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ABSTRACT

The Automatic Voltage Regulator (AVR) has more switching loss, voltage sag and Total
Harmonics Distortion. This is an issue of industrial applications today in Dire Dawa National
Cement Share Company (NCSC). The causes of the problems in the factory include sudden
load changes, power system faults (short circuited) and reducing of its efficiency. In power
electronic devices various Pulse-Width-Modulation (PWM) techniques have been developed
for industrial applications. Out of the various methods, the Space Vector Pulse Width
Modulation (SVPWM) based voltage control has established to the most versatile. It is
providing better sinusoidal wave form of both voltages and currents, fast switching, less sags
and total harmonic distortion. In this thesis works, using MATLAB R2013a Simulink software.
AC-voltage controller using SVPWM techniques are analyzed, designed and simulated to
reduce the sags and total harmonics that are dominant in NCSC of induction motor. The THD
values of AVR and SVPWM are compared. The modeled THD values of current were highly
reduced compared with the THD value measured from the company of the existing AVR
controller in NCSC. This improves the power quality problems in this factory by adjusting the
THD of voltage from 3.266% to 1.60%; and similarly THD of current from 33.2% to 1.27%.

Key Words: AVR, Power quality, SYPWM-AC controller, Voltage sag and Harmonics.


file:///C:/Users/ambe1/Desktop/drfinal/
file:///C:/Users/ambe1/Desktop/drfinal/

CHAPTER ONE

INTRODUCTION
1.1 Background of the study

AC voltage controllers are widely used to obtain variable AC voltage from fixed AC source.
They are extensively employed in many applications such as industrial heating, lighting
control, soft starting of induction motors and speed controllers for fans and pumps. Triacs or
thyristors pairs (anti-parallel) connected are usually employed as the power control elements
of such Controllers [6]. Such techniques offer some advantages as simplicity and ability of
controlling large amount of power economically. However, delayed firing angle causes
discontinuity and plentiful harmonics in load current, the size of the passive circuit becomes
bulky and also a lagging power factor occurs at the AC side even though the load is
completely resistive especially when the firing angle increases [4, 5, 10,].

Pulse in terms of power electronics, sudden change of rise for ON condition and sudden
change of decay for OFF condition in a specified interval of time by the user or by the
automated system. Rise or decay is the electromagnetic field, voltage or current parameters of
electric power leads to generate a pulse. Pulse density modulation (PDM), Pulse width
modulation (PWM),pulse frequency modulation (PFM), amplitude modulation (AM),pulse
code modulation (PCM) are introduced by the researchers to operate the various electronic,
communication and power electronic systems. In this paper, presenting a review based on
space vector PWM methods, their operation, and utilization for the area of power electronics.
The arrangement of power electronic switches in a specified design to build the inverter [32].
To operate the inverter for the required outs, it has to switch ON and switch OFF the arranged
switches in a sequential order. To ON or OFF the switch, the pulse is needed. Based on the
parameters of the pulse, the switches are performing the required needs. Generation of the
pulse is done by various methods. These methods are called pulse generation methods [1][32].
The control of switches in the inverter is done by varying the width of the pulse has been
called pulse width modulation (PWM).
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The switching mode power conversion gives high efficiency; but the main disadvantages
of Automatic Voltage Regulator (AVR) is that harmonics are generated at the supply and
load sides due to the non-linearity of switches when compared with the space vector Pulse
Width Modulation [12]. The harmonic currents generated by the power electronics related-
equipment flow through the utility system and cause various power quality problems. Most
of the power switches have different operating conditions; thus, they generate different
order and different amplitude harmonics [11]. Due to the increasing application of power
electronic equipment’s, more and more energy is transmitted at non-sinusoidal voltage and
current, and the harmonic problem is more and more serious. The harmonic limitations are
very important issues so that power systems are preserved from the effect of harmonic
pollution.

One of the well-known methods is the SVPWM control technique [9].The advantages of
SVPWM control technique to be gained include nearly sinusoidal input-output
current/voltage wave-forms, better input power factor, better transient response,
elimination of the low order harmonics and, consequently, smaller input output filter
parameters. On the other hand, control by switching is often accompanied by extra losses
due to the switching losses.

A Space vector Pulse Width Modulation control method is required to get a desired
fundamental frequency voltage and to eliminate higher order harmonics as much as
possible. Space vector SVPWM is considered a better technique of PWM
implementation owing to its associated Advantages like better fundamental output
voltage, better harmonic performance and easier implementation in digital signal processor
and microcontrollers. SVPWM can be efficiently executed in a few microseconds,
achieving similar results compared with other PWM methods.

Recently, PWM AC voltage controller has been developed and used extensively in AC-AC
converter circuit. One of the most popular PWM adopted in AC-AC circuit is “fixed-
duration pulse PWM”. However, to enhance the performance of AC voltage controller,
various strategies were presented for improving the waveform quality of this circuit. They

presented the results of current harmonics reduction due to their approach.
1.1.1. Performance and waveform quality in AC voltage Controller

The output waveform of PWM AC voltage controller is not pure sinusoidal waveform and
contains harmonics [4]. It is well known issue that harmonics often reduce performance,
waveform quality and efficiency of system. The input of PWM AC voltage controller is
usually connected with the utility grid which assumed as pure sinusoidal source. Thus, the
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harmonic distortion of input voltage is not occurred and is not considered for evaluating
performance of this circuit. However, the input current which is the same as output current
contains harmonics because of its non-sinusoidal output waveform. This current harmonic
causes the current harmonic distortion (THD;), low input power factor and loss. Thus, to
enhance the performance of the system, current harmonic distortion needs to be reduced
[2]. The total harmonic distortion of current in PWM AC voltage controller can be
measured and determined by (1.1)[2]; if load value is assumed to be R-L loads with known
value; and, each harmonic current can be determined by (1.2)[2].

[0 I 2
n=2'n (1.1)
THD; = ———
Iy
" JRZ+ (2nfL)?) (1.2)
Where

THD; is the total harmonic distortion of current.

n is the n™ harmonic order,

V,, . I, are rms value of n™ harmonic order, voltage and current respectively,

V; 1; are rms value of fundamental, voltage and current respectively,

R, L are resistance and inductance value of load,

f is frequency of fundamental Voltage.

