary of the initial capacitor voltage that will allow the SC
scheme to work properly up to 20% ripple in the capacitor voltage. On the one
hand, if the steady state of the initial capacitor voltage dips below this value, the

SC scheme performance will deteriorate.
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Figure 3.13 Typical waveforms for the supply voltage vecc, capacitor voltages, v.; & V..
and the power conditioner’s current irfor
a- Reactive power absorption.

b- Reactive power generation.
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On the other hand, if the initial capacitor voltage exceeds this limit, the
SC scheme will work properly but the passive components and switches
should have higher ratings. Therefore, the mathematical model will have
a great role in checking the feasibility of scheme, predicting and
designing the SC scheme components for different loading conditions.

6- vectors with prospective values for Veuin as percentage of the initial
voltage, the difference between Vep and Ve will represent the ripple in
the capacitor voltage

a. AVcor=10%, Vemini=0.90%235~212 V
b. AVer=15%, Veminz=0.85%235~200 V
c. AVes=20%, Vemin3=0.80%235~188 V
7- Ly varies from 2% to 8% of the SC scheme rating.
L~[0.0013 0.0019 0.0025 0.0030 0.0036 0.0042 0.0048]H.

An initial guess for the capacitor is calculated and the code runs a
simulation until the steady state is reached. For example, if L= 0.0013, and
AVe1=10%, using (3.24) the capacitor can be calculated to be: Cr=350 uF.

The mathematical code will input the above data and based on the current
and voltage waveforms the code calculates the THD of the SVC current, the
average switching frequency and the actual minimum capacitor voltage. Then
the values of L and Cs are changed according to the algorithm of the flow chart
of figure 3.10 and the simulation process is repeated automatically.

Figure 3.14a shows the calculated values of the THD of the source current,
is, for different values of inductor, and for three voltage ripple values in the
capacitor, 10%, 15%, and 20% that are shown as AVci, 4V, and AV
respectively, measured from the initial capacitor voltage. The figure reveals that
the smaller the voltage ripples the lower the THD. This happens because the
difference in the capacitor voltage and the voltage at the point of common
coupling becomes bigger and according to (3.1), this makes the rate of rise of
current (di/dt) faster. Further, the smaller the filter inductor, the smaller the
THD. This happens due to the effect of the inductor value on di/dt. For large
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inductors, the rate of rise of the current, di/dt, becomes slow and the command
current will not be able to fast track the required reference current that add some
distortion to supply current waveform.

The effect of the inductor size on the switching frequency is also shown in
Figure 3.14b. The maximum average switching frequency lies between 1.7 and
4.6 kHz, which ensures that the switching losses are small and the system doesn't
need big cooling requirements.

Finally, figure 3.14c presents the change of the required capacitor for
various inductor sizes and different capacitor voltage ripples. However, there is
no considerable change in the value of the capacitahce with respect to the
inductor value.

By investigating the figures, for a supply voltage of 120 V and a capacitive
load of Cipaa = 300 uF and Ry.q = 10 Q, one can choose an inductor Ly= 3.0 mH
(5%) and capacitor Cr= 260 uF (190%) that will result in a THD of 2.2% and a
switching frequency of 2.1 kHz. Further, the capacitors will have an absolute
minimum voltage Vemin of 235V, and an initial voltage Veoof 265V.

From the above voltages, the voltage that should be supported by each
switch should be twice as high = 530V. The available IGBTs in the market have
the rating of 600V. Therefore, the switches will be selected to be 600V and 15 A
for safety operations. Finally, from the above analysis, it can be concluded that:

e When the capacitor voltage is uncontrolled, the calculation of the passive
components will be valid if and only if the start up voltage will exceed a
certain boundary limit.

e Using the mathematical model can verify the feasibility of the design.

e The value of the start up voltage depends on the values of the passive
elements that may change with different loads.

e Controlling the capacitor start up voltage by adding additional control
circuit or adding a voltage regulation loop will be beneficial in fixing the

capacitor voltage at certain required limit.
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Figure 3.14 Optimization procedure results.

52

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




3.5 Simulation Results

The validity of the design procedure is verified by means of simulation, with
PSCAD. The overall performance of the proposed power conditioner is evaluated in the
next section with a laboratory prototype.

The case study is the same one used for describing the design procedure in the
previous section: a SVC generating reactive power, and as shown in figure 3.15.
Further, a non-linear load consisting of a diode bridge rectifier with a capacitive filter is
simulated to investigate the effectiveness of the power conditioner for harmonic
mitigation. The system parameters used in the simulation are as follows:

e Utility system: Single-phase ac supply of 120 Vrms, 60 Hz; Line resistance,
Rs=0.1 Q, Line inductance, L, = 0.1 mH
® SC VAR compensator: Lg= 3.0 mH, C¢=260.0 pF;
e Load:
» Linear Load:
(a) Inductive load: L=24.0 mH, R=10.0 Q.
(b) Capacitive load: C=300.0 uF, R=10.0 Q.
» Non-linear Load: A 5.0 % reactor is used in the ac side a diode bridge rectifier

with a capacitive filter, Cdc = 940.0 uF, R oad =22.0 Q.

Figures (3.16-3.17) show some relevant waveforms for the power conditioner
when operating with the standard hysteresis current control with a linear inductive load.
A hysteresis window of 5% of the rated peak reactive current component (iz,) has been
used in each case.

One sees in figure 3.16 that the current of a linear load can be effectively
decomposed in its active and reactive components by using the circuit depicted in figure
3.12. Further, the figure shows that the current injected in the ac mains by the power
conditioner (i) follows closely the command current (i;) and that yields almost total
compensation of the reactive power drawn by the load, with an increase in the total
power factor from 0.74 to 0.99 as shown in figure 3.17a. Moreover, the measured
average switching frequency was 2.0 kHz, which agrees with the results obtained from

the curves resulting from the design optimization.
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SC scheme performance when working as SVC
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Figure 3.16 Load current, iz, Load active current, iz, and Load reactive current, 77,4,
Filter and command currents, ir and i. , and Voltage at the point of common coupling

Vpeo, fOT a linear inductive load.
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SC scheme performance when working as SVC
Vpcc and scaled source current, Isv.
+200 - Vipcc -lsv
+1201
+40
e
g
40
120
20051 02608 02706 02604 02902 03
Time (sec)
(@
SC scheme performance when working as SVC
Vpcce and capacitor voltages, Vc1 & Vc2
+320—E}-Vpcc ~A—Ve1 -Ve2

-------

+160_/ Ve \\ /f\ // N,
+0 / \

- o’
””””””””””””””””””””” < — /ﬂ"""""""""““““’“"“M"G“‘x\_‘\ » P ““h““‘\.\\ L §
l | | 1
3851 0.2608 0.2706 0.2804 0.2902 0.3
Time (sec)
(b)

Figure 3.17 SC performance with an inductive load
() vpee and source current, is.
(b) v and capacitor voltages ( vo; & vcz2)
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However, it was found that the THD for i; was measured as 3.8%. Finally, one
sees in figures 3.17b that the peak values for the capacitor voltage waveforms are below
the design specification (600 V).

Similar results can be shown in figure 3.18 and figure 3.19 when the SC power
conditioner works with a capacitive load with 0.75 leading power factor. The SC
scheme could achieve its function and improving the power factor to almost 0.99. It is
worth mentioning that the SC is injecting a lagging current in this case that makes the
capacitor voltages to decrease. Careful design for the passive elements should avoid the
capacitor voltage to be less than the peak of the supply voltage.

Finally, figure 3.20 and figure 3.21 show the current and voltage waveforms at
the same points in the circuit for the power conditioner operating as an active filter for a
single-phase rectifier bridge with a capacitive filter. The reference current generating
circuit is again able to separate the non-active from the active component of the load
current as shown in figure 3.20. Moreover, the source current waveform presents a THD
of 7.7%, for a load current with a THD of 58.0%. The THD could not be further
attenuated due to the small voltage available to increase/decrease the filter current
during zero voltage crossings of the PCC voltage and the small difference between the
capacitor and supply voltages that adds more distortion at the peaks of the supply
voltages.

The average switching frequency in this case is 3.3 kHz. Finally, one can also
see that the capacitor voltage waveforms are quite similar to those seen in the SVC case

as can be seen from figure 3.21b.

3.6 Limitations of the Proposed Scheme

Although the SC scheme could perform its function, reactive power
compensation and harmonic mitigation, effectively, there are some drawbacks and
observations found during the simulation:

e There is a drift in the initial capacitor voltage, Vo, from the designed value, and this
could be due to several factors. For example, the reference generation circuit
provides some active current during the beginning of its operation, until reaching
steady state, which affects this voltage.
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SC scheme performance when working as SVC
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Figure 3.18 Load current, iz, Load active current, iz,, and Load reactive current, izg,
Filter and command currents, ir and i, , and Voltage at the point of common coupling

Voo, for a linear capacitive load.
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SC scheme performance when working as SVC
Vpcc and scaled source current, Isv.
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Figure 3.19 SC performance with a capacitive load
(a) vpcc and source current, ;.
(b) vpeo and capacitor voltages ( vo; & ve2)
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SC scheme performance when working as SVC
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Figure 3.20 Load current, iz, Load active current, iz, and Load reactive current, iz,
Filter and command currents, ir and 7., and Voltage at the point of common coupling

Voeo, fOT a diode bridge rectifier with capacitor filter load.
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SC scheme performance when working as SVC
Vpcc and scaled source current, Isv.
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Figure 3.21 SC performance with a non-linear load
(a) vpec and source current, ;.

(b) vpee and capacitor voltages ( Ve; & ve2)
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e The switches were assumed to be ideal in the design code.

. The passive elements were assumed to be ideal. However, the real components will
have parasitic resistances that may add more complication to the control of capacitor
voltage.

e The situation may become worse in the case of compensation for a capacitive load as
there is a dip in the capacitor voltage and the minimum capacitor voltage becomes
closer to the peak of v,.. as shown in figure 3.19b. This may limit the capability of
the SC scheme in terms of the maximum current that can compensate.

e Finally, another important limitation of the standard control as discussed in [68] is
the reduced di/dt around the zero voltage crossing points, when S; is on and the
magnitude of vpcc is small as shown in figure 3.20. This adds more distortion to the
actual scheme current that is reflected on the THD of the source current. This is

" clearer for the case of harmonic compensation than reactive power compensation

where high di/dt is required to cope for fast changing load.

3.7 Experimental Set up

An experimental prototype is built to investigate the real performance of the SC
scheme and to confirm the accuracy of the simulation. The power circuit configuration,
the control system hardware, and the experimental results of the experimental prototype

are described in this section.

3.7.1 Power Circuit

The power circuit consists of the following units:
e A single-phase regulated power source of 120V. The source inductance is
measured to be 0.1 mH.
e  The load is varied to follow almost the same loads used in the simulation.
e  Switched capacitor scheme that employs three 15A, 600V IGBT switches. A
diode rectifier, as shown in figure 3.22, accompanies each IGBT to form a bi-

directional switch.
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— X

Figure 3.22 Bi-directional switch.

3.7.2  Voltage and Current Sensing
3.7.2.1 Voltage Sensing

Voltage sensing is normally done with voltage transformers. However,
these transformers have the inherent disadvantage of phase shifting the
waveform that may results in wrong detection of the zero crossing. Further, as
the circuit is subjected to high frequency switching there exists some noise in the
sensed voltage waveform that is called common mode voltage. Operational
amplifier can be used to sense the voltage and this may solve the problem of
phase shifting; however, a regular Op-Amp circuit doesn’t reject the common
mode voltage.

Therefore, the circuit shown in figure 3.23, which is recommended by [94],
is used and it has both the advantage of no phase shifting and high capability of

common mode voltage rejection.

Positive terminal of Voltage at E
the Point of Common Coupling 10K K
YN
5K % % SK
LM741
K sK
LM741 Single Output Voltage at the
Negative terminal of Voltage at * Point of Common Coupling
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Figure 3.23 Supply voltage sensing circuit
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3.7.2.2 Currents Sensing

The current sensing is done with high frequency current transducer called
LEM LA 50-S, shown in figure 3.24, that is suitable for switching frequencies up

to 100 kHz which ensure that correct measurement of the current flowing in the

circuit.
Load Current
-15 +H15 Positive Gain
' l Amplifier
10K LM741 Single Output
. PAVAVAN + g o WPy
LEM LA 50-S > Load Current
-
10K
SC scheme Current
-15 +15

Positive Gain
|| Amplifier

Single Output
10K

LM741 SC scheme
LEM LA 50-8 AAA > Current
—

10K

Figure 3.24 Load and filter currents sensing circuits.

3.7.3 Control Circuit

Figure 3.25 shows the schematic diagram of the control circuit hardware. It
consists of four main sub circuits:
e Hysteresis comparator sub circuit. this circuit compares between the
command current and actual filter current to get the switching signal,
OUT _1, which controls the three switches S;, S;, and S3.
e Voltage zero crossing detector sub circuit. this circuit is used to provide

the control circuit with the moment, OUT 2 shown in the figure, to
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change control from positive cycle to negative cycle. It is designed according
to [94].

o Reference generation circuit: that is designed according to section 3.4.1.

e Logic circuit. the two outputs, OUT 1 and OUT 2, are provided to the logic
circuit of the standard control strategy. The outputs from the logic circuits

are the signals to three switches S;, S;, and S;.

3.7.4 Dead-Time and Driving Circuits

The power switches should operate with a dead-time and equipped with
snubber circuits to ensure an alternative path for the inductor current during the
commutations and to reduce the switching stress across the switches. The circuit that
can provide the dead-time between the switches is shown in figure 3.26.

Finally, the output signals from the control circuit are at TTL level, which should
be amplified to be able to meet the requirement of driving the IGBTs on and off.
Further, the control circuit should be isolated from the power circuit to protect it
from any failure in the power system. Therefore, separate isolated power supply
should be used for the each IGBT and the signals to the three driver circuits should
be isolated which can be done by using opto-isolators. The 6N135 opto-isolator,
which incorporates high-speed logic circuits and has a propagation delay of 50 ns
are suitable for this application. The complete drive circuit is shown in figure 3.27.
It is worth mentioning that a 3.3V zener diode is used at the output of driver to

ensure a negative voltage pulse to close the switch.

3.7.5 Experimental Results
3.7.5.1 Reactive Power Control

The waveforms in figure 3.28a,b illustrates the operation of the SC scheme
for reactive power compensation of an inductive and a capacitive load
respectively. The specification of the SC compensator, source and load are as

follows:
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Figure 3.26 (a) Experimental circuit that provide dead time between switches.
(b) PSPICE simulation results for the dead-time circuit.
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Figure 3.27 Driving circuit for an IGBT

o Utility system: A single-phase regulated power source of 120V, 60
Hz; Line resistance, R¢=0.1 Q, Line inductance, Ls~0.1 mH.
e SC VAR compensator: Lf= 3.0 mH, Cf=260.0 pF

e Load: Inductive load, L= 24 mH, R = 10.0 Q , Capacitive load, C=
340.0 uF, R=10.0 Q.

The load current (ir), power conditioner current (i), supply current (is), and
the voltage at the point of common coupling (vp..) are shown in these figures. It
can be seen from the waveforms that the power conditioner generates currents
that are 90° leading, figure 3.28a, or 90° lagging, figure 3.28b, with respect to its
supply voltage, as predicted. Their magnitudes are such that the source current is
almost in phase with the sburce voltage yielding an almost unity total power
factor at the PCC. In fact the power factor improved from 0.74 lagging to 0.99 in
the first case and from 0.78 leading to 0.99 in the second case.

However, the supply current presents mostly high frequency harmonics and
a THD of 5.4% and 4.4% for both cases respectively. This happens due to the
poor tracking ability of the scheme during the period of small vpcc and the lower
capacitor voltage that reduce the tracking capability during the peaks of the vpcc.

It is worth mentioning that the proposed power conditioner achieved
reactive power compensation with low harmonic distortion despite an average

switching frequency of only 1.9 kHz as shown in figure 3.29. An even lower
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Figure 3.28 Load current, power conditioner current, supply current and supply voltage

respectively with (a) inductive load (L =24 mH, R = 10 Q), (b) capacitive load (C = 340
uF, R=10 Q).
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Figure 3.29 Experimental waveforms for the supply voltage v, supply current #;, and

switching signals.

(;I'll 750V Jch2] 4.00V . |M[16.0ms
Ch3_ 25.0V Chd| 25.0V

Figure 3.30 Experimental waveforms for the supply voltage v, capacitor voltages, v.; &

Vo2, and power conditioner current ir for a capacitive reference current.
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THD can be obtained by decreasing the hysteresis window at the expense of
higher switching losses.

The capacitor voltage waveforms, v.; and v.», along with the v,.. and power
conditioner current are shown in figure 3.30 for the inductive load case, which
shows that the SC control circuit could keep the capacitor voltages always higher

than the peak of v,.. to perform its function properly.

3.7.5.2 Harmonic Mitigation and Reactive Power Control

The proposed power conditioner was also evaluated for compensating
common non-linear loads such as single-phase diode rectifiers with a capacitive
dc filters. The rectifiers usually present a series reactor in the ac side to reduce
the injected current harmonics that result in a lagging displacement power factor.
Figure 3.31 show that the proposed power conditioner can compensate for the
current harmonics and reactive power at the same time.

A 5.0 % reactor is used in the ac side of a diode bridge rectifier with a

capacitor filter, Cgc = 940.0 uF, Rl oad = 22.0 Q.

Figure 3.31a shows the waveforms of the load current, power conditioner
current, source current, and supply voltage for a single-phase rectifier bridge
with a capacitive filter. The THD of the input current of the rectifier (i) is
57.8%. The power conditioner reduces the THD of the source current to 7.8%,
and improves the total PF to 0.98. As can be seen in the spectrum of figure
3.31b, the main source current harmonic is of third order, which has already been
reduced by 95%. Further attenuation is difficult to achieve mostly due to the
small voltage available to increase/decrease the filter current during zero voltage

crossings of the PCC voltage.
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Figure 3.31 (a) Load current, power conditioner current, supply current and supply
voltage with rectifier bridge with capacitive filter load with standard control strategy,

(b) Harmonic spectrum for both load and supply current.
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3.8 Conclusions

A new single-phase topology that is based on switched capacitor technology and
can be used for reactive power compensation and harmonic mitigation is presented. It
presents a simple power structure, only three bi-directional switches and two small
capacitors, and can be controlled with standard hysteresis current control.

Although the power structure and control strategy are very simple, the modeling
of the system is rather complicated due to the L-C interaction and the different possible
currents that can be used as templates for hysteresis control. This prompted the use of a
design approach based on a detailed code for simulating currents and voltages in the
circuit and a systematic optimization procedure that can allow the choice of the system
components for different applications.

Nevertheless, the new control strategy presents some drawbacks that limit the
operation of the SC scheme. The current poor tracking capability of the scheme at the
worst possible case for switched capacitor topologies: the zero crossing points of the ac
line voltage, and the uncontrolled capacitor voltages are the major disadvantages of the
proposed circuit that were observed during the simulation process.

Although these limitations have a negative effect of adding some distortion to
the source current waveform, the SC scheme could provide dynamic inductive,
capacitive and harmonic currents to compensate for reactive currents and harmonics
distortion.

Finally, the experimental results confirm the observation concluded from the
simulation and shows the performance of the SC scheme for different loading

conditions.
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CHAPTER 4

The Proposed Scheme and
Modified Control Strategy

4.1 Introduction

This chapter presents a modified switching scheme that aims to mitigate some of
limitations presented by the standard hysteresis control presented in Chapter 3. The new
control circuit aims to:

e increase the capability of SC scheme for following command signals with high
derivatives around the zero-crossing points of the voltage at the point of common
coupling, especially for non-linear loads.

e control the capacitor voltages to maintain it at certain level above the peak of the
supply voltage to improve the SC scheme controllability.

Steady-state operation and transient analysis are carried out to analyze the
performance of the scheme under different operating conditions. Finally, experimental

results are provided to demonstrate the validity of the analysis and design procedure.
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4.2 Modified Control Strategy

4.2.1 Modified Logic Circuit

One limitation of the control strategy proposed in Chapter 3, as discussed in
[68], is the reduced di/dt around the zero voltage crossing points, when S, is on and
the magnitude of vpcc is small. Using the logic shown in figure 4.1, where S; and S;
are switched complementarily for a small period around the zero voltage crossings,
can reduce this problem. Higher values of di/dt are achieved due to the high voltages
present across the capacitors. For the rest of the half cycle the switching follows the

same principle as in figure 3.10.

Voltage at the point of
common coupling

224

Positive DC level

Zero level

Negative DC level

Output from the
positive level detector

Output from the
zero level detector

Output from the
negative level detector

83 s3

& &
S1&82 82 52 Final output from
22 g‘ S3 & S1 the logic circuit
s3 s

Figure 4.1 Modified switching strategy for the power conditioner.
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Therefore, the SC scheme will have four modes of operations, as shown in
figure 4.2, as follows:
For the positive cycle of the of voltage at the point of common coupling,
e Mode 1: when 0<y,. <+Vg.:
> S, is off. When S3 is on, S; is off, Veoir = Vpoet V2 and the rate of rise of
current, di/dt>O0.
» S;is off. When Ss is off, S; is on, Veoir = Vpeer Ve and the rate of rise of
current, di/dt<0. |
e Mode 2: vye>+Vac:
> S;is off. When S, is on, S; is off, Ve = Vpee and the rate of rise of current
has the same polarity of Vp.., di/dt>0.
» S; is off When S, is off, S, is on, the rate of rise of current has the
opposite polarity of vy since, ve > | Vpeo |, di/dt<0.
For the negative cycle of the of voltage at the point of common coupling:
e Mode 3: when -Vyc <vp. <0:
» Siis off. When S; is on, S3 is off, Veoir = Vpeo- Vo and the rate of rise of
current, di/dt<0.
> S is off. When S; is off, Sz is on, Voo = Vet V2 and the rate of rise of
current, di/dt>0.
e Mode 4: v, <-Vqc:
» S, is off. When S, is on, S; is off, Veoi = Vpee and the rate of rise of current
has the same polarity of vy, di/dt<0.
» S, is off. When S, is off, S; is on, the rate of rise of current has the
opposite polarity of V.. since, Vo2 > | Vpec |, di/dt>0.

Finally, the circuit that implements this modified switching strategy is shown
in figure 4.3. For the positive semi cycle, the output of the positive level and zero
level detectors are fed once to an XOR gate to get the small periods after and before
the zero crossings of the voltage at the point of common coupling, and are
simultaneously fed to an AND gate to get the switching during the rest of the semi

cycle. The same logic applies to the negative semi cycle.
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Figure 4.2 Modes of operation for the modified control strategy.
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Figure 4.3 Modified Logic circuit implementation.

4.2.2  Capacitor Voltages Regulation

For controlling the capacitor voltages, the scheme has to be provided with
some active current (regulating current) to maintain the voltage at the required level
[22]. The regulation current #.,(t) for the SC scheme is provided by the modified
control strategy as shown in figure 4.4. Assuming the converter to be loss-free, as
ideally it provides only the reactive power to the load, and that the hysteresis
window is very small, one can say, that the capacitor voltage will be charged up to a
certain voltage level that depends on the initial start up process and keep this charge
for the rest of the operation. However, because the reference generation circuit
provides some active current during the beginning of its operation, until reaching
steady state, and converter has switching loss, the capacitor voltage drifts from this

level.
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Figure 4.4 Capacitor voltage regulation by the modified control strategy.

Therefore, the utility must supply not only the real power of the load current, but
also a small overhead for the capacitor leakage and converter switching losses. This
way, the initial capacitor voltage can be maintained at a certain required level that
meets the design criteria and allow the SC scheme to work properly under different
operating conditions. Using the energy balance principle, the control strategy for
regulating the capacitor voltages can be described as follows:

If the reference voltage to the capacitor is Vs, then the reference energy

storage will be
1
Ecref (t) = ECchef (4 1)
While the instantaneous energy in the capacitor is
E, (1) = }2-Cv§ 4.2)

Therefore, the energy loss of the capacitor in one period will be
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AEc (t) = Ec - Ec (t)

ref

-2z, -vo) @3)

= S+ 3. Oy . 0)]

Assuming that, within one period, the variation in capacitor voltage is

moderate, the term [Ver + vo(t)] can be approximated as:
Vergg TV () = 2V,
)~ CV g W =7 0)) (44)
=K Vo 7.
Since this energy loss must be supplied by the utility voltage source, the peak

value of the charging current I, can be estimated as follows:

?Vs sin @il ., sin wtdt = AE, 4.5)
0
Therefore
I, = 2 AE, = K, AE, 4.7
where

Hence, the peak value of the charging current I, can be obtained as in the

following
I, = KyAE, = KoK, (Vcref ~v,(0) |
=Ky, (Vcref —V. (’)) (4.8)
where
_ 20V
12 — TV

s
Finally, the regulating current ([, sinax) is added to the reference current to
get the final current command to the filter. The complete circuit implementation of

the modified control strategy is shown in figure 4.5.
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4.3 Designing the SC Scheme with the Modified Control Strategy

4.3.1 Deriving Design Equations for the Modified Control Strategy

The current and voltage equations will be driven for the two modes of
operation of the SC scheme in the positive half cycle as they are the same for the
negative cycle but with negative logic. The equations can be driven as follows:

o Mode 1: (0<vye <+Vgo)
» When di/dt>0

i, (t)=Gysin(wt —yy)+ e (Ay cos|Blt+ Ay sin|B)r) (4.9

1%
Voo, (t) = E‘f— IlfK () dt + Ve, (4.10)
tk—l

> When di/dt<0

i, ()= Gysin(at—yy)+e® (Ay cos|lf + Ay sin|Bfr) @)

1
vey (t) = c . IlfK (tg)dt +Ve, (4.12)
S
e Mode 2: (Vpec >+Vac)
> When di/dt>0
i, ()=G,sin(wt—y,;)+ B, e*' (4.13)

Vo, &)= Vo, () =Vero,, (4.14)

> When di/dt<0

il (1y=Gy sin(w1 - }/ﬂ)+e"”n’(Alk cos| Bt + A sin\ﬂ{t) (4.15)

1 %,
vey (1) = o, [i, toydt +Ve, .16)
b1

where
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Ly
G, = 2 £ 2
\/Rf+(a;1;f)
yr =tan 1(0)[7)
Ry
I Rf 1

4, & 4,, = constants

Van
GII =

27 0. -1)

a) —

R}+[—————afcf J
P

2
o°L.C,-1
Y =tan'{—————f ! ]
oC¢Ry

There are two important procedures that have to be applied during running the

code:

° Aix & Az should be recalculated at the end of each switching transition to be

used as the initial conditions for the next state.

e  The capacitor voltages have to be initialized at the beginning of each half cycle

to the reference voltage (Vef) to simulate the regulation circuit.

4.3.2 Parameters Estimation

The same procedure done in Section 3.4.2 is repeated here to get the optimum

SC scheme parameters. The following observation is concluded from the
optimization:

e The SC scheme performance has the same trend for the THD and switching

frequency as the standard control strategy, i.e. the THD increases, switching
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frequency decreases, with the increase in the inductor value and with small
capacitor sizes.

e The source current THDs are less than their respective values in the standard
control strategy. This is due to the improved performance of the SC scheme
around area of zero crossings.

e The switching frequency is higher than the standard control strategy. This is
because the area around the zero crossings has high switching frequency.

e The initial capacitor voltage is kept at the required level of 235 V, which
allows more control of the choice of the passive elements and ensures that
the capacitor voltage will be always higher than the peak of the supply
voltage.