Similarly, the output voltage (Vims) and total harmonic distortion of voltage (THD,) in
PWM AC voltage controller can be determined by (1.3) and (1.4) [6].

(1.3)

(1.4)

(15)

Equation (1.5) shows the input power factor of any PWM AC voltage controller circuit
when THD; < 5%, THDy < 40%. Clearly, total current harmonic distortion causes the
reduction of input power factor.

Where

Pf is the power factor

0 is the Load angle

cos 0 is the power factor existing at previous system

1.1.2. National Cement Share Company Overview

Dire Dawa National Cement Share Company is located in eastern Ethiopia just at the
entrance of the queen city of Dire Dawa at 515km, from Addis Abeba. This company
produces ordinary Portland cement and Portland Pozzolana Cement. It has the following
energy source supplies.
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A. Energy Sources of National Cement Share Company

This NCSC is using two Energy Sources. The Electrical power from the Ethiopian Electric
Utility (EEU) supply and the other one is from the Diesel Generators.

B. Power network of National cement Share Company

The main busbar of the NCSC gets its supply from two different sources. These are
1. Power from EEU(Ethiopian Electric Utility)

2. Power from Diesel Generator.

The standby Diesel Generator system (SDG) produces 800KVA; P.f is 0.89 and supplies
power to all loads of the factory during power interruption from the main power supply of
EEU. Where the loads are distributed from Main distribution board (MDB-1 and MDB-2).
The power distribution in NSCC is hierarches as shown in figure 1.1.

800KVA

132KV/6.3KV
31.5MVA

@ Star/Delta

MDB-1 MDB-2

C.B C.B

b
Capacitor
Bank

To the Loads

Figure 1.1: Single line diagram of NCSC power Supply.
1.2. Statement of the problems

The presence of high THD and voltage sag are engaged in AVR controller because of
the unwanted harmonics and sags occurs at NCSC .These problems are overcome by
modeling an electronic Ac voltage Controller using SVPWM technique to mitigate the
problems like voltage sag and harmonics distortion, which are the main problems
challenged in Dire Dawa NCSC.



1.3. Significance of the study

If AVR are substituted by SVPWM technique the following advantages of pulse width
modulations are obtained.
v Little heat whilst working.
v' Low power consumption and THD.
v' High power handling capability.
v" Wide linear modulation range.
v' Less total harmonic distortion in the spectrum of switching waveform.
v' Easy implementation and less computational calculations.
1.4. Aim and Objective of the study

This study aimed to deal with the effect of power quality problems like Voltage sag and
THD on Dire Dawa NCSC. As this Company has load which are very sensitive to
disturbances in the Voltage supply, it is very important to know how different process react
when power disturbance is occur and how to minimize by using SVPWM techniques. To
achieve this aims the following General and Specific objectives have been identified.

1.4.1. General objective

The main objective of this thesis is to Design AC-Voltage Controller using SVPWM
techniques to improve the power quality problems that exhibited at NCSC by reducing the
Voltage sag and harmonics distortions.

1.4.2. Specific objective

v To identify the root cause of power quality problems in NCSC.

v To analyze the power quality control through the SVPWM technique.
v To design AC voltage controller by using SVPWM technique.
v

To simulate and analyze Ac voltage controller.
1.5. Limitations (Scope) of the study

The scope of this thesis is to mitigate the voltage sag and harmonics problems by designing
AC Voltage Controller using SVPWM technique and analyzes the power quality in Dire
Dawa National Cement Share Company.

1.6. Software Tools

MATLAB/Simulink is a software tool used in this thesis work for modeling and
simulation purpose. Simulink is an important input/output device GUI block diagram
simulator. It contains a Command Window and Library Editor of Tools from which we can

build input/output devices; continuous and discrete time model of simulations. MATLAB



is a power full high performance tool to validate your ideas by creating field like
conditions using computer. It integrates computation, visualization and programming.
Typical uses include:

v" Math and computation

v Algorithm development

v Data acquisition

v" Modeling, simulation, and prototyping

v Data analysis, exploration, and visualization

1.7. Thesis Organization

This thesis comprises of six chapters. Chapter one deals with the complete introduction
of the thesis work, statements of the problem , significance of the study, the objective of
the thesis work and the way the thesis is organized. It also gives a basic idea of the content
present in the thesis. Chapter two deals with the literature review and its introduction are
also given for the further references. In this chapter varies pulse width modulations of three
phase and power quality problems are reviewed. The working of the basic voltage source
inverter with space vector pulse width modulation and its circuit operation techniques is
explained.

Chapter three deals with methodology through which data collection and mitigation
technique has been organized. A detailed study on the space vector pulse width
modulation is explained and the way the harmonics are reduced for space vector
pulse width modulation, using MATLAB R2013a is also explained. The system design
and description of the thesis work dealt under Chapter four. Chapter five deals with the
simulation result and discussion and Simulink output voltage and current of THD obtained
from the simulation of the AC voltage Controller by SVPWM technique. Chapter six deals

with conclusions made and recommendation for this thesis work.



CHAPTER TWO

LITERATURE REVIEW
2.1. Theoretical Background

Pulse-width modulation (PWM) is a technique where the duty ratio of a pulsating
waveform is controlled by another input waveform. The intersections between the
reference voltage wave form and the carrier wave form give the opening and closing times
of the switches. These PWM are used to control both the frequency and the magnitude of
the voltages applied to motors [29]. The three techniques used to generate their respective
output PWM signals are Sinusoidal pulse width modulation (SPWM), Third-harmonic-
injection pulse-width modulation (THIPWM), and space vector pulse width modulation
(SVPWM), which are then compared based on harmonic content and distortion using the
total harmonic distortion (THD) measure of various output voltages.