Finally, the parameters of the scheme are selected to be: inductor L¢ = 3.0 mH
(5%) and capacitor C¢ = 260 uF (190%) that will result in a THD of 2.2% and a
switching frequency of 2.8 kHz. Further, the capacitors will have an absolute

minimum voltage Vcmin of 203V, and an initial voltage Vo of 235V.
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4.4 Simulation Results

The validity of the performance of the modified control strategy is verified by
means of simulation, with PSCAD, for both steady state and transient operations. The
overall performance of the proposed power conditioner is evaluated in the next section
with a laboratory prototype.

The case study is the same one used in the previous chapter: a SVC generating
reactive power. Further, a non-linear load consisting of a diode bridge rectifier with a
capacitive filter is simulated to investigate the effectiveness of the new control for
harmonic mitigation. The waveforms for the power conditioner are done when
operating with the modified hysteresis current control with a hysteresis window of 5.0%

of the rated peak non-active current (izg).

4.4.1 Steady State Operation

4.4.1.1 Comparison between switching instants of both standard and

modified control strategies

One of the differences between the standard and modified strategies can be
clarified from the comparison of the waveforms and switching instants in figure
4.6a and figure 4.6b, respectively, when the SC scheme is working as an active
filter. On the one hand, the standard control has very few switching during the
period of the zero crossings of the supply voltage as shown in figure 4.6a. On
the other hand the modified control strategy could do multiple switching during
the same period, as shown in figure 4.6b, to effectively track the required
command current during this period. Therefore, by using the modified control
circuit, the SC scheme should have an increased tracking capability for any
command current more than in the case of using the standard control. Therefore,
the source current THD should be improved and that will be confirmed when
presenting the simulation results of the SC scheme when operating with non-

linear loads.
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SC scheme performance with nonlinear load and standard control strategy
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SC scheme performance with nonlinear load and modified control strategy
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Figure 4.6 (a) Window of i Vpe, and vs; across the zero crossing of vj.. with stanadard
control strategy, (b) Window of i, Vpe, and vs; across the zero crossing of v, with

modified control strategy.
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4.4.1.2 Reactive power compensation

Figures (4.7-4.10) present some relevant waveforms for the SC scheme
when operating with linear loads. From the waveforms, it can be observed the
following:

e Figure 4.7 shows the SC scheme performance when supplying capacitive

current to the system, which has a lagging power factor of 0.75.

SC scheme performance when working as SVC
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Figure 4.7 Load current, i;, Load active current, i;,, and Load reactive current,
irq, Filter and command currents, ir and i, and v, for a linear inductive load.
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e The figure further reveals that the modified control strategy could still
effectively decompose the load current into its active and reactive
components and provide the control circuit with the required reference
current that enables the scheme to perform its function effectively that
has been confirmed from the source current waveform.

e Further, the modified control strategy could correct the power factor to
almost 1.0 that can be clarified in figure 4.8a.

e Using the voltage regulation loop could maintain the initial capacitor

voltage at a level of almost 231 V as shown in figure 4.8b.

SC scheme performance when working as SVC
Vpce and scaled source current, Isv.
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SC scheme performance when working as SVC
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Figure 4.8 SC performance with an inductive load
(a) vpec and source current i.

(b) Ve and capacitor voltages and current (vo; & ve2)
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e The THD distortion in the source current is improved to be 3.0% instead
of 3.8% at the case of the standard control strategy. This happens due to
the new switching technique that increases the current tracking capability
and the higher capacitor voltages that increases the rate of rise of SC
scheme current. Finally, the system switching frequency increases from
2.1 to 2.4 kHz than the case of standard control strategy.

e Similar results for the SC scheme when supplying inductive current,

worst case, to the system, which has a leading power factor of 0.74 is

shown in figure 4.9.
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Figure 4.9 Load current, iz, Load active current, ir,, and Load reactive current,
irq, Filter and command currents, #r and i. , and vy, for a linear capacitive
load.
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e The SC scheme could perform its function effectively by using the
modified control strategy and correct the power factor to almost 1.0 that
can be clarified in figure 4.10a.

e Using the voltage regulation loop could maintain the initial capacitor
voltage at a level of 232 V that can be shown in figure 4.10b. Further, the
SC power conditioner could perform its function effectively for the worst
case condition, capacitive load, as the capacitor voltage has a ripple of
almost 14% form the initial capacitor voltage, Vcmin 18 200, which ensure

correct operation of the scheme.

SC scheme performance when working as SVC
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Figure 4.10 SC performance with a capacitive load
(a) vpee and source current 7.

(b) vpec and capacitor voltages and current (v.; & ve2)
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4.4.1.3 Harmonic mitigation

The performance of SC power conditioner with non-linear loads is
presented in figures (4.11-4.13). The load under consideration is a diode bridge
rectifier load with capacitor filter. From the waveforms, the following can be
observed:

e There is an additional improvement in the source current waveforms and
THD with the modified control strategy than the standard one as can be

shown in the waveform of figure 4.11 and the spectrum of figure 4.12.

8SC scheme performance when working as SVC
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Figure 4.11 Load current, i;, Load active current, ir,, and Load reactive
current, /14, Filter and command currents, ir and 7. , and vy, for a diode

bridge rectifier with capacitor filter load.
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1005 Comparison between the Harmonic Spectrum for both the Standard and Modified
Control Strategies With Diode Bridge Rectifier and Capacitor Filter
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Figure 4.12 Comparison between the harmonic spectrhm for both the standard

and modified control strategies with diode bridge rectifier and capacitor filter.

e The THD could be improved from 7.7% with standard hysteresis control
to 4.2% with the modified control strategy.

e Further, from the spectrum, one can see that using the modified control
strategy can reduce the odd individual harmonic components with 30 to
50% of their respective components in the standard one.

e The modified control strategy could correct the power factor from 0.65 to
almost 0.98 as shown in figure 4.13a.

e Although, further attenuation in THD using the standard hysteresis is
difficult to achieve mostly due to the small voltage available to increase
(decrease) the filter current during zero voltage crossings of the PCC
voltage. In principle the THD attenuation using the modified control
strategy could be further improved by increasing the region where S, and
S3 switch but it has to be limited to around 15% of the maximum supply
voltage when the capacitor voltage starts to present a very large ripple
and to reduce the switching losses during the whole operation. It is worth
mentioning that the SC scheme could achieve its performance with a
switching frequency of 3.6 kHz that may change depending on the type

of the load used in the simulation.
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e Finally, Using the voltage regulation loop could maintain the initial
capacitor voltage at a level of 231 V with a minimum capacitor voltage
of 223 V and maximum capacitor voltage of 254V as can be shown in
figure 4.13b.
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Figure 4.13 SC performance with an inductive load,
(a) vpec and source current i.

(b) vpec and capacitor voltages and current (v; & v.2)
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4.4.2 Transient Analysis

This section discusses the performance of the SC compensator under different
transient conditions. Simulation results are presented to demonstrate the speed of
response of the proposed compensator when working with the modified control
strategy.

4.4.2.1 Reference current variation

Figure 4.14 shows the response of the switched capacitor based
compensator when the reference current changes in a step-like manner from 1.0
p.u.t0 0.75 p.u and back to 1.0 p.u. in a period of 0.3 s.

There one can see that the proposed scheme is effective in tracking the
required reference current for both cases with a fast dynamic response. For rated
and reduced capacitive reference current, as shown in figure 4.14a, the measured
values for initial capacitor voltage Vcp has a minor change from 231V to 229 V
and this is due to the fast response of the scheme that allows a very small active
current to flow. However, the voltage ripple has some visible change as Vi
varies from 255V to 247V respectively which is a factor of current magnitude
and capacitor size. |

For rated and reduced inductive reference current the measured values for
Veo and Viin were 232 V and 207-213V respectively. The results were obtained
for a reference inductive current as shown in figure 4.14b.

Finally, it is worth mentioning that the minimum capacitor voltage is close
to the peak of the supply voltage for certain current magnitudes and careful
design procedure for the scheme elements should be done to avoid any system

instability.

4.4.2.2 Supply voltage variation with constant current

In this test, the switched capacitor compensator operates as a SVC with
rated (10A) reference current that can be either capacitive or inductive.

For the results presented in figure 4.15, the 60 Hz ac mains voltage
magnitude varies from 120 to 100 V with a 3.0 Hz frequency.
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Figure 4.14 Response of the SC scheme with a step change in the reference current for:

(a) Reference capacitive current (b) Reference inductive current.
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(a) reference capacitive current (b) Reference inductive current.
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There one may observe, for both inductive and capacitivé reference
currents, that the actual current sticks to the reference.

Unlike the standard thyristor based SVCs, the proposed compensator
should be able to deliver rated (maximum) capacitive current during voltage
sags. One can see from figure 4.15a that the capacitor voltage starts to decrease
and stabilizes at a value below the reference one. This happens due to the fixed
proportional controller, K;2, in the capacitor voltage loop. However, one can see
from the simulation, that SC scheme could still perform its function and provide
a current that maintain a sinusoidal supply current that in phase with the voltage.
Thanks to the voltage regulation loop the capacitor voltage changes
proportionally to the supply voltage. '

Therefore, the capacitor voltage in this situation will always remain higher
than the supply voltage that allows the SC scheme to perform it operation
properly and in a fast manner as seen in figure 4.15a.

Figure 4.15b simulates the previous case, sag, but with a reference
inductive current. The capacitor voltage has the same trend as the previous case
and tends to decrease with the voltage sag. However, due to the inertia of the
capacitor, the voltage was varying slowly with the change in supply voltage.
Depending on the magnitude of the voltage sag, the capacitor voltages can
become smaller than the peak value of the mains voltage, what can resuilt in
some distortions in the SVC current. Besides, during the return of the supply
voltage to its rated value, the reference current generating circuit tends to
increase the magnitude of the reference current which further reduces Vemin. One
possible solution is to have reference voltage that changes with supply voltage to
keep a constant capacitor voltage for any supply voltage changes.

Conversely, if a swell takes place in the ac mains, not shown, operation
with rated inductive current would be trouble-free while operation with rated
capacitive current would result in an increased voltage stress across the power
switches. Therefore, the proposed compensator can still supply rated capacitive
current, provided that the power switches are designed to withstand the increased

voltage stress.
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4.4.2.3 Supply voltage variation with constant reactive power

A constant reactive power that can be achieved by simultaneous change in
the voltage (decrease) and current (increase) or vice versa is investigated in
figure 4.16a,b. The ripple in the capacitor voltage starts to be bigger than the one
described in figure 4.15a,b because of the higher current magnitude. However,
by using the systematic design approach, the value of the inductor and capacitor
could be adjusted to cope with a given voltage variation. Further, the capacitor
has some inertia that slows the rate of voltage variation. A major advantage of
this type of converter is that the maximum reactive power decreases linearly with
the mains voltage instead of with the square value as in variable reactance type

compensators.

4.4.2.4 Variation of the load power factor

This test is concerned with the performance of the switched capacitor
based SVC to compensate for sudden variations of the reactive power drawn by
a linear load, yielding unit power factor.

The circuit depicted in figure 4.17 generates the reference current. It is
assumed that a 1.5 kVA load operates initially with a 0.866 lagging power factor
which changes suddenly to 0.866 leading and then back to 0.866 lagging power
factor.

One may see that the reactive current (ir;) of the load can be effectively
extracted by using the circuit depicted in figure 4.17. The figure also shows that
the current injected in the ac mains by the power conditioner (i) follows closely
the command current (i;) and that it yields almost total compensation of the
reactive power drawn by the load, with an increase in the total power factor from
0.866 to 1.00. The results further show that the scheme could respond to the
change in the current within almost half a cycle. Further, the capacitor voltage
loop is able to change the SC scheme capacitor voltage in a fast manner to

compensate for this sudden change.
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4.4.2.5 Variation of a non-linear load

As mentioned earlier, the proposed switched capacitor-based power
conditioner can compensate for reactive power and also mitigate current
harmonics. This is a very important feature for the compensation of thyristor
based ac-dc converters that operate with variable loads and firing angles and
which can create flicker or trigger resonances in the power system. Figure
4.18 presents some waveforms related to the compensation of a thyristor bridge

rectifier with an inductive load, L,, = 50.0 mH, R; ., = 5.0 Q when the firing

oad
angles varies from 15° to 30° and back to 15°.

The reference current generating circuit is able to separate the non-active
from the active component of the load current as shown in the figure. The
scheme could respond faster than the previous case, linear load, due to the slow

response of the Thyristor Bridge to the change in the firing angle.
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4.5 Experimental Set up

A hardware model was built to confirm the simulation results and to verify the

effectiveness of the modified control strategy. The circuit was built as the circuit

diagram in figure 4.5. The current set up uses some of the circuits that were used in the

Section 3.5 such as the power circuit, voltage and current sensing circuits, dead time

circuit, and driving circuit. Finally, experimental waveforms will illustrate the

performance of the laboratory set-up under different load conditions.

4.5.1 Control Circuit

Figure 4.19 shows the schematic diagram of the control circuit hardware. It

consists of five main sub circuits:

Capacitors voltage regulation loop sub circuit. that is designed

according to the analysis done in Section 4.2.2.

Hpysteresis comparator sub circuit: the circuit that compares between the

command current and actual filter current to get the switching signal,

OUT 1, that controls the three switches S;, S, and Ss.

Voltage zero crossing detector sub circuit. this circuit is used to provide

the control circuit with the moment, OUT_2 shown in the figure, to

change control from positive cycle to negative cycle.

Positive and Negative level detectors sub circuit. the circuit that

compares between the voltage at the point of common coupling v, and a

positive and negative dc levels to get a period around the zero crossing of
the voltage to effectively track the command current. This period is

defined by the two outputs OUT 3, and OUT 4.