The sinusoidal pulse-width modulation (SPWM) technique produces a sinusoidal
waveform by filtering an output pulse waveform with varying width. A high switching
frequency leads to a better filtered sinusoidal output waveform. The desired output voltage
is achieved by varying the frequency and amplitude of a reference or modulating voltage.
A high switching frequency leads to a better filtered sinusoidal output waveform. The
desired output voltage is achieved by varying the frequency and amplitude of a reference or
modulating voltage. The variations in the amplitude and frequency of the reference voltage
change the pulse-width patterns of the output voltage but keep the sinusoidal modulation
[15, 32]

In three-phase SPWM, a triangular voltage waveform (Vy) is compared with three
sinusoidal control voltages (Va, Vb, and V), which are 120° out of phase with each other
and the relative levels of the wave forms are used to control the switching of the devices in
each phase leg of the inverter.
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Figure 2.1: Three phase sinusoidal PWM inverter [15]



Switches in figure 2.1, at each phase make up one leg open and close in a complementary

fashion. That is, when one switch is open, the other is closed and vice-versa. The output

pole voltages V,,,V,, and V., of the inverter switch between %dc and %dc voltage levels

where V. is total DC voltage. The peak of the sine modulating waveform is always less
than the peak of the triangle carrier voltage waveform. When the sinusoidal waveform is
greater than the triangular waveform, the upper switch is turned on and the lower switch is
turned ‘OFF’. Similarly, when the sinusoidal waveform is less than the triangular
waveform, the upper switch is ‘OFF’ and the lower switch is ‘ON’. Depending on the
switching states, either the positive or negative half DC bus voltage is applied to each
phase.

The sinusoidal PWM is the simplest modulation scheme to understand but it is unable to
fully utilize the available DC bus supply voltage. Due to this problem, the third-harmonic
injection pulse-width modulation (THIPWM) technique was developed to improve the
inverter performance [2, 32].The THIPWM is implemented in the same manner as the
SPWM, that is, the reference waveforms are compared with a triangular waveform. As a

result, the amplitude of the reference waveforms does not exceed the DC supply

voltage VTdC , but the fundamental component is higher than the supply voltage V..

Another method for increasing the output voltage about that of the SPWM technique is the
space vector PWM (SVPWM) technique. Compared to THIPWM, the two methods have
similar results but their methods of implementation are completely different. In the
SVPWM technique, the duty cycles are computed rather than derived through comparison
as in SPWM. The SVPWM technigue can increase the fundamental component by up to
27.39% that of SPWM [32, 10]. The fundamental voltage can be increased up to a square
wave mode where a modulation index of unity is reached.

Space Vector Pulse Width Modulation (SVPWM) was first introduced by the German
researchers in the mid of 1980s [26]. This technique showed several advantages over the
traditional pulse width modulation (PWM) technique and Automatic Voltage Regulator
(AVR) [3]. SVPWM technique can maximize the output voltage and also reduce the
switching number at the same carrier frequency of the PWM method. A number of pulse
width modulation (PWM) schemes are used to obtain variable voltage and frequency
supply [4, 5]. The most widely used PWM schemes for three-phase voltage source
inverters are carrier based sinusoidal PWM and space vector PWM (SVPWM). There is an
increasing trend of using space vector PWM (SVPWM) because of their easier digital
realization and better DC bus utilization [10, 14].

SVPWM is accomplished by rotating a reference vector around the state diagram, which is
composed of six basic non-zero vectors forming a hexagon. A circle can be inscribed
inside the state map and corresponds to sinusoidal operation. The area inside the inscribed
circle is called the linear modulation region or under-modulation region. As seen in Figure
2.2, the area between the inside circle and outside circle of the hexagon is called the
nonlinear modulation region or over-modulation region [1, 2]. The concepts in the
operation of linear and nonlinear modulation regions depend on the modulation index,
which indirectly reflects on the inverter utilization capability.
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Figure 2.2: under-modulation and over-modulation regions in space vector representation.
2.1.1. Space Vector PWM in Over Modulation Region

Over-modulation aims to extend the linear operation region of the SVPWM, which leads to
a better utilization of the DC bus voltage and enhances the power utilization of the voltage
source inverter [21]. Several approaches to over-modulation have been proposed to extend
the linear region of SVPWM over the years. It is an advanced method and possibly the best
technique for variable frequency drive applications. The modulation index (m) of the over-
modulation region ranges from 0.907 up to 1 [11].The over-modulation range can be
considered as one region or it is the region below the forbidden region but above the circle
or under modulation regions can be seen in figure 2.2. In this thesis, the over-modulation
region is considered as one region with one modes of operation depending on the
modulation index values. The actual voltage vector keeps the angular speed of a modified
reference vector constant, but its amplitude changes over time. The over-modulation region
starts when the reference voltage exceeds the hexagon boundary, and the m is larger than
0.907. The boundary between the under-modulation zone and over-modulation region
starts when m=0.907 and the boundary between the over-modulation region.

2.1.2. Under Modulation of Space Vector PWM

A three-phase inverter has eight possible inverter switching states that can generate eight
space vectors; six non-zero vectors or active vectors (Vi to V) and two zero vectors (Vo
and V7). These vectors are applied during the switching times To, Ty, and T,. According to
the time duration equations in the figure 2.1 on under-modulation SVPWM, the average
pole voltage vector over one PWM period can be averaged using two adjacent vectors and
the null vectors [23]. To generate a rotating space vector with constant amplitude, the
reference voltage vector must be limited to the inscribed circle inside the hexagon. The
simulation model used to verify the under-modulation SVPWM scheme. The smaller circle
represents the operating region of the SPWM technique and the larger inscribed circle
represents the operating region of the SVPWM technique in the under-modulation region
[22].

The quality of voltage and current delivered by the power utilities has become a major
concern of the modern industries. These power quality problems are voltage sag and
harmonic which can cause problems to the industries ranging from malfunctioning of
equipment to complete plant shutdowns [15].



AC to AC voltage converters operates on the AC mains essentially to regulate the output
voltage [27]. Applications of power electronics loads are continually overtaking industry
space from other types of loads, especially because of their ability to help the conservation
of energy and provide better control over traditional and new processes (Paice 1996).
According to Electric Power Research Institute (EPRI), it is estimated about 60% of all
electrical power has been processed in some way by solid state methods. The inherent
nonlinear nature of the power electronic load places harmonic current/voltage demands and
extraneous losses upon the electrical power system [8]. A situation that has raised
waveform distortion levels in distribution networks even further is the application of
capacitor banks used in industrial plants for power factor correction and by power utilities
for increasing voltage profile along distribution lines. The resulting reactive impedance
forms a tank circuit with the system inductive reluctance at a certain frequency likely to
coincide with one of the characteristic harmonics of the load. This condition will trigger
large oscillatory currents and voltages that may stress the insulation [13].