Logic Circuit: the four outputs, OUT 1, OUT_2, OUT 3, and OUT 4,

are provided to the logic circuit of the modified control strategy that is
constructed as shown in Fig 4.20. The outputs from the logic circuits are

the signals to three switches S;, S,, and S;.
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4.5.2 Experimental Results
4.5.2.1 Reactive power control

The waveforms in Fig 4.21ab illustrate the operation of the SC scheme for
reactive power compensation of an inductive and a capacitive load respectively.
The specification of the SC compensator, source and load are as follows:

e Utility system: A regulated single-phase ac supply of 120 Vrms, 60 Hz;,

Line resistance, R=0.1 Q, Line inductance, L:=0.1 mH.

e SC VAR compensator: Lf= 3.0 mH, Cf=260.0 pF.

e Load: Inductive load, L= 24 mH, R = 10.0 Q , Capacitive load, C=
340.0 uF, R=10.0Q ‘ ‘

The load current (i), power conditioner current (i), supply current (i;), and
supply voltage (v;) are shown in these figures. It can be seen from the waveforms
that the power conditioner generates currents that are 90° leading, figure 4.21a,
or 90° lagging, figure 4.21b, with respect to its supply voltage, as predicted.

Their magnitudes are such that the source current is almost in phase with
the source voltage yielding an almost unity total power factor at the PCC. In fact
the power factor improved from 0.74 lagging to 0.99 in the first case and from
0.78 leading to 0.99 in the second case. The supply current presents mostly high
frequency harmonics and a THD of 4.1% and 3.7% for both cases respectively. It
is worth mentioning that the proposed power conditioner achieved reactive
power compensation with low harmonic distortion despite an average switching
frequency of only 2.5 kHz as shown in figure 4.22. An even lower THD can be
obtained by decreasing the hysteresis window at the expense of higher switching
losses. The capacitor voltage waveforms, v,; and v, along with the supply
voltage and power conditioner current are shown in figure 4.23 for the inductive
load case. The initial and peak values of the capacitor voltages are 75V and 82V,

which meet the design specifications.
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Figure 4.21 Load current, power conditioner current, supply current and voltage at the

point of common coupling respectively with (a) inductive load (L =24 mH, R =10 Q),
(b) capacitive load (C =340 uF, R=10 Q).
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4.5.2.2 Harmonic mitigation and reactive power control

The proposed power conditioner was also evaluated for compensating
common non-linear loads such as single-phase diode rectifiers with either
inductive or capacitive dc filters. The rectifiers usually present a series reactor in
the ac side to reduce the injected current harmonics that result in a lagging
displacement power factor. Figures (4.24-4.25) show that the proposed power
conditioner can compensate for the current harmonics and reactive power at the
same time.

A 5.0 % reactor is used in the ac side of a diode bridge rectifier with either

one of the following;:

e A capacitor filter, Cge = 940.0 uF, Rl .0ad = 22.0 Q.
¢ Aninductive load, Lde = 50.0 mH, RJ.0ad=5.0 Q

Figure 4.24a shows the waveforms of the load current, power conditioner
current, source current, and supply voltage for a single-phase rectifier bridge
with a capacitive filter. The THD of the input current of the rectifier (i.) is 58%.
The power conditioner reduces the THD of the source current to 4.4%, when
using the modified control strategy, and improves the total PF to 0.99. As can be
seen in the spectrum of figure 4.24b, the main source current harmonic is of third
order, which has already been reduced by 97%.

In principle the THD could be further improved by increasing the region
where S; and S; switch but it has to be limited to around 15% of the maximum
supply voltage when the capacitor voltage starts to present a very large ripple.
Finally, similar results for a single-phase rectifier bridge with an inductive load
are shown in figure 4.25. In this case, the current THD was reduced form 26% to
3.7%.
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Figure 4.24 (a) Load current, power conditioner current, supply current and vy, with

-
599 2996

rectifier bridge with capacitive filter load with modified control strategy, (b) Harmonic

spectrum for both load and supply current.
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Figure 4.25 (a) Load current, power conditioner current, supply current and supply
voltage with rectifier bridge with inductive load with the modified control strategy, (b)

Harmonic spectrum for both load and supply current.
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4.5.2.3 Transient analysis

Figures (4.26-4.29) document the performance of the SC scheme under
four different transient analyses, which are: inductive load current variation,
capacitive load current variation, source voltage variation and load power factor
variation.

The waveforms in figure 4.26a,b shows the response of the switched
capacitor based compensator when an inductive load current changes in a step-

like manner from 1.0 p.u. to 0.7 p.u and back to 1.0 p.u. in a period of 0.4s.

Ny —p— ™ v T T

Chil i06.0%v. Cha] 10 0w MEI 0. OS]
50 v

(b)

Figure 4.26 SC scheme performance for a cyclic inductive load current variation.

a) i, i is and vpec.

(b) vy, veo, Voo and iy,
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There one can see that the proposed scheme is effective in tracking the
required reference current with a fast dynamic response. Further, figure 4.26b
reveals that the voltage ripple has some visible change, which is a factor of the
current magnitude and capacitor size.

Similar results to the previous case are shown in figure 4.27a,b for a cyclic
variation of a capacitive load current. Although the capacitor voltage tends to
decrease from the initial capacitor voltage, the voltage control loop could keep it
above the peak of the voltage at the point of common coupling that ensure proper

operation of the SC scheme.

ek Prevu | T—1 ]

I e Eama o e
- Iy

0,0 vV
ch3__10.0V =y

Prevu |

Ve

1
(b)

Figure 4.27 SC scheme performance for a cyclic capacitive load current variation.

() iz, i5 iy and V..

(b) ver, vea, Voo and iy
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Figure 4.28a,b shows the response of the SC scheme when the supply
voltage changes in a step-like manner from 1.0 p.u. to 0.7 p.u and back to 1.0
pu. in a period of 0.4 s when driving an inductive load. There one can see
that the SC scheme could effectively deliver the required capacitive current
during voltage sags to compensate for the reactive power in the system. One can
further conclude from figure 4.28b that the voltage regulation loop could

effectively maintain the capacitor voltages at a level that is higher than the

supply voltage to allow the SC scheme to perform its function properly.

Telc Prevu | L +— |

Yoz S SN ; L
Ch1 25 0V ICh2] 106.0V 'M|40.0rns|
| 25.0 V lchal” 25 v )

(b)
Figure 4.28 SC scheme performance for a cyclic supply voltage variation.

(@) iz, i5 is and Vpce.
(b) Vci, V2 Vpee and if.
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Finally, the performance of the SC scheme to compensate for a sudden
variation of the reactive power drawn by a linear load is shown in figure 4.29ab.
The load operates initially with a 0.87 lagging power factor that changes
suddenly to 0.89 leading and then back to 0.87 lagging power factor in a period
of 0.4 s. The figure also shows that the current injected in the ac mains by the
power conditioner (i) yields almost total compensation of the reactive power
drawn by the load, with an increase in the total power factor to almost 0.99.
Further, the capacitor voltage loop is able to change the SC scheme capacitor

voltage in a fast manner to compensate for this sudden change.
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Figure 4.29 SC scheme performance for a sudden change in the load power factor.

(a) iy, ig, is and Vpce.
(b) VCla ch, Vpcc and if
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4.6 Comparison between the Proposed SC Power Conditioner and

Inverter-Based Power Conditioners

The objective of this section is to compare between the proposed SC scheme
against the single phase inverter based power conditioner from the installation cost point
of view. The economic comparison will be performed through a realistic numerical
example. Assume that the test system that was used in the optimization procedure in
Section 3.4.2.2 is the base for this comparison.

From there, and according to the available IGBT’s in the market, one can see
that a medium speed (600 V, 15 A) IGBT, IRG4pc30f, is suitable for the operation of
the SC scheme. Further, a diode rectifier, Gbpc2506A, should accompany each IGBT to
form a bi-directional switch. For the inverter based power conditioner, a high speed (600
V, 12 A) IGBT, IRG4pc30ud, is suitable for the same application.

Table 4.1 summarizes the installation cost of both schemes, respectively. It
states that there is a significant redcution in the total cost of the of the proposed SC
scheme, $102.63, which is almost 47% lower than the inverter based scheme, $191.18,
for the same kind of applications.

However, the installation cost may happen to be case dependent. Under different
loading conditions, the SC scheme might be less or more economical than the inverter
based power conditioner. Therefore, another system, which has higher voltage and
power, is tested to investigate the effect of loading on the installation cost. Table 4.2
documents the new system parameters and the overall installation cost. The table reveals
that the SC scheme installation cost, $2657, is 50% lower than its counterpart, the
inverter based power quality conditioner, $5271, for the same loading conditions.

Finally, it can be concluded that the SC scheme is more economical than the
inverter based power conditioner, and it has almost a constant trend of reducing the

installation cost by approximately 50% for the same loading conditions.
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Table 4.1 Comparison between the proposed SC power conditioner and inverter based

power conditioners from the installation cost point of view for low power application.

Comparison Inverter Based Power Proposed SC Power
Criteria Conditioner Conditioner
System 120V 120V
voltage

Rated 5A 5A
current
Switching 10-30 kHz 2-4kHz
frequency
Number of | 1-phase: 4 high speed (switches 1-phase: 3 low speed
active and diodes) bi-directional (IGBT+ bridge
components
rectifier) switches
Cost of active IRG4pc30ud = $9.29 IRG4pc30f = $4.12
components Gbpc2506A = $3.91
Total cost (1)= 4*$9.29=837.16 | Total cost (1)= 3*8.03=5$24.09
Numb..er of |e 1x3 mH inductor (5% ofthe |® 1x 3 mH inductor (5% of
assive
(,'051p onents inverter rating) the SC scheme rating)
e 1x Large DC capacitor e 2x small DC capacitors
(>4700uF) (~100-300 pF)
Cost of e Inductor (Hammond e Inductor (Hammond
passive 3 3
components 195G10)=$57.3 195G10)= $57.3
® (apacitor (Panasonic EEG- | e 2 x Capacitor (Panasonic
AA2W362HLE) ECO-S2WB271DA)
=$96.72 =2%*$10.62=$20.24
Total cost (2)= $154.02 Total cost (2)= $78.54
Total cost | Total cost =(1)+(2) Total cost =(1)+(2)
=$191.18 =$102.63
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Table 4.2 Comparison between the proposed SC power conditioner and inverter based

power conditioners from the installation cost point of view for medium power

=$5271

application.
Comparison Inverter Based Power Proposed SC Power
Criteria Conditioner Conditioner
System 400 V 400 V
voltage
Rated 250 A 250 A
current
Switching 10-30 kHz 2-4 kHz
frequency
Number of | 1-phase: 4 high speed (switches 1-phase: 3 low speed
active and diodes) bi-directional (IGBT+ bridge
components
rectifier) switches
Cost of active | PowerexCM400HA-24H = $260 | Powerex CM400HU-24F = $185
components Powerex R6201240X00 = $69
Total cost (1)= 4*$260=51040 Total cost (1)= 3*254=8762
Numb.er of | e 1x0.13 mH inductor (5% of |® 1x 0.13 mH inductor (5% of
assive
cof:tp onents the inverter rating) the SC scheme rating)
® 1x Large DC capacitor e 2x small DC capacitors
(~30,000 pF) (~3,000 pF)
Cost of e Inductor (3 parallel e Inductor (3 parallel
passive
components | Hammond 195B150)=$1311 | Hammond 195B150)= $1311
® 10 x Capacitor (3000 uF, e 2 x Capacitor (3000 uF,
550V) =10*$292=$2920 550V) =2*$292=$584
Total cost (2)= $4231 Total cost (2)= $1895
Total cost | Total cost =(1)+(2) Total cost =(1)+(2)

=$26357
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4.7 Conclusions

A new control strategy that aims to mitigate some of the drawbacks for the
proposed SC based power conditioner has been presented in this chapter. The main
features of the new circuit are as follows:

e It provides an alternative switching scheme for hysteresis control that allows an
increase in the current tracking capability of the scheme at the worst possible
case for switched capacitor topologies: the zero crossing points of the ac line
voltage.

¢ In addition, a voltage control loop is added to keep the capacitor voltages at
certain required level that allows proper operation of the SC scheme with small
capacitor sizes. Further, the energy balance concept in the energy storage
capacitor is used to simplify the design of the voltage control circuit. The chapter
has further presented some simulation results to evaluate the performance of the
SC filter under steady state and transient operations to verify the effectiveness of
the SC scheme and the design methodology used which proved that the scheme
is capable of tracking different commands effectively under different conditions.

e For the compensator operating as an SVC independent of the load, it was shown
that the it presents a fast speed of response for reference current variations and
that it can keep close track of the reference current for sudden variations in the
PCC voltage.

e Moreover, it was shown that the proposed switched capacitor converter could
successfully compensate variations of linear and non-linear loads resulting in a
source current with minor harmonic components and in phase with the
fundamental voltage.

o Further, the experimental results confirmed that significant harmonic mitigation
could be obtained with an average switching frequency as low as 3.0 kHz and
has a fast speed of response as demonstrated by the transient analysis.

e Finally, from the installation cost point of view, it is proved that the proposed SC
power conditioner could reduce the total cost by almost 50% when compared

with the inverter-based scheme for the same kind of applications.
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CHAPTER S

Application Example:
SC Based Harmonic Active
Filter

5.1 Introduction

In the conventional passive filters, L-C is tuned to absorb harmonic currents
generated by non-linear loads. But several drawbacks such as source-sink resonance,
parameter variations, sensitivities to frequency variations, etc, reduce the effectiveness
of the passive filter system. The current state of active filtering techniques requires high
frequéncy PWM inverters to achieve the desired harmonic filtering and big energy
storage to ensure constant dc voltage or current. For high power applications, the main
aim of active filters is to eliminate or reduce the current harmonics. Because of
economic considerations, reactive power compensation using active filters at the high
voltage distribution level is not generally regarded as viable [4], because of the high
voltage and its accompanying problems of isolation and series/parallel connections of
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switches. Alternative approaches such as line-commutated thyristor converters are
considered more suitable [42-43].

This chapter focuses on the application of the SC scheme in harmonic
mitigation. Steady-state operation and transient analysis are carried out to analyze the
performance of the scheme under different operating condition. Finally, experimental

results are provided to demonstrate the validity of the analysis and design procedure.