Harmonic distortion is an issue that needs continual attention. The emerging power quality
industry is in the process of standardizing the procedure to solve harmonic distortion
problems. Kazibwel and Sendaulaz (1992) provided a set of procedures implemented in an
expert systems frame work can be used by utilities and their customers to solve harmonic
distortion problems. Power electronic systems generate harmonics. Harmonic attenuation is
important in the improvement of power quality [12]. For power control, using specified
pulse width modulated (PWM) phase control per cycle of the AC supply reduces the
harmonic impact of many AC-to-AC electronic controllers [7].But the automatic voltage
regulator (AVR) is used to regulate the voltage generally. It takes the fluctuate voltage and
changes them into a constant voltage more than the SVPWM techniques. The fluctuation in
the voltage mainly occurs due to the variation in load on the supply system. The variation
in voltage damages the equipment of the power system. The variation in the voltage can be
controlled by installing the voltage control equipment at several places likes near the
transformers, generator, feeders, etc., the voltage regulator is provided in more than one
point in the power system for controlling the voltage variations [16].The process control to
maintain a constant desired voltage of an alternator and voltage regulation of alternator is
defined as the change in its terminal voltage when the full load is removed, keeping field
excitation and speed control divided by the rated terminal voltage [20].

% Voltage regulation = (V, — V;) * %, (2.1)
Where; V. = Rated terminal voltage

Vo= No load induced emf.

A different approach to SPWM is based on the space vector representation of voltages in
the d, g plane. The d, g components are found by park transform, where the total power, as
well as the impedance, remains unchanged. Figure 2.2 shows eight space vectors in
according to eight switching positions of inverter, V,..¢ is the phase-to-center voltage which
is obtained by proper selection of adjacent vectors V; and V,.The main aim of modulation
techniques is to get less harmonic distortion, less switching time and large modulation
ratio. For this reason, many modulation techniques have been improved recently, SVPWM
technique has become more popular because of achieving the goals mentioned above [1,

16]. Viyax = % : For  Sinusoidal PWM and V.4 = % : For Space Vector PWM,

Where, V4. is DC-link voltage. This means that Space Vector PWM can produce about 15
percent higher than sinusoidal PWM in output voltage [32].
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2.2. Power Quality problems

In general way, many power quality problems originate in the commercial power grid,
which, with its hundredths of kilometers of transmission lines, is subject to atmospheric
condition like snow, cyclone, lightning storms, ice, and flooding along with equipment
failure, traffic accidents and major switching operations. Also, power problems affecting
today’s technological equipment are often generated locally within a facility from any
number of situations, such as local construction buildings, heavy start up loads, and faulty
distribution system components. Power quality problem or power quality disturbance, is
generally defined as any change in power, voltage, current, or frequency that interferes
with the normal operation of electrical equipment [28].

The study of power quality, and ways to control it, is an interest one for electric utilities,
large industrial companies like NCSC, and even home users. The study has intensified as
equipment has become increasingly sensitive to even minute changes in the power supply
voltage, current, and frequency. Unfortunately, different terminology has been used to
describe many of the existing power disturbances, which creates confusion and makes it
more difficult to effectively discuss, study, and make changes to today’s power quality
problems. Due to this, The Institute of Electrical and Electronics Engineers (IEEE) has
attempted to address this problem by developing a standard and definitions of power
disturbances [29]. The standard (IEEE Standard 1159-1995, "IEEE Recommended Practice
for Monitoring Electrical Power Quality™) describes many power quality problems based
on the wave shapes of which are:-
Voltage Transient
v"Impulsive transient
v Oscillatory transient
Short duration voltage variation
v" Voltage Interruption
v" Voltage Sag
v" Voltage Swell
Long duration voltage variation
v"Under voltage
v' Over voltage
v’ Sustained interruption
Waveform distortions
v' DC offset
Harmonics
Inter harmonics

Notching

AN N NN

Noise
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V.
Vi.

Vii.

Voltage unbalance
Voltage fluctuations
Frequency deviations

This thesis would conform to these categories and include graphics, which should clarify

the differences between individual power quality disturbances.
2.2.1. Short Duration Voltage Variation

This category encompasses RMS-voltage variations that stay for a period time which is
less than 1-minute most of the time. Short-duration voltage variations are caused by faulty
conditions, energization of large loads, or intermittent loose connections in power wiring.
The impact on the voltage during the actual fault condition is of the short-duration
variation until protective devices operate to clear the fault. Depending on the type of fault
and the system conditions, the short duration voltage variation may be either a voltage sag
(dip), voltage rise (swell), or interruption.

Short Duration Voltage of Voltage Sag or Dip

Voltage sag is not a complete interruption of power; it is a temporary drop below 90
percent of the nominal voltage level. This Voltage sag is most frequently happened in the
Dire Dawa NCSC, Most voltage sags do not go below 50 percent of the nominal voltage,
and they normally last from 3 to 30 cycles. Voltage sags are the most significant power
quality (PQ) problem facing in dire dawa NCSC and other industrial customers today, and
they can be a significant problem for large commercial customers as well.

A Voltage sag as seen below in Figure 2.3 is a reduction of AC voltage at a given
frequency for the duration of 0.5 cycles to 1 minute’s time with its voltage magnitude 0.1
to 0.9 pu. Voltage Sags are usually caused by system faults, and are also often the result of
switching on loads with heavy start up currents. They are also caused by energization of
heavy loads, or starting of large motors that draw very large amount of current at start up
[21]

1.0 <«—— Duration (4 Cycles) ——»
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0.54

Figure 2.3: Voltage sag [26].

There are two sources of voltage sags; external (on the Ethiopian Electric utility lines up to
your end user facility) and internal (within your end user facility in our case NCSC).
Ethiopian Electric Utilities continuously try to provide the most reliable and consistent
electric power possible. In the course of normal Ethiopian Electric utility operations,
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however, many things can cause voltage sags as well in Dire Dawa NCSC. Storms (heavy
atmospheric phenomena) are the most common cause of external Voltage sags and
momentary interruptions in most areas of the Dire Dawa storm especially during rainy
season passing through an area can result in dozens of major and minor PQ variations,
including Voltage sags. For example, consider how PQ would be affected by a lightning
strike on or near a power line or by wind sending tree limbs into power lines. Other
common causes of external voltage sags are ice storms, animals (particularly camels,
apes, squirrels which are mostly available around NCSC ), and the start-up of large
loads at neighboring facilities. Internal causes of voltage sags can include starting major
loads and grounding or wiring problems in the Systems.

Whether or not voltage sag causes a problem will depend on the magnitude and duration of
the Voltage sag and on the sensitivity of your equipment. Many types of electronic
equipment are sensitive to voltage sags, including variable speed drive controls, motor
starter Contactors, robotics, programmable logic controllers, controller power supplies, and
control relays. Much of this equipment is used in applications that are critical to an overall
process, which can lead to very expensive downtime when voltage sags occur.

If the facility is having frequent voltage sag problems, a good place to start is with
identifying the type of Voltage sags weather it is external or internal, and ask about the
Ethiopian Electric utility statistics regarding performance in our area if it is line
problem(132KV), You should also look into possible internal causes. But whether the
causes are mainly external or internal, you should consider taking charge of the problem
and working toward a cost effective solution for your facility.

Solutions to Voltage Sag Problems

The first step toward a cost-effective solution is to understand the sensitivity of
electronic equipment to momentary interruptions and voltage sags[24]. To find this
information by consulting the equipment manufacturer’s specifications (name plates) and
testing data, and can also test the sensitivity of the equipment to voltage sags using a
measuring device called a sag generator, which generates voltage sags and records the
responses of the equipment. There are several possible solutions to voltage sag problems.
Generally, the least expensive approach is to purchase controls and other electronic
equipment designed with a greater tolerance to voltage sags. Information on these
tolerances should be included in the equipment’s specifications. Another inexpensive and
simple solution is to adjust the trip thresholds of sensitive equipment. When identify a
relay that is inadvertently tripping during a voltage sag, then change its settings either
the voltage threshold or the trip delay. However, only doing this if the trip settings were set
too conservatively, so it is important to understand what they were designed to protect.
Another option is to install a coil hold-in device. These devices are designed to mitigate the
effects of voltage sags on individual relays and contactors. Coil hold-in devices are
installed between the relay or contactor coil connection terminals and the incoming
alternating current (AC) control line. They allow a relay or contactor to remain engaged
until the voltage drops to about 25 percent of nominal, significantly improving its voltage
sag tolerance without interfering with emergency shut OFF functions. The best application
for this type of device is to support relays and contactors in an emergency OFF circuit,
master control relay, or motor control circuit. Coil hold-in devices normally are small
enough to be installed next to the contactor, relay, or motor starter.

The next level of potential solutions in terms of cost is to consider modifying the power
supplied to the sensitive equipment. For example, it may be possible to substitute a direct
current (DC) operated power supply for an AC supply. This would allow to use simple
capacitors or batteries to help support the DC bus. This is the approach that high-reliability
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telecommunications systems commonly use. The remaining solutions for voltage sag
problems involve installing some form of power conditioning device. These solutions
increase in cost with the size and scope of the equipment or circuits being
protected. There are several technologies that serve as quick acting voltage regulators on
the AC power supply. One of the most common of these is an SVPWM techniques
applied on the AC voltage controllers and uninterruptible power supply (UPS). UPSs
have the disadvantage of relying on a battery, which has a limited life, generates hydrogen
gas (requiring ventilation), and becomes hazardous waste when it is disposed of at the end
of its useful life. A UPS can be installed OFF-line, which is cheaper, or on-line, which
doubles the cost but adds the ability to filter out all types of voltage disturbances, including
spikes and harmonic distortions. Another common quick-acting voltage regulator is a
constant voltage transformer (CVT).CVTs provide sag ride-through and also filter spikes,
but they are not able to protect against interruptions, either momentary or sustained.
CVTs are often used for relatively constant, low-power loads, and have the advantage of
lower operating and maintenance costs than UPSs, because CVTs don’t require batteries
[23].

2.2.2 Wave Form Distortion

Waveform distortion is defined as any steady-state deviation of the voltage and/or
current waveform from an ideal sine wave of the power frequency. It is principally
characterized by its spectral contents which are investigated using a Fourier
transform, expressions [18].
There are five primary types of waveform distortion:-

DC offset

v

v" Harmonics
v Inter-harmonics

v" Notching and Noise.

Harmonics

Harmonic distortion figure 2.4 is the corruption of the fundamental sine wave at
frequencies that are multiples of the fundamental. (e.g., 150 Hz is the third harmonic of a
50 Hz fundamental frequency; (3 X 50 = 150). Symptoms of harmonic problems include
overheated transformers, neutral conductors, and other electrical distribution equipment, as
well as the tripping of circuit breakers and loss of synchronization on timing circuits that
are dependent upon a clean sine wave trigger at the zero crossover point.

Harmonic distortion has been a significant problem with information technology (IT)
equipment in the past, due to the nature of switch-mode power supplies (SMPS). These
non-linear loads, and many other capacitive designs, instead of drawing current over each
full half cycle, “sip” power at each positive and negative peak of the voltage wave. The
return current, because it is only short term, (approximately 1/3 of a cycle) combines on the
neutral with all other returns from SMPS using each of the three phases in the typical
distribution system. Instead of subtracting, the pulsed neutral currents add together,
creating very high neutral currents, at a theoretical maximum of 1.73 or times the
maximum phase current. An overloaded neutral can lead to extremely high voltages on the
legs of the distribution power, leading to heavy damage to attached equipment. At the same
time, the load for these multiple SMPS is drawn at the very peaks of each voltage half-
cycle, which has often led to transformer saturation and consequent overheating. Other
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loads contributing to this problem are variable speed motor drives, lighting ballasts and
large legacy UPS systems. Methods used to mitigate this problem have included over-
sizing the neutral conductors, installing K-rated transformers, and harmonic filters.

Spurred on by the remarkable expansion of the IT industry over the last decade, power
supply design for IT equipment has been upgraded via international standards. One major
change compensates for electrical infrastructure stresses caused, in the recent past, by large
clusters of IT equipment power supplies contributing to excessive harmonic currents within
a facility. Many new IT equipment power supplies have been designed with power-factor
corrected power supplies operating as linear, non-harmonic loads. These power supplies do
not produce the waste current of harmonics [19].