S.2 Generation of the Reference Current for the Proposed Control

Strategy

Two detection methods are chosen for generating the reference current for
compensating harmonic currents for a given load. The first method is based on the
extraction of harmonics using a 60 Hz band-stop filter [71], while the second detection
method is based on the Adaptive Noise Canceling (ANC), which will be modified to
generate the reference current that is required for the SC power conditioner to act as an

active filter. Details of both techniques are given below.

5.2.1 Reference Current Generation Using Universal Active Filter
(UAF)

A simple circuit that can be used to generate the harmonic reference current is
shown in figure 5.1a. There one may see that the reference current, 77 is obtained by
using a 60 Hz band stop (reject) filter on the load current. In figure 5.1b, fiowcn is the
center frequency of the notch filter; fi, and fy define the edges of the notch’s stop
band. However, careful design for the bandwidth of the filter and its performance to
minor change in supply frequency should be counted. Therefore, a commercially
available universal active filter chip (UAF42) that can be designed to get minimum
phase and magnitude errors is used. Higher order filters can be implemented by
cascading a number of these chips to get the required performance. The filter can be
simply tested and adjusted using a square wave input as shown in figure 5.1c.

The complete control circuit for the SC active filter is shown in figure 5.2.

There one can see that the reference current, iy, is added to the regulating current,
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R R e

(c)
Figure 5.1 (a) Circuit for reference current generation. (b) General form of the notch
filter response. (c) Output waveform from the universal active filter chip when it has a

square wave input waveform
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Figure 5.2 Complete control circuit for the SC system used in harmonic mitigation



Ireg, to get the final current command 7., to the filter. Then, the command current is
compared with the actual filter current, ix, and the error is passed through a hysteresis
window and a logic circuit that yields the desired gating signals for S;, S; and S;.

The simplicity of this technique, one chip, and fast response, offers many
advantages for the operation of the filter over the other harmonic extraction
techniques such as d-q reference frame, instantaneous reactive power theory, or
negative sequence components extraction, as will be shown in the simulation results

and experimental verification.

5.2.2 Reference Current Generation Using Adaptive Noise Canceling
(ANC) Technique

In Chapter 3, Section 3.4.1.3, we discussed the application of the ANC
technique for reactive power compensation. Further, it was concluded that by using
an adaptive noise filter, we could get a signal that is equal to the active component
of the load current, i;,(?), that is subtracted from the load current, i1(¢), to get the
reactive component of the load current, i.4(¢), which is the reference current for the
SC scheme.

In this section, however, we are looking for a reference current that only
represents the harmonics currents, iz, (f), in the system. Therefore, we are looking
for a circuit that can generate a signal that is equal to both the fundamental active
and reactive components of the load current that can be finally subtracted from the
load current to get the harmonic current iz, (7).

The circuit that generates the reference current of the proposed active filter is
based on the scheme shown in figure 5.3. By modifying the ANC method, the
fundamental component of the load current and voltage at the point of common
coupling, Vpe.(?), are mutually correlated. The voltage vu..(?) is used as a reference
for the circuit that is a continuously regulated closed loop system. Two adaptive
filters process this reference input. One to produce an output which equals the active
component of the load current signal i;,(?) in amplitude and phase and the other to

do the same function but for reactive component ir4(#). The output of the adaptive
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Figure 5.3 Scheme for generating the reference current of the power conditioner.

filters is then subtracted from the actual load current i (2) to obtain the harmonic
component, iz, (f). The system will reach its steady state when the integrators output
are constant, which means that iz,(?) is in phase with vy..(?) and iz,(7) has a 90° phase
shift with respect to vyec(?). Finally, iz, is added to the regulating current, i, to get
the final current command i, to the filter that is compared with the actual current of
the SC filter, if?), and the error is passed through a hysteresis window and a logic
circuit that yields the desired gating signals for Sy, S; and S3.

5.3 Design Procedure

5.3.1 General Considerations

The capabilities of a power conditioner operating with hysteresis current
control to quickly and closely track a current template depend on the possible values
for di/dt and on the size of the hysteresis window (AI). Fast and close tracking come
at the expense of a high switching frequency and an alternative suitable to the
application should be sought. According to (3.3) the inductor size affects the value

of di/dt for modes 1 and 2 while the capacitor size, which influences the relative
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magnitude of the capacitor voltage with respect to the PCC voltage, affects the value
of di/dt for mode 2. Small inductors increase the values of di/dt enhancing the
capabilities of the power conditioner to filter high order harmonics. On the other
hand small capacitors reduce the stiffness of the capacitor voltage waveform,
resulting in bigger variations for a given variation of the current template. This can
result in either high peak voltages that yield higher voltage ratings for the power
switches or low valley voltages that violate the need for the capacitor voltage to be
always higher than the PCC voltage.

In conclusion, the choice of the passive elements L-C is rather complicated
which prompted the use of a systematic optimization procedure that may allow the

choice of the system components for different applications.

5.3.2  Calculating Circuit Components

The design procedure described in Section 3.4.2.3 is adopted to determine the
SC components when a non-linear load current waveform of 58% total harmonic
distortion is under consideration and for a given hysteresis window, Al, of 5%. The
results, such as those presented in figure 5.4a,b are then used to evaluate the
performance of the filter in terms of the THD of the source current (i;) and average
switching frequency. Then the values of L¢ and Cr are changed according to the
algorithm of the flow chart of figure 3.12 and the simulation process is repeated.

By selecting the initial capacitor voltage at certain level Vo, that will be the
reference voltage for the capacitors voltage regulation loop, and selecting Vemin to
be at a certain minimum level bigger than the peak of v,.., the capacitor value can be
calculated. Then, the optimization technique is performed to provide a set of graphs
as shown in figure 5.5, which allow the choice of optimum values for L¢ & Cs.

One can see from figure 5.5 that the maximum average switching frequency
lies between 2.0 and 7.0 kHz, which insures that the switching losses are small and
the system doesn't need big cooling requirements.

By investigating the figures, for a supply voltage of 120 V, an inductor L= 4.0
mH and a capacitor C¢ = 230 uF will result in THD of 3.8% and switching frequency
of 3.7 kHz, with Vcmax0f 250V, and Vemin 0f 225V and Vo of 235V.
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128

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




5.4 Simulation Results

The simulation is performed with the PSCAD software program using both the
UAF and ANC techniques to have a complete overview of the performance of the SC
scheme under different reference generation circuits that may assist the choice of a
particular one.

The system parameters used in the simulation are as follows:

e  Utility System: A regulated single-phase ac supply of 120 Vrms, 60 Hz;

Line resistance, Rs = 0.1 €, Line inductance, L = 0.1 mH
) Switched Capacitor Filter: C¢=230 pF, Ly=4.0 mH,
o  C(ritical Load: A 5.0 % reactor is used in the ac side a non-linear load. The
non-linear load is modeled as follows:
» A diode rectifier bridge consisting of the following values: (Ry, =
22.0 Q, Cqy =940 pF) and (R.=5.0 Q, L, = 50 mH).
» A thyristor rectifier bridge consisting of the following values: Ry,
=5.0Q, Ly =50 mH, and firing angle 6=30°.

This section is organized as follows: Section 5.4.1 presents the simulation results
in steady state when the SC scheme is using the UAF technique for reference current
generation. Section 5.4.2 presents the simulation results in steady state when the SC
scheme is using the ANC technique for reference current generation. Section 5.4.3 gives
a comparison between the results of the two reference current generation schemes.
Finally, Section 5.4.4 presents a number of tests to evaluate the performance of the
compensator under different transient conditions, such as variation in the bus voltage

and load current.

5.4.1 Simulation Results with Reference Current Generation Using
UAF Technique

The simulation results for different cases are shown in Figures (5.6-5.8).
Further, the numerical values for THD resulting from the odd harmonics from 3™ to
the 15™
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SC scheme performance with nonlinear load
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Figure 5.6 (a) Simulation waveforms with UAF technique for a single-phase diode
bridge rectifier circuit with capacitor filter: load current i, , filter current ir , source
current i , and Vpee, Ver & Ve,

(b) Harmonic spectrum for the load and source currents.
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in the load and source currents along with the corresponding switching frequency for

each case is tabulated in Table 5.1.

The following variables are displayed:

e The load current iy, for different loads and its harmonic spectrum.

e The command current to the SC scheme, 7. and the SC output current, i; in one
figure to show how close the SC current can track any command current and to
investigate the effect of the standrad and modified control strategies on this
current.

e The source current i, for different loads and its harmonic spectrum.

o Finally, the voltage at the point of common coupling v,.., and capacitor voltages,
Ve & Ve, that shows how the SC scheme satisfy the requirements for the SC
scheme to operate properly.

The Load and source currents waveforms in Fig 5.6a reveals that the filter is
effective in compensating for load harmonic current when using the modified
control strategies. Further, the spectrum shown in Fig 5.6b verify these results by
showing the improvement of individual harmonic components in both cases. It is
worth mentioning that the SC scheme could achieve its performance with a
switching frequency that ranges from 3.1 to 4.2 kHz depending on the type of the
load used in the simulation.

Other simulaions results is carried out to evaluate the performance of the SC
filter for different other loads as shown in figure 5.7 to figure 5.8. Table 5.1
documents the above results and states that the total harmonic distortion of the
source current when using the UAF technique with the modified control strategy is
as follows:

e For the diode bridge rectifier with capacitor filter the THD is reduced
from 58.0% to about 4.1% (92.4% reduction).

e For the diode bridge rectifier with inductive load the THD is reduced
from 32.0% to about 2.4% (92.5% reduction).

e For the thyristor bridge rectifier with inductive load the THD is reduced
from 32.0% to about 2.7% (91.5% reduction).
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Figure 5.7 (a) Simulation waveforms with UAF technique for a single-phase diode

(b)

SC scheme performance with nonlinear load
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(b) Harmonic spectrum for the load and source currents.
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Figure 5.8 (a) Simulation waveforms with UAF technique for a single-phase thyristor
bridge rectifier circuit with inductive load: load current i, , filter current ir , source
current 7, , and Vpeo, Ver & Voo,

(b) Harmonic spectrum for the load and source currents.
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Table 5.1 Load current THD, source current THD, and switching frequency (F;), for

different types of simulation when using both UAF reference generation technique.

Reference Current Generation Using UAF
Technique
Diode bridge Thyrsitor bridge
Capacitor Inductive Inductive
filter load load
Load
Current 58.0 320 320
THD (%)
Source
Current 4.1 24 2.7
THD (%)
F, (kHz) 35 4.2 4.0
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S5.4.2  Simulation Results with Reference Current Generation Using
ANC Technique

The simulation results for different cases are shown in figures (5.9-5.11).
Further, the numerical values for THD resulting from the odd harmonics from 3" to
the 15™ in the load and source currents along with the corresponding switching
frequency for each case is tabulated in Table 5.2.

Accoding to Table 5.2, the THD of the source current reveals that the filter is
effective in compensating for load harmonic current and reducing the total harmonic
distortion of the source current when using the ANC technique with the modified
control strategy as follows:

e For the diode bridge rectifier with capacitor filter the THD is reduced
from 58.0% to about 3.7% (93.6% reduction).

e For the diode bridge rectifier with inductive load the THD is reduced
from 32.0% to about 2.1% (93.5% reduction).

e For the thyristor bridge rectifier with inductive load the THD is reduced
from 32.0% to about 2.64% (91.7% reduction).

Finally, the SC scheme could achieve its performance with a switching

frequency that ranges from 3.24 to 4.4 kHz.
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SC scheme performance with nonlinear load
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Figure 5.9 (a) Simulation waveforms with ANC technique for a single-phase diode
bridge rectifier circuit with capacitor filter: load current iy, , filter current ir , source
Curl'ent is Py and vPcc, Vc ] & ch

(b) Harmonic spectrum for the load and source currents.
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SC scheme performance with nonlinear load
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Figure 5.10 (a) Simulation waveforms with ANC technique for a single-phase diode

bridge rectifier circuit with inductive load: load current i, , filter current ir , source

current 7y , and Vpee, Vor & Ve,

(b) Harmonic spectrum for the load and source currents.
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SC scheme performance with nonlinear load
Load current (IL)

+20

+12

W A T
o e A T

R .
S12F
-30257 0.2608 02706 02804 G2602 03
SC scheme current (If) and command current (lc)

+20 =i £l
+10k

\ ot~ WY //\M A, //\ i N g
oY ~/ v SV N e
“0F

i
-3057 05608 62766 0.2804 02902 0.3
Source current (Is)

420 IS

TN A TN
-10 - \\‘\W/ \\\\./ \\‘\‘Mw M'E

-30257 53668 03706 02804 02502 03
Voltage at the point of common coupling Vpcc and capacitor voltages Vec1, Vc2
+320 —5-Vpee —A— Ve - Vc2

"""\A__..,A_..._f_._.‘__‘\__,q__,,ﬁ"_"‘“\_,,_‘_g_.___,__‘ﬁ_ﬂﬁ_,,/’—“‘\v S TS

+160 o
L g/\ / \
+0 re
N e
160 e - ~e o
. s [ S
o 1 1 ‘J 1
-380257 0.2608 0.2706 0.2804 0.2902 0.3
Time (sec)
(@
120.0 Modified Control Strategy with Thyristor Bridge Rectifier and Inductive Load

[ Load Current

B Source Current

Total Harmonic Distortion, THLC

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Harmonic Order, h

(b)
Figure 5.11 (a) Simulation waveforms with ANC for a single-phase thyristor bridge
rectifier circuit with inductive load: load current i , filter current ir , source current i ,
and Vpce, Ves & Ve,

(b) Harmonic spectrum for the load and source currents.
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Table 5.2 Load current THD, source current THD, and switching frequency (F;), for

different types of simulation when using both ANC reference generation technique.

Reference Current Generation Using ANC

Technique
Diode bridge Thyrsitor bridge
Capacitor Inductive Inductive
filter load load
Load

Current 58 32 32
THD (%)

Source

Current 3.7 2.1 2.64
THD (%)

F; (kHz) 3.5 4.4 4.2
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5.4.3 Comparison Between the Performance of the SC Scheme under

the Two Reference Generation Circuits

Table 5.3 documents the basic differences between the two reference
generation schemes in terms of the number of components, cost, magnitude and
phase errors, control complexity, switching frequency, THD, and easiness of
implementation. The comparison is done based on the theory of operation of both

schemes and the results obtained from the simulation results.