AN
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Figure 2.4: typical harmonic waveform distortion [19].

harmonics

2.2.3. Voltage Unbalance or Imbalance

Simply put, a voltage imbalance (as the name implies) is when supplied voltages are not
equal. While these problems can be caused by external utility supply, the common source
of voltage imbalances is internal, and caused by facility loads. More specifically, this is
known to occur in three phase power distribution systems where one of the legs is
supplying power to single phase equipment, while the system is also supplying power to
three phase loads. In general these imbalances show as heating, especially with solid state
motors. Greater imbalances may cause excessive heat to motor components, and the
intermittent failure of motor controllers.
Voltage unbalance is a condition in which the maximum deviation from the average of the
three phase voltages or currents, divided by the average of the three phase voltages or
currents, expressed in percentage. Voltage imbalance can be the result of blown fuse in one
phase of a three phase capacitor bank. Severe voltage imbalance greater than 5% can cause
damage to sensitive equipment as a standard [19].

Voltage Unbalance = w * 100, (2.2)

Whereas;

V,y — Average three phase voltage.

Vihax — voltage magnitude of extreme phase.

Voltage imbalance in three phase systems where the rms values of the voltages in each
phase or the phase angle differences between consecutive phases are not equal, can
affect the ratio of negative sequence and positive sequence voltage components. This
can result in large differences between the highest and lowest values of voltage magnitude
and phase difference. The voltage imbalance leads to large load current imbalances.
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CHAPTER THREE

METHODOLOGY
3.1. Introduction

The methodology of this thesis work involves a number of different tasks that are
performed to lead towards completion. This is followed by the literature review where all
the theoretical and technical in chapter two, Literature and background of different
power quality problems and Automatic Voltage Regulators with space vector pulse width
modulation techniques has been discussed. The major causes of problems and options
to reduce them are highlighted with reference to different Authors are also discussed.
Under this chapter, data have been collected and analyzed. After analysis of the data,
mitigation solutions have been presented and modeled. Next to this, the data analysis
method has been employed to identify the type and level of the problem found in the
factory. When the level of the problem identified is beyond the limit of the IEEE standard;
then the mitigations are designed and modeled. Design of the thesis has been implemented
by using MATLAB R2013a Simulink software for modeling and simulation the results.
The collected data from the secondary winding of transformers with respective ratings of
31.5MVA, and 132/6.3KV.

The Dire Dawa NCSC factory has two sections:

Ethiopian electric utility transformer power Supply 132KV line is step down to 6.3KV at
rating of 31.5MVA and the Generator power supply at rating of 800KVA.Based on those
the modeling of Ac voltage control using the SVPWM techniques by using matlab r2013a.

3.2. Space Vector Pulse Width Modulation

The space vector PWM (SVM) method is an advanced, computation-intensive PWM
method and is possibly the best method among the all PWM techniques for variable-
frequency drive application. Because of its superior performance characteristics, it has
been finding wide spread application in recent years.

Space vector modulation (SVM) is an algorithm for the control of pulse width
modulation (PWM)[1].It is used for the creation of alternating current (AC) wave forms;
most commonly to drive three phase AC powered motors at varying speeds from AC using
multiple Converters. There are various variations of SVPWM that result in different quality
and computational requirements. One active area of development is in the reduction
of total Harmonic distortion (THD) created by the rapid switching inherent to these
algorithms.

To implement space vector modulation a reference signal V,.r is sampled with a
frequency fg (T =fi) The reference signal may be generated from three separate
S

phase references using the (afy) transform. The reference vector is then synthesized
using a combination of the two adjacent active switching vectors and one or both of the
zero vectors. Various strategies of selecting the order of the vectors and which zero
vector(s) to use exist. Strategy selection will affect the harmonic content and the switching
losses therefore switching time duration for zero state knows the values of we can
construct a symmetrical switching pattern for two consecutive periods of Ty, as shown in
Figure 3.1.
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Figure 3.1: Switching Pattern of SVM for two consecutive of Period Ts [4]
3.2.1. Principle of Space Vector Pulse Width Modulation

A three-phase mathematical system can be represented by a space vector. For example,
given a set of three-phase voltages, a space vector can be defined by (3.1) [4].
2T 4T

V@ = 2V, + V(0’5 + Ve(es | (3.1)
Where V,(t), Vp(t), and V_(t), are three sinusoidal voltages of the same amplitude and
frequency but with “+ or —120° phase shifts. The space vector at any given time maintains
its magnitude. As time increases, the angle of the space vector increases, causing the vector
to rotate with a frequency equal to that of the sinusoidal waveforms. When the output
voltages of a three-phase six-step inverter are converted to a space vector and plotted on
the complex plane, the corresponding space vector takes only on one of six discrete angles
as time increases. The central idea of SVWPM is to generate appropriate PWM signals so
that a vector with any desired angle can be generated.
Use orthogonal coordinates to represent the three-phase two-level inverter in the phase
diagram. There are eight possible inverter states that can generate eight space vectors.
These are given by the complex vector expressions as (3.2) [4].
v, = {EVdce’(k_l)E, ifk=123456

0,ifk=0,7.
The entire space is divided into six equal-size sectors of 60°. Each sector is bounded by
two active vectors. I/, and V., are two voltage vectors with zero amplitude located at the
origin of the hexagon. The eight active and non-active state vectors are geometrically
drawn in chapter two figures 2.2.
The reference voltage vector V,.., rotates in space at an angular velocity w = 2xf, where f
is the fundamental frequency of the inverter output voltage. When the reference voltage
vector passes through each sector, different sets of switches in Table 3.1 has been turned
ON or OFF. As a result, when the reference voltage vector rotates through one revolution
in space, the inverter output varies one electrical cycle over time. The inverter output
frequency coincides with the rotating speed of the reference voltage vector. The zero
vectors (Vo and V7) and active vectors (V1 to Vg) do not move in space. They are referred
to as stationary vectors. Figure 2.2 shows the reference vector V..t in the first sector.