Table 5.3 Comparison between the performance of the SC scheme under UAF and

ANC reference generation schemes.

Comparison UAF technique ANC technique
criteria
Number of One commercial chip Four multipliers, two
components integrators, phase shifter, and
summer.
Cost of Low High due to the greater number

components of components. Further, the

multipliers  are  especially

expensive.

Magnitude and | Have minor magnitude and | Self-adjustable to eliminate any

phase errors .
phase errors. magnitude or phase errors.

Control Easy to adjust especially the | Difficult to adjust due to the

complexity chip has software, which can | minor difference in the time
model it for different types | constants of the integrators and
of filters and different orders. |the  adjustment of the
multipliers.
Switching 3-4.2 kHz 3-4.5 kHz
frequency
THD <5% <5%
Implementation Easy Hard
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The table reveals that both the schemes are effective in generation of the
reference current that enables the SC scheme to inject the required compensation
current to decouple the load harmonics current from the supply. Further, both the
reference generation circuits could achieve their function with a small switching
frequency. However, the UAF circuit is easy to implement, cost effective, and easy

to adjust which makes it more suitable for our application.

5.4.4 Transient Analysis

This section discusses the performance of the SC compensator under transient
conditions. Simulation results are presented to demonstrate the speed of response of

the proposed compensator.

5.4.4.1 Cyclic variations in the load current

Figure 5.12 shows the response of the SC based active filter when the load
changes in a step-like manner from 1.0 p.u. to 2.0 p.u and back to 1.0 p.u. in a
period of 0.33 s.

When the supply voltage is applied, the output of the control circuit has not
yet provided the steady state value of the reference current. Hence the harmonic
component of the load current is supplied by both the supply and the SC filter.
Moreover, the SC capacitors will be charged up to a bigger value than the supply
voltage due to the inrush current of the transient. However, in the second cycle,
the system will reach its steady state and the utility will supplement the energy in
the capacitor to keep its voltage to prescribed value. Except for the first cycle,
the control circuit has almost no other time delay. Therefore the transient
response will be good.

At the tenth cycle, when the circuit is subjected to an increase in the load
current, the utility source current responds immediately and stabilizes at the new
value. Further, one can see the capacitor voltage will drop owing to the release of
stored energy due to the increase in the current. However, it always maintains a

sinusoidal source current. This drop in the capacitor voltages is compensated
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SC scheme performance with nonlinear load
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Figure 5.12 Simulation results for transient response of the SC filter for a step increase
and decrease in the load current at the tenth cycle and twentieth cycle respectively.
a- Load current,
b- Filter Current,
¢- Source current,

d- Vpee, Vel & Ve2.
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by the utility in the next few cycles to keep the capacitor voltages at the required
level.

At the twenties cycle, a step decrease of the peak load current by 50% is
applied. From the simulation, although there is an increase in the capacitor
voltage at the transition point, the current injected in the ac mains by the SC
filter (i) follows closely the command current (i) and that yields almost total
compensation of the harmonic current drawn by the load. However, if the
capacitor voltage should be limited without exceeding a certain boundary,
additional circuit should be added to let the utility current change immediately
after the voltage limit is encountered. The circuit should estimate the extra
fundamental utility current needed by the SC scheme to return the capacitor
voltage to its present value before the beginning of the next cycle.

As a conclusion for the behavior of the SC based active filter for a cyclic
change in the load current, the filter is effective in tracking the required reference
current with a fast dynamic response. The voltage regulation loop is effective in
charging or discharging the filter capacitors in a fast manner to keep the
capacitor voltages at the specified limits. In the period of steady state operations,
the initial capacitor voltage, Vo is found to be (230V), the maximum capacitor
voltage, Vemax is (252V) and the minimum capacitor voltage, Vmin is (218V).
However, it is worth mentioning that the minimum capacitor voltages is close to
the peak supply voltage for certain loads, and careful design procedure for the
scheme elements should be done to avoid any system instability. Finally, the

maximum capacitor voltage can be limited to avoid switches or elements failure.

5.4.4.2 Cyclic variations in the supply voltage

In this test, the response of the SC filter for a cyclic variation in the supply
voltage is presented. As done in the previous section, the supply voltage changes
in a step-like manner from 1.0 p.u. to 0.75 p.u and back to 1.0 p.u. in a period of
0.33 s.
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SC scheme performance with nonlinear load
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Figure 5.13 Simulation results for transient response of the SC filter for a step increase
and decrease in the v,.. at the tenth cycle and twentieth cycle respectively.
a- Load current,
b- Filter Current,
¢- Source current,

d- Vpee, Vel & ver.
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In the test, it is assumed that the load under consideration has no voltage
stabilizer in the front end. Therefore the load current will feel any changes in the
supply voltage and responds correspondingly.

For the first ten cycles, the SC scheme goes through the start up process
described in the previous section, and then the capacitor voltages stabilizes at the
specified value. However, at the tenth cycle when there is a sudden sag in the
supply voltage, the capacitor voltage starts to decrease and stabilizes at a value
below the reference one. This happens due to the fixed proportional controller,
K2, in the capacitor voltage loop. As a matter of fact, in this case, this gain
should be increased to provide more active current to supplement the loss of
capacitor energy to keep the capacitor voltage at the reference value. However,
one can see from the simulation, that the filter could still provide a current,
which maintains a sinusoidal supply current. Thanks to the voltage regulation
loop, the capacitor voltage changes proportionally to the supply voltage.
Therefore, the capacitor voltage in this situation will always remain higher than
the supply voltage, which allow the SC scheme to perform it operation properly
and in a fast manner as seen in figure 5.13. This can further be confirmed at the
twentieth cycle when the supply voltage return to its original value. The
capacitor voltage could respond immediately to cope for the supply voltage

changes, and to maintain a sinusoidal ac main current.

5.4.4.3 Supply voltage variation with a constant load current

In this test, the response of the SC filter for a cyclic variation in the supply
voltage while the load current is maintained constant during the whole operation
is presented, as shown in figure 5.14. As done in the previous section, the supply
voltage changes in a step-like manner from 1.0 p.u. to 0.75 p.u and back to 1.0
p.u. in a period of 0.33 s. However, in this test, it is assumed that the load under
consideration has a voltage stabilizer in the front end. Therefore, the load current
will almost not feel any changes in the supply voltage.

At the tenth cycle when there is a sudden sag in the supply voltage, the
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Figure 5.14 Simulation results for transient response of the SC filter for a step increase
and decrease in the v, at the tenth cycle and twentieth cycle respectively with a
constant load current.

a- Load current,
b- Filter Current,
c- Source current,
d- Vpee, Ver & Voo

146

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




capacitor voltage starts to decrease and stabilizes at a value below the reference
one as explained in the previous section. The only difference in the capacitor
voltage in this case is the maximum (minimum) capacitor voltage that is slightly
higher (lower) than the one in the previous section. This is due to the bigger
current provided by the SC filter that increases the ripple in the capacitor
voltage. However, that filter could still provide a current that maintains a
sinusoidal supply current. Further, the capacitor voltage could respond
immediately to cope with the supply voltage changes, and to maintain a

sinusoidal ac main current.

5.5 Experimental Set Up

In order to confirm the accuracy of the simulation and to investigate the real
performance of the SC filter, the power circuit configuration and the control system

hardware of the experimental proto type is described in this chapter.

5.5.1 Power and Control Circuits

The power and control circuits used in this section are the same circuits used in
the previous chapter with minor differences as follows:

e Power Circuit. the critical Load is a 5.0 % reactor is used in the ac side a non-
linear load. The non-linear load is modeled as a diode rectifier bridge consisting
of the following values: (Ry, = 22.0 Q, Cg, = 940 pF) and (R, =5.0 Q, L, =50
mH).

o Control Circuit. the difference is in the reference generation sub circuit that is

done using UAF technique as shown in figure 5.15
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5.5.2 Experimental results
5.5.2.1 Steady state

Figures (5.16-5.18) document the results of the laboratory set-up for two
non-linear loads under study.

Figure 5.16a shows the practical results of the load current, filter current,
source current, and voltage at the point of common coupling for a single-phase
bridge rectifier with a capacitive filter that has a THD of 58%. The scheme can
significantly decrease the THD of the source current to 5.3%. Furthermore, the
current spectrum for the load and source, shown in figure 5.16b, shows the great
effect of the filter in reducing the 3" 5™ and 7" harmonics. An even lower THD
can be obtained by decreasing the hysteresis window at the expense of higher
switching losses.

The capacitor voltage waveforms, v.; and v.,, albng with the v, and SC
filter current are shown in figure 5.17 for the capacitor filter load case. One can
see that the capacitor voltages are always maintained at a level higher than vy
that allow the filter to perform its function properly.

Finally, similar results for a single-phase rectifier bridge with an
inductive load are shown in figure 5.18 where the THD could be improved from

25% at the load side to 4.7% at the source side.
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common coupling with rectifier bridge with capacitive filter load, (b) Harmonic

spectrum for both load and supply currents.
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both load and supply current.
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5.5.2.2 Transient analysis

Figures (5.19-5.20) document the performance of the SC based active filter
under two different transient analyses, which are: load current variation and
source voltage variation. The load under consideration is a bridge rectifier with
capacitor filter.

The waveforms in figure 5.19a show the response of the SC active filter
when load current changes in a step-like manner from 1.0 p.u. to 2.0 p.u and
back to 1.0 p.u. in a period of 04 s. The waveforms reveals that the SC
scheme responds very fast to the load variation and maintains a sinusoidal source
current all the time. This is rather confirmed from the capacitor voltages
variation in figure 5.19b that dropped slightly from its reference due to the fast
change in the load current that results in a small active current to flow in the
capacitors. However, the figure shows that the capacitor voltages could return to
required voltage value in a fast manner due to the operation of the voltage
regulation loop that allow the SC scheme to perform its function correctly.

Finally, figure 5.20 shows the response of the SC scheme when the supply
voltage changes in a step-like manner from 1.0 p.u. to 0.7 p.u and back to 1.0
p.u. in a period of 0.4s.

In figure 5.20a, one can see that the SC scheme could effectively deliver
the required harmonic current during voltage sags to compensate for the
distortion in the system. One can further conclude from figure 5.20b that the
voltage regulation loop could effectively maintain the capacitor voltages at a
level that is higher than the supply voltage to allow the SC scheme to perform its
function properly.
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5.6 Conclusions

This chapter has presented a complete design for the SC scheme when operating
as active power filter. The design includes the control circuit and passive components
selection. The chapter has further presented some simulation results to evaluate the
performance of the SC filter under steady state and transient operations to verify the
effectiveness of the SC scheme and the design methodology used.

e First, since the SC scheme does not include large storage elements, the net active
power flow in the compensator should be minimum in steady state to maintain the
capacitor voltages at the required level. Therefore, two detection methods, UAF and
ANC, that are easy to implement and can provide the reference current with fast
response, are chosen for generating the reference current for compensating harmonic
currents for a given load.
e The simulation is performed with the PSCAD software program using both the UAF
and ANC techniques to have a complete overview of the performance of the SC scheme
under different reference generation circuits that assist the choice of UAF circuit that is
easy to implement, cost effective, and easy to adjust, which makes it more suitable for
our application.
e It is also shown that the SC active power filter can successfully compensate for non-
linear loads with a fast speed of response for reference current and supply voltage
variations resulting in a source current with minor harmonic components.

Finally, the simulation and experimental results demonstrated that significant harmonic

mitigation could be obtained with an average switching frequency as low as 3.0 kHz.
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CHAPTER 6

Conclusions and Future
Work

The scheme, control circuit and design approach for the SC power conditioner
proposed in this work has been shown to be viable. With this approach, the basic
parameters, which control the characteristics of the power conditioner, are easily
identified, thereby providing a useful procedure for selection of suitable parameters for
different applications. The main features of this approach are summarized in this
chapter. Finally, during the course of this research, some possible topics for future work

in this area have been detected and are listed at the end of this chapter.
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6.1 Conclusions

The results of this study including the design, analysis, simulation and

experimental work of the proposed SC scheme are summarized as follows:

® A new single-phase topology which is based on switched capacitor technology and
which can be used for reactive power compensation and harmonic mitigation is
presented having the following merits:
» It presents a simple power structure; only three bi-directional switches and two
small capacitors,
can be controlled with standard hysteresis current control,
operates with low switching frequency,

has small passive elements, and

vV V ¥V V

has fast transient response.

® A systematic design procedure, which is based on a detailed code for simulating
currents and voltages in the proposed SC circuit and an optimization technique, is
provided for the choice of the system components for different loads. The validity of
the design procedure is verified by means of simulation analysis, with PSCAD
software, and experimental work with a laboratory prototype. The results of both the
simulation and experimental works very closely agree with the results obtained from
the curves resulting from the design optimization, which proves the effectiveness of

the design technique.

e The control methodology of the power conditioner is one of the key elements for
enhancing its performance for reactive power compensation and harmonic mitigation.
Power quality conditioning can be performed in the time domain or in the frequency
domain. Instantaneous Reactive Power Theory (IRP), Frequency Domain Analysis,
and d-q Reference Frame Theory are commonly used but they have the inherent
disadvantages that they are complex to implement, difficult to adjust, or have

relatively long delay times. Moreover, since dynamic compensation requires rapid
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detection of the required signal, a control circuit that is based on analog components
is better than digital detection that is not as fast. Therefore, a detection technique that
is based on Adaptive Noise Canceling (ANC) is chosen for generating the reference
current for compensating reactive and harmonic currents for a given load. The
detection technique provides excellent accuracy and convergence speed in tracking
the fundamental frequency and the harmonic components. Further, it is highly
adaptive and is capable of estimating the variations in the fundamental frequency and

harmonic components in a fast manner.

® Nevertheless, the standard control strategy presents some drawbacks which limit the
operation of the SC scheme such as:

» the current poor tracking capability of the scheme at the worst possible case
for switched capacitor topologies: the zero crossing points of the ac line
voltage,

» and the uncontrolled capacitor voltages.

Although these limitations have a negative effect of adding some distortion to the

source current waveform, the SC scheme could provide dynamic inductive,
capacitive and harmonic currents to compensate for reactive currents and harmonics

distortion that have been verified with simulation and experimental results.

® To improve the performance of the proposed SC scheme, a modified control strategy
for the standard hysteresis control is proposed which can:

» provide an alternative switching scheme for hysteresis control that allows an
increase in the current tracking capability of the scheme around the zero
crossing points of the AC line voltage, and

» keep the capacitor voltages at certain required level by adding a voltage
control loop, which allows proper operation of the SC scheme with small

capacitor sizes.
e For the compensator operating as an SVC independent of the load, it was shown

that it presents a fast speed of response for reference current variations and that it can
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keep close track of the reference current for sudden variations in the PCC voltage.
Moreover, it was shown that the proposed switched capacitor converter can
successfully compensate for variations of linear and non-linear loads resulting in a
source current with minor harmonic components and in phase with the fundamental
voltage.  Further, the simulation and experimental results demonstrated that
significant harmonic mitigation can be obtained with an average switching frequency
as low as 3.0 kHz. Finally, to better evaluate the proposed SC scheme, a comparison
between the proposed SC scheme and the single-phase inverter based power
conditioner from the installation cost point of view is provided which proved that the
proposed SC power conditioner can reduce the total cost significantly by almost 50%

when compared with the inverter-based scheme for the same kind of applications.

® For high power applications, the main aim of proposed SC circuit is to eliminate or
reduce the current harmonics. Because of economic considerations, reactive power
compensation using active filters at the high voltage distribution level is not generally
regarded as viable, because of the high voltage and its accompanying problems of
isolation and series/parallel connections of switches. This way the rating of the
power conditioner will be reduced significantly. Therefore, a complete design for the
SC scheme when operating as an active power filter is presented. The design includes
the control circuit and passive components selection. A reference generation circuit,
which is based on UAF technique, is chosen, as it is easy to implement, cost
effective, and easy to adjust, which makes it more suitable for this application. It is
also shown that the SC active power filter can successfully compensate for non-linear
loads with a fast speed of response for reference current and supply voltage variations
resulting in a source current with minor harmonic components. Finally, the
experimental results confirm the observation concluded from the simulation and

show the performance of the SC scheme for different loading conditions.

e Finally, while the experimental work was based on low voltage and low power
system, the principle outlined is applicable to high voltage and power ratings

provided that suitable switches are available.
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6.2 Suggestions for Future Work

6.2.1  Application of the SC Scheme for Three Phase System

None of the researchers had proposed a three phase active filter that is based
on the SC technology. Further, the SC scheme proposed in the current work still
aims to solve the problems of reactive power compensation and harmonic mitigation
in single-phase applications.

This section proposes a three-phase active filter scheme that is based on
switched capacitor technology. The scheme is using two single-phase SC based
compensator topology as shown in figure 6.1 Instead of controlling the three phases
separately [3,95], two single-phase units can do the same function. Further, this way
the number of switches will be reduced from nine to six for this kind of schemes or
from twelve to six if using three single-phase inverter bridges. The scheme is based
on the sum of the current in a three phase three-wire system is zero:

i,+i,+i,=0 6.1)

Source
Inductance

o<
(s

Load

~) () ("o
&
pt

Figure 6.1 System configuration of the proposed active filter scheme.
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Therefore, if i, & i, are controlled to be sinusoidal and free of harmonics, i, will
consequently become sinusoidal. Consequently, the first unit controls the current
that goes through phase ‘a’ and the return path will be phase ‘c’ and the second unit
controls the current that goes through phase ‘b’ and the return path will be again
phase ‘c’. This way the three line currents are controlled at the same time. The line
current of the power conditioner can be made to follow a given reference by
controlling its rate of change which can be made either positive or negative
depending on what switch is “ON”. As a matter of fact, the coil voltage (Voo = L
di/dt) determines the slope of the current. As long as the capacitor voltages are
bigger than their respective line-line voltages, [vca 2| > |viz| at all times, the slope of
the current is the same as the polarity of v., when S; is on (mode 1) and the
opposite when either S, or S; are on (mode 2). The magnitude of the rate of change

of the current in the inductor for the two modes can be calculated as follows:

a4 v, d vy 6.2)
dt L, a I '

Where k=1ifv,.>0,and k=-1if v, . <O.
Figure 6.2 and figure 6.3 show waveforms for two non-linear loads. A hysteresis
window of 5% of the rated peak harmonic current (i) has been used in the
simulation. The source current waveform reveals that the filter is effective in
compensating for load harmonic current and reducing the total harmonic distortion
of the source current from 29.5% to about 3.3 % in phase ‘a’, 3.2% in phase ‘b’, and
4.1% in phase ‘c’, when employing the first load. The THD distortion in phase ‘c’ is
higher than the other phases as both the harmonic distortion in phase ‘a’ and ‘b’ are
added up in this phase. Similar results are obtained for the second load as the source

current THD could be reduced form 21% to almost 3%.
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Waveforms of the proposed filter for bridge rectifier with capacitorﬁer
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Figure 6.2 Operation of the switched capacitor filter with the proposed control strategy

for a diode bridge rectifier with capacitive filter load.
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Waveforms of the proposed filter for bridge rectifier with inductive load
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Figure 6.3 Operation of the switched capacitor filter with the proposed control strategy

for a diode bridge rectifier with inductive load.
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6.2.2  Application of the SC Scheme for Series Compensation

The SC scheme proposed in this work is equally applicable to the construction
of active filters for control of voltage harmonics in power systems. Recently, a
combined system of shunt passive and series active filter has been proposed by
several authors [3,46, 71]. Figure 6.4 illustrates a general diagram of series active
filtering technique. The series active filter is controlled to present low impedance at

the fundamental frequency and high resistance to the supply and load harmonics.

Active
Filter
A | | o
— R - v, >
v Non-linear
3 load

Figure 6.4 Principle of series active filter technique.

6.2.3  Other Suggested Future Research Topics

e Operation of the proposed SC scheme under flicker should be
investigated.
e Operation of the SC scheme under unbalanced grid voltage and for

unbalanced load.
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APPENDIX A

Calculation of the Constants A;; & A, for the Mathematical Code

To get the filter current at any instant k, the constants Ay & Ay should be
calculated. To solve for Ajx & Aa, two equations in the two unknowns should be
available.

The first equation can be derived from the first derivative of Eq. (3.15) at ti.; as

follows:
’fK( 1) =G, wcos(@t,,—7,)+(-a"e® S (Alk cos Alt, 1+ Ay Sinlﬂltk—l)

dt
+ (|ﬂ|e-autH )(' Ay Sin|ﬂ|tk~1+ Ay 005|ﬂ |tk—1) (A1)

The previous equation can be rewritten as:

i} T ) (tk-l)

. =Guocos(wt, | —y,)— Ay (a” e cos| Bt +| ,B|e""n""1 sin| ,3|tk_1)

+ Ay ae = sinllt, ,+ |l cos|lt,.,) A2

Applying Kirchoff’s voltage law on the circuit of Case II as follows can drive

the second equation needed to solve for Ay & Ay

V,sin(ot) =R i; (1)+L, fil( ) + —j (Dt

(A3)

Knowing that at:

L=1,,

’}IK () =1,

1 ¢.
aj’}lx (L )dt =V,
hence
. fK( k1)
Vosi(ot, )=R,I,+ L, =LA+ ¥V,

(A4)
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i, (6)
Then 4t  can be derived from the last equation as
11
) 1y, . -
S k-

at L (A5)

By substituting from Eq. (A.5) into Eq. (A.2) we can get the one equation in
the two unknowns Alk & A2k as follows:

C,=C,-C34, +C,4,, (A.6)

where

_6,)
! dt
C,=G,ocos(art, ,—yy,)

C,=a"e ™ cos|Alt,_, +| ﬂ‘e’””"‘-‘ sin|Bl,.,

C,=-ae ™™ sin|Blt,, +| ﬂle“’""‘-‘ cos| Bl

The second equation that relates the two unknowns A & Az can be derived
- AQR .

by calculating the current /= in Eq. (A.1) at tx.; as follows:
IZ (t_)=Gysin(wt,_, —y,)+e“ ™ (Alk cos'ﬁltk-l + Ay Sin‘ﬂltk—l) (A7)

which can be rewritten as

Cs=Co+Cr4y, +Cidy, (A8)

where

Cs = i}i &) =1,

Co =Gy sin(@t, , —yy)
e 1 cos q yij |tk_1)
e " sin Q B |tk_1)

&
Cs

176

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Finally and by solving Eq. (A.6) and Eq. (A.8), Aix & Az will have the final

form as

G (A.9)

2% = c.C, c
c,
(A.10)
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Appendix B

Matlab Codes for the design procedure

This program is to investigate the change of the performance of the proposed SC
scheme with the modified hysteresis control for both reactive power compensation and
harmonic mitigation

Clear

% System frequency
=60;

W=2*pi*f.

% Supply peak voltage
Vm=170,

% Time matrix
t=(0:0.00004:0.2),

g=length(t);

% Reference current generation
Irefm=10;

theta=pi/2;

Iref=Iref reactive(t,w,Irefm,theta); % reference reactive current

S10=0;
S20=0;

for n=1:g

% Filter resistance
Rf=0.1;

%PFilter inductance
Lf=0.0023;
XLf=w*Lf*i;
aXLf=w*Lf,

%Filter capacitance
Cf=0.0005;
XCt=1/(w*Cf*i),
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%Constants
al=Rf/Lf,
Zf1=Rf+XLf,
absZfl =abs(Zf1);,
K1=Vm/absZfL,
alphal=angle(Zf1),

a2=R{/2/Lf;
ZR2=Rf+XLf+XCf;
absZfC=abs(Z{2),
K2=Vm/absZfC;
alpha2=angle(Zf2),

wO0=1/sqrt(Lf*Cf),
B1=sqrt(w0"2-a2"2),
B=abs(B1),

% \Load resistance
RI=100;

%Source impedance
Ls=0.005;

Rs=0.01;

Xs=w*Ls;
Zs=Rs+Xs*i,

Veref=230;
erv=0.15;
er=0.2;
reg=0.02;
Vdc=230;

% Intializing step

if n<=1
Icomp0(1)=0.0;
Vc10(1)=0.0;
Vc20(1)=0.0;
TO=t(1);
Vemagt1=0.0;
Vemagt2=0.0,
error(n)=-Iref(1)+Icomp0(1);
Icompmagt=0.0;
1diff(1)=Icompmagt-Icomp0(1);
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Iforcmag1=K1*sin(w*T0-alphal);

dI0=(Vm*sin(w*t(n))-Rf*IcompO(n)+Lf*IcompO(n)-Vc10(n))/Lf;
C10=dIo;
C20=K2*w*cos(w*t(n)-alpha2);
C30=a2*exp(-a2*t(n))*cos(B*t(n))+exp(-a2*t(n))*B*sin(B*t(n)),
C40=-a2*exp(-a2*t(n))*sin(B*t(n))+exp(-a2*t(n)) *B*cos(B*t(n)),
C50=IcompO(n),
C60=K2*sin(w*t(n)-alpha2);
C70=exp(-a2*t(n))*cos(B*t(n));
C80=exp(-a2*t(n))*sin(B*t(n));
A20=(C50-C60-(C70/C30*(C20-C10)))/(C70*C40/C30+C80);,
A10=(C20-C10+C40*A20)/C30;,

else

Idiff{n)=Idiffmagt ;
IcompO(n)=Icompmagt;
Vc10(n)=Vcmagtl,
Vc20(n)=Vcmagt2;
error(n)=-Iref(n)+IcompO(n) ;
Iforcmag1=K1*sin(w*T0-alphal);

end
vs(n)=Vm*sin(w*t(n)),

vs1(n)=(Vm*sin(w*t(n)))*0.2;

%Start of the logic
% Begining of the positive half cycle

ifvs(n) >=0
dI0=(Vm*sin(w*T0)-Rf*IcompO(n)+Lf*Icomp0(n)-Vc10(n))/Lf,
C10=dI0;
C20=K2*w*cos(w*TO0-alpha2);
C30=a2*exp(-a2*T0)*cos(B*T0)+exp(-a2*T0)*B*sin(B*T0);
C40=-a2*exp(-a2*T0)*sin(B*T0)+exp(-a2*T0)*B*cos(B*T0);
C50=IcompO(n);
C60=K2*sin(w*T0-alpha2);
C70=exp(-a2*T0)*cos(B*T0);
C80=exp(-a2*T0)*sin(B*T0);
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A20=(C50-C60-(C70/C30*(C20-C10)))/(CT0*C40/C30+C80);
A10=(C20-C10+C40*A20)/C30;

%Regulation
if ((vs(n) >= 0)&(vs(n) < reg*Vm))
Vcl0(n)=Vdc;
end

% Begining of the first mode when 0<vs(t)<erv*Vm

if ((vs(n) >= 0)&(vs(n) < erv¥Vm))
if error(n) >= er
Icomp(n)=K2*sin(w*t(n)-alpha2)+exp(a2*t(n))*(A10*cos(B*t(n))
+A20*sin(B*t(n)));
Icomp1(n)=Icomp(n);
S2(n)=S20+1;
S20=S2(n),

T1=t(n),

Vel(n)=(quad8('Capl1',T0,T1,[],[1,K2,w,alpha2,a2,A10,A20,B))/Cf+
Vcl0(n);
Vcmagt1=Vcl(n);

elseif error(n) <= -er

dI0=(Vm*sin(w*T0)-Rf*IcompO(n)+L{*IcompO(n)-Vc20(n))/Lf,
C10=dI0;
C20=K2*w*cos(w*T0-alpha2);
C30=a2*exp(-a2*T0)*cos(B*T0)+exp(-a2*T0)*B*sin(B*T0),
C40=-a2*exp(-a2*T0)*sin(B*T0)+exp(-a2*T0)*B*cos(B*T0);
C50=IcompO(n);