(3.2)
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The six active voltage space vectors are shown on the same graph with an equal Magnitude
of 2/3(V4) and a phase displacement of 60°. The inverter cannot produce a desired
reference voltage vector directly. It is possible to decompose the reference vector in to
vectors that lay on two adjacent active vectors and two zero vectors, which are located at
the center of the hexagon.

Figure 3.2 shows circuit model of a single phase inverter with a center taped grounded DC
bus. Inverter pole voltage (VA) as shown figure 3.2 is the voltage between the outputs of
the inverter leg and the mid potential point of the input DC supply, and the Load phase
voltage are identical provided the load is a balanced tree phase load, and figure 3.2
illustrates principle of pulse width modulation.

() \

VA=Pole Voltage

¥ \
(D) ==

Figure 3.2: circuit model of single phase inverter [2].

Vtri Vco ntrol

vV V.V V V

/\/\/\/\AV

Vpo(t)

4

Vv d c;"'2 - — — - —

v,2H U “ |

Figure 3.3: pulse width modulation [2].

As depicted in Figure 3.3, the inverter output voltage is determined in the following model
(3.3) upto (3.5) [2, 21]:

\%
When Veoneror > Viri» Vao = % (3.3)

V C
When Veontrol < Viri » Vao = _Td (3.4)
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Also, the inverter output voltage has the following features:
PWM frequency is the same as the frequency of Vi;.
Amplitude is controlled by the peak value of V.oniro1 (Ve )
Fundamental frequency is controlled by the frequency of Voltage or carrier (triangular)
signal Value Vi;.

Modulation index (m) is defined as:
Vcontrol _ Peakof (Vpo)1 (35)
Viri Vdc/ ) ’

m=

Where, (V4,)1 : Fundamental frequency component of V,,.

Generally, Principle of Space Vector PWM when the circuit model of a typical three-phase
voltage source PWM inverter is shown in Figure. 3.5. s; to s, are the six power switches
that shape the output, which are controlled by the switching variables a, a’, b, b’, ¢ and ¢'.
When an upper transistor is switched ON, i.e., when a, b or ¢ is 1, the corresponding lower
transistor is switched OFF, i.c., the corresponding a’, b’ or ¢’ is 0. Therefore, the ON and
OFF states of the upper transistors s;, s; and sz can be used to determine the output
voltage.

51 53 S5

= = = AC mator
o

w uJ w Ls Rs
i el
-|- Va iLA .
__ vDc Vb LE
=—=
i
S6
54 N

Figure 3.4: Three-phase voltage source PWM inverter.

The relationship between the switching variable vector [a b ¢]T and the line-to-line
voltage vector [Vap, Vie Vea]T is given by (3.6) [24]in the following:

Vab 1 - 1 O d
Vbc = Vdc 0 1 -1 lbl (36)
Vea -1 0 1llk

Also, the relationship between the switching variable vector [a b ¢]T and the phase
voltage vector [V, Ven]T [24] can be expressed below.

bn
—1 —1
ol 3 o

As |IIustrated in Flgure 3.5, there are eight possible combinations of ON and OFF patterns
for the three upper power switches. The ON and OFF states of the lower power devices are
opposite to the upper one and so are easily determined once the states of the upper power
transistors are determined. According to equations (3.6) and (3.7), the eight switching
vectors, output line to neutral voltage (phase voltage), and output line-to-line voltages in
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terms of DC-link V., are given in Table 3.1 and Figure 3.5 show the eight inverter voltage
vectors (V, to V).

Table 3.1: Switching vectors, phase voltages and output line to line voltages

Voltage Switching vectors Line to neutral VVoltage Line to line Voltage
vectors A B C Van Vbn Vcn Vab Vbc V;:a
Vo 0 0 0 0 0 0 0 0 0
Vi 1 0 0 2/3 -1/3 -1/3 1 0 -1
V, 1 1 0 1/3 1/3 -2/3 0 1 -1
V3 0 1 0 -1/3 2/3 -1/3 -1 1 0
V4 0 1 1 -2/3 1/3 1/3 -1 0 1
Vs 0 0 1 -1/3 -1/3 2/3 0 -1 1
Vs 1 0 1 1/3 -213 1/3 1 -1 0
V7 1 1 1 0 0 0 0 0 0
(Note that the respective Voltage should be multiplied by V)
Vo=[0 0 0] V:=[1 0 0]
‘T'\ ‘T'\ T\ s T\ ‘T'\
N !~ 1
V,=[110] V3=[01 0]
L ® 0\ :' u\

V,=[0 1 1]

Ve=[1 0 1]

:: Vs=[0 0 1] T.\ T.\ ::
=~ NN

Figure 3.5: The eight inverter voltage vectors (V, to V7) [6].
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Space Vector PWM (SVPWM) refers to a special switching sequence of the upper three
power transistors of a three-phase power inverter. It has been shown to generate less
harmonic distortion in the output voltages and or currents applied to the phases of an AC
motor and to provide more efficient use of supply voltage compared with Sinusoidal
modulation technique as shown in above figure 3.6.

q

SVPWM

0.58Vyc

0.67Vqc

SPWM

c v

Figure 3.6: locus comparison of maximum linear control voltage in sine PWM and
SVPWM.

To implement the space vector PWM, the voltage equations in the abc reference frame can
be transformed into the stationary dq reference frame that consists of the horizontal (d) and
vertical (g) axes. Relating the three phase voltages and currents in terms of “wt” is
difficult to handle directly. It can be transformed into two reference frames by using Park’s
transform (Bernard Adkins and Harley 1975) and their relationships are shown in equation
(3.8) [30].The relation between these two reference frames is become;

quo = Ksfadc (3.8)
I[ 1 =1, -1 1|

Where, k = §| 0 \/5/2 - \/§/2| (3.9)
ll/ 2 Yoo 1,

fago = [fafafo] Fabe = [Fafufel” (3.10)

f denotes either a VVoltage or a current variable.