C60=K2*sin(w*T0-alpha2);

C70=exp(-a2*T0)*cos(B*T0);

C80=exp(-a2*T0)*sin(B*T0);
A20=(C50-C60-(C70/C30*(C20-C10)))/(C70*C40/C30+C80);
A10=(C20-C10+C40*A20)/C30;

Icomp(n)=K2*sin(w*t(n)-alpha2)+exp(-
a2*t(n))*(A10*cos(B*t(n))+A20*sin(B*t(n)));

Icomp2(n)=Icomp(n);
S2(n)=S20+1;
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S20=S2(n),

T1=t(n);

Vc2(n)=(quad8('CapIl', T0,T1,[1,[1,K2,w,alpha2,a2,A10,A20,B))/
Cf+Ve20(n),
Vcemagt2=Vc2(n);

elseif error(n)> -er & error(n) <er
if Idiff(n) <O

Icomp(n)=K2*sin(w*t(n)-alpha2)+exp(-
a2*t(n))*(A10*cos(B*t(n))+A20*sin(B*t(n)));
Icomp3(n)=Icomp(n) ;

T1=t(n),

Vel(n)=(quad8('CapI1',TO,T1,[],[],K2,w,alpha2,a2,A10,A20,B))/
Cf+Vel0(n);
Vcmagt1=Vcl(n);

else

dI0=(Vm*sin(w*T0)-Rf*Icomp0(n)+Lf*IcompO(n)-Vc20(n))/Lf,
C10=dI0;

C20=K2*w*cos(w*T0-alpha2);
C30=a2*exp(-a2*T0)*cos(B*T0)+exp(-a2*T0)*B*sin(B*T0),
C40=-a2*exp(-a2*T0)*sin(B*T0)+exp(-a2*T0)*B*cos(B*T0);
C50=IcompO(n);

C60=K2*sin(w*T0-alpha2);

C70=exp(-a2*T0)*cos(B*T0);,

C80=exp(-a2*T0)*sin(B*TO);
A20=(C50-C60-(C70/C30*(C20-C10)))/(C70*C40/C30+C80);
A10=(C20-C10+C40*A20)/C30;

Icomp(n)=K2*sin(w*t(n)-alpha2)+exp(-
a2*t(n))*(A10*cos(B*t(n))+A20*sin(B*t(n)));

Icomp4(n)=Icomp(n);
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S2(n)=820+1;
S20=S2(n),

T1=t(n);

Vc2(n)=(quad8('Capl1', T0,T1,[],[1,K2,w,alpha2,a2,A10,A20,B))/
Cf+Vc20(n);

Vcmagt2=Vc2(n),

end
end

% end of the first mode when 0<vs(t)<erv*Vm

% Beginning of the second mode when vs(t)>erv*Vm

elseif vs(n)>=erv*Vm
if error(n) >=er
Icomp(n)=K2*sin(w*t(n)-alpha2)+exp(-
a2*t(n))*(A10*cos(B*t(n))+A20*sin(B*t(n)));
Icomp5S(n)=Icomp(n);

S2(n)=S20+1;
S20=82(n);
T1=t(n),
Vcl(n)=(quad8('CapIl', TO,T1,[],[1,K2,w,alpha2,a2,A10,A20,B))/
Cf+VelO(n);
Vcemagt1=Vcl(n);
elseif error(n) <= -er
Icomp(n)=K1*sin(w*t(n)-alphal)+(IcompO(n)-
Iforcmagl)*exp(al *T0)*exp(-al*t(n));
Icomp6(n)=Icomp(n);

S1(n)=S10+1;
S10=S1(n);

elseif error(n)> -er & error(n) <er
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if Idiff(n) <0

Icomp(n)=K2*sin(w*t(n)-alpha2)+exp(-
a2*t(n))*(A10*cos(B*t(n))+A20*sin(B*t(n)));
Icomp7(n)=Icomp(n) ;

T1=t(n),

Vcl(n)=(quad8('CapIl',TO,T1,[],[],K2,w,alpha2,a2,A10,A
20,B))/Cf+Vc10(n),
Vcemagt1=Vcl(n);

else

Icomp(n)=K1*sin(w*t(n)-alphal)+(IcompO(n)-
Iforcmagl)*exp(al *T0)*exp(-al*t(n));
Icomp8(n)=Icomp(n) ;

end
end

% End of the second mode when vs(t)>erv*Vm
end

% End of the positive half cycle

% Begining of the negative half cycle

elseif vs(n) <0
dI0=(Vm*sin(w*T0)-Rf*IcompO(n)+Lf*IcompO(n)-Vc20(n))/Lf,
C10=dI0;
C20=K2*w*cos(w*T0-alpha2);
C30=a2*exp(-a2*T0)*cos(B*T0)+exp(-a2*T0)*B*sin(B*T0);,
C40=-a2*exp(-a2*TO0)*sin(B*T0)+exp(-a2*T0)*B*cos(B*T0);
C50=IcompO(n);
C60=K2*sin(w*T0-alpha2);
C70=exp(-a2*T0)*cos(B*TO0);
C80=exp(-a2*T0)*sin(B*T0);,
A20=(C50-C60-(C70/C30*(C20-C10)))/(C70*C40/C30+C80);
A10=(C20-C10+C40*A20)/C30;
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%Regulation
if ((vs(n)<0)&(vs(n)>-reg*Vm))
Vc20(n)=-Vdc;
end

% Begining of the third mode when -erv*Vm<vs(t)<0.0

if ((vs(n)<0)&(vs(n)>-erv*Vm))
if error(n)<=-er
Icomp(n)=K2*sin(w*t(n)-alpha2)+exp(-
a2*t(n))*(A10*cos(B*t(n))+A20*sin(B*t(n)));
Icomp9(n)=Icomp(n);
S2(n)=820+1;
S20=S2(n);

T1=t(n);

Vc2(n)=(quad8('Capl1',T0,T1,[],[],K2,w,alpha2,a2,A10,A
20,B))/Cf+Vc20(n);
Vcemagt2=Vc2(n),

elseif error(n)>=er

dI0=(Vm*sin(w*T0)-Rf*IcompO(n)+Lf*IcompO(n)-Vc10(n))/Lf,
C10=dI0;

C20=K2*w*cos(w*T0-alpha2);
C30=a2*exp(-a2*T0)*cos(B*T0)+exp(-a2*T0)*B*sin(B*T0),
C40=-a2*exp(-a2*T0)*sin(B*T0)+exp(-a2*T0)*B*cos(B*T0);,
C50=IcompO(n);

C60=K2*sin(w*T0-alpha2),

C70=exp(-a2*T0)*cos(B*TO0),

C80=exp(-a2*T0)*sin(B*T0);,
A20=(C50-C60-(C70/C30*(C20-C10)))/(C70*C40/C30+C80);
A10=(C20-C10+C40*A20)/C30; ‘

Icomp(n)=K2*sin(w*t(n)-alpha2)+exp(-
a2*t(n))*(A10*cos(B*t(n))+A20*sin(B*t(n)));
Icomp10(n)=Icomp(n);
S2(n)=S20+1;
S20=S2(n);
T1=t(n),
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Vel(n)=+(quad8(‘CapI1',T0,T1,[],[], K2, w,alpha2,a2,A10,A20,B))
/Cf+Vc10(n);
Vcemagt1=Vcl(n);

elseif error(n)> -er & error(n) <er
if 1diff(n) >0

Icomp(n)=K2*sin(w*t(n)-alpha2)+exp(-
a2*t(n))*(A10*cos(B*t(n))+A20*sin(B*t(n)));
Icomp11{n)=Icomp(n) ;

T1=t(n);

Ve2(n)=(quad8('CaplI1',TO,T1,[],[],.K2,w,alpha2,a2, A10,A
20,B))/Cf+Vc20(n);
Vcemagt2=Vc2(n);

else

dI0=(Vm*sin(w*T0)-Rf*IcompO(n)+Lf*IcompO(n)-Vc10(n))/Lf,
C10=dIO0;

C20=K2*w*cos(w*T0-alpha2);
C30=a2*exp(-a2*T0)*cos(B*T0)+exp(-a2*T0)*B*sin(B*T0),
C40=-a2*exp(-a2*T0)*sin(B*T0)+exp(-a2*T0)*B*cos(B*TO0);
CS50=IcompO(n);

C60=K2*sin(w*T0-alpha2);,

C70=exp(-a2*T0)*cos(B*T0);

C80=exp(-a2*T0)*sin(B*T0),
A20=(C50-C60-(C70/C30*(C20-C10)))/(C70*C40/C30+C80);
A10=(C20-C10+C40*A20)/C30;

Icomp(n)=K2*sin(w*t(n)-alpha2)+exp(-
a2*t(n))*(A10*cos(B*t(n))+A20*sin(B*t(n)));
Icomp12(n)=Icomp(n);
S2(n)=S820+1;
S20=S82(n);

T1=t(n);
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Vel(n)=(quad8(‘CapI1',T0,T1,[],[],K2,w,alpha2,a2,A10,A
20,B))/Cf+Vc10(n);
Vcmagt1l=Vcl(n);

end
end

% end of the third mode

% Beginning of the fourth mode when vs(t)<-erv*Vm

elseif vs(n)<=-erv¥*Vm
if error(n) <=-er
Icomp(n)=K2*sin(w*t(n)-alpha2)+exp(-
a2*t(n))*(A10*cos(B*t(n))+A20*sin(B*t(n)));
Icomp13(n)=Icomp(n);

S2(n)=S20+1;
S20=S2(n),

T1=t(n),

Vc2(n)=(quad8('CapIl', T0,T1,[],[1,K2,w,alpha2,a2, A10,A
20,B))/Cf+Vc20(n);
Vcmagt2=Vc2(n);

elseif error(n) >=er

Icomp(n)=K1*sin(w*t(n)-alphal)+(IcompO(n)-
Iforcmag1)*exp(al *T0)*exp(-al *t(n));

Icomp14(n)=Icomp(n);

T1=t(n);

S1(n)=S10+1;

S10=S1(n),

elseif error(n)> -er & error(n) < er
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if Idiff{n) >0
Icomp(n)=K2*sin(w*t(n)-alpha2)+exp(-
a2*t(n))*(A10*cos(B*t(n))+A20*sin(B*t(n)));
Icomp15(n)=Icomp(n) ;
T1=t(n);
Vc2(n)=(quad8('Capl1',T0,T1,[],[1,K2,w,alpha2,a2,A10,A

20,B))/Cf+Vc20(n);
Vcemagt2=Vc2(n);

else
Icomp(n)=K1*sin(w*t(n)-alphal)+(IcompO(n)-
Iforcmagl).*exp(al *T0)*exp(-al *t(n));
Icomp16(n)=Icomp(n) ;
end
end

% End of the second mode when vs(t)<-erv*Vm
end

% End of the negative cycle

end
% End of logic

Icompmagt=Icomp(n);
Idiffmagt=Icompmagt-IcompO(n);
TO=t(n);

Icompv(n)=Icomp(n)*4;

ifvs(n) >=0
Vc20(n)=Vcemagt?2;
Vc201(n)=Vcmagt2*0.2;
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else
Vcl0(n)=Vcmagtl;
Vcl01(n)=Vcmagt1*0.2;

end

end

start = round(length(t)/2); % Choice is made based on steady state
% operation

TSUPPLY=1/f,

i=1;
while (abs(t(start + 1) - t(start)) <= TSUPPLY)
fs1(i) = S1(start + i);
fs2(i) = S2(start + 1);
i=i+1;
end
fs1max=max(fs1);

j1=length(fs1);

for i1=1;j1
if fs1(i1)>0
Fs1=(fsImax-fs1(i1))*60
break
end

end

waveforms = Icomp;
i=1;

while (abs(t(start + 1) - t(start)) <= TSUPPLY)
waves(i) = waveforms(start + 1);
i=i+1;

end

LEN =i-1; % Number of sample points corresponding to a
% single cycle

freq = 1:LEN/2;

freq = freq -1; % Frequency points on X-axis

wave_single cycle = waves(1:LEN); % time domain signal
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I FFTm = 2/(LEN)*abs(ffti(wave_single cycle));
% Computation of FFT

I _FFTa = angle(fft(wave_single cycle)); % Computation of angle

fori= 1.LEN/2,

I FFT(i)=1 FFTm(i); % The first half of the samples
% carry the necessary frequency information

% The second half is redundant and discarded

I percent(i)=1 FFTm(i)/I_FFTm(2)*100,
%percentage of fundamental

I ang(i)=1 FFTa(i)*180/pi; %eCompuation of the angle
HD()=I FFTm(i)/I_FFTm(2)*100;

end

FFTs(1:length(I FFT)) =1 FFT;

% Plotting the results

Y%bar(freq,FFTs(1:LEN/2));

%grid,;

Y%axis([0 17 0 170]);

Y%xlabel('Harmonic Number - n'); ylabel('FFT"),

% Computation of total harmonic distortions

% Only the odd harmonics are used for FFT computation

% zeros(1,5)

THD = 0;

Irms1=0;

fori=1:1:19,
Irms1=Irms1+ I FFT@G)*I_FFT(@)/2;

end
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Irms=sqrt(Irms1);

THDr = abs(sqrt(Irms"2-((I_FFT(2)/sqrt(2))"2))/Irms*100)
THDf=abs(sqrt(Irms"2-
((1_FFT(2)/sqrt(2))"2))/1_FFT(2)*sqrt(2)*100)

% End of the "For loop"
zoom on

Yfigure(1)

%subplot(2,1,1)
%plot(t,Vc10,t,vs,t,Vc20);grid
%subplot(2,1,2)
%plot(t,Icomp);grid

%figure(2)
Y%plot(t,Vc10,t,vs,t,Vc20,t, Icompv);grid
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