This transformation is equivalent to an orthogonal projection of [a b ¢]T on to the two-
dimensional perpendicular to the vector [1 1 1]7 (the equivalent d-q plane) in a three-
dimensional coordinate system. As a result, six non-zero vectors and two zero vectors are
possible. Six nonzero vectors (V; — V) shape the axes of a hexagonal as shown in figure
3.7, and feed electric power to the load. The angle between any adjacent two non-zero
vectors is 60 degrees. Meanwhile, two zero vectors (Vo and V7) are at the origin and apply
zero voltage to the load. The eight vectors are called the basic space vectors and are
denoted by V,, V;,V,, V3, V,, Vs, Vg, and V,.

21



q axis g

Vs V,
010 (110)
(-1/3,1N3§ ! (1/3,13)
2

3
y Vo Vl
(0141 / (000) (100)
(-213,0) (1\171) a0 07
4
(-1/3,-1N3) Vs Ve (1/3,-113
(001) (1061)( )

Figure 3.7: Basic switching vectors and sectors.

The same transformation can be applied to the desired output voltage to get the desired
reference voltage vector V,..¢ in the d-g plane.

The objective of space vector PWM technique is to approximate the reference voltage
vector V..¢ using the eight switching patterns. One simple method of approximation is to
generate the average output of the inverter in a small period, T to be the same as that of
V,.r in the same period.

3.2.2. Sector Determination

It is necessary to know in which sector the reference output lies in order to determine the
switching time and sequence. The identification of the sector where the reference vector is
located is straight forward. The phase voltages correspond to eight switching states six
non-zero vectors and two zero vectors at the origin. Depending on the reference voltages,
Va, V, the angle of the reference vector can be used to determine the sector as per Table 3.2.

Table 3.2: Sector definition.

Sector Degrees

0< & <60’
60< e <120"
120< e <180°
180< e <240°

240< e <300°
300< e <360°

ool AW N
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3.2.3. Space vector PWM can be implemented by the following steps

Stepl. Determine Vg, Vg, Vrer and angle ().
Step2. Determine time duration Ty, T, Ty,
Step3. Determine the switching time of each transistor (S; to Sg).
Stepl. Determine Vg, Vg, Vrer, and angle (a).
From Figure 3.8, the Vy, Vg, Vrer and angle (o) [28] can be determined as follows:
Va = Van — Evbn - %Vcn ’ (3.11)

V3 V3
Vq = ?Vbn _7Vcn

V. 3.12
o= tan~! (—q) = wt = 27ft, x €(0,2m) (3.12)
Vq
q axis A
Vref
Vo &
b
o
Vi a E axis

Cc
Figure 3.8: Voltage Space Vector and its components in (d, ).

Step2. Determine time duration Ty, Ty, Ty,

From Figure3.9, the switching time duration can be calculated as follows:

-Switching time duration at Sector 1.

At sector 1, V; and V, are voltage vectors. Assume V..., (reference voltage vector) makes
a ” phase angle difference with V;. This V.o¢ can be calculated using vector calculus by
referring Figure 3.9. T is switching time interval at which output voltage of inverter is
constant or sampling time of output voltage inverter. T; ,and T, are switching time duration
of voltage space vectors V; and V, [24] respectively.
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T, Ty T1+T, Ts

[ V= [ Vit [ Vet [ W TV =TV TV, 3.13
0 0 Tl T1+T2
cosayp . 2 1 2 cos /3 o o
Ty | Vel [Sm a] = T3 Vae [o] + T3 Voo ISinT[/g , 0 <a<60 314
By rearranging the above equation solve for T;, T, and T,
sin(/3 — @) sin(a)
T1 = TS.aW,TZ = Ts.amand TO = Ts — (Tl + Tz) (315)
Where T, = Landa= M
fs gvdc
-Switching time duration at any Sector is as follows
_ V3 Ts * |Vrerl ( . n n ) (3.16)
1= Vdc Sln3T[COSO( COS3T[SII10(,
\/§*Ts*|vref| . n—1 n—1 . (3'17)
2 = (— Sin T cos o + cos T SIn O(),
Vic 3 3
TO = TS - T1 - TZ (3.18)
Where, n=1 through 6(that is, sector 1 to 6 and 0° < a < 60°) finally the T is
TS = TO + T1 + T2 (319)
V>
Vref
o Ts*Vy
a
0 > >
T./T*V, Vi

Figure 3.9: reference vector as a combination of adjacent vectors at sector one.
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Step 3: Determine the switching time of each transistor (S1 to S6)

Y Ts o Ts Y ¢ Ts Y- Ts >
fTo2i To § T, iToR2 iTol2d T, i T :Tol2 ! i Joi2E Tp | Ti 702 iTo2i Ty i Tp :ToR!
p S — p St '
P Ss 2 Ss l |
e
P I I O i
L H L H
0 Sy 0 S
W Se x Se
w : : : : : : N -
e > — eszv:v:v=v5v:v5v:v
. Vo Vi Vo " Vg Ve Vs Ve V7o 0 1 Vs 3 V4 5 ' Ve 7
a.Sector 1 b.Sector 2
Ly Ty ey
PToRE Ty § T, iTol2 iTol2 T, | Ty :Tol2i {7028 To i Ty iT0/2 {To2i TL i T, :Tof2!
p Si— p St f
p Ss—4 | 2 S
e |
I Ss : FSS S SUUUE ISV SRUUUUE SURUNY SUURRRRY SO
S s s S s e T
0 Sy | 0 Sy
w Ss | w Ss
w | : P We : : I :
e Se——H——— S BV RV IV AV SV RV VAR RY
] Vo A V, V3 V, Vs Vs \ r 0 1 2 3 4 5 6 7
c.Sector 3 d.Sector 4
.= LTy
i Toli Ty i T, iTol2 iTol2l T, 8 Ty i Tol2 ] 1 Jo2; To i Tu i1002 170028 To i To iT0R2!
T 2 i i i i it i i B VD Bt o it il el e et L
p > p 1
P Ss 2 S3
e | ] ]
S N : T e P
L : : L :
0 S4 0S4
W Sﬁ | : w 86
W | i : E : : W : | : : :
e S oo RV EVE VAL BV VR KRR
Vo V1 VZ V3 V4 V5 VG V7 r 0 1 2 4 5 6 7
r f.Sector 6

e.Sector 5

Figure 3.10: SVPWM switching patterns at each sector from sector 1 to 6 [12].

Based on Figure 3.10 [25], the switching time at each sector is summarized in Table 3.3,
and it has been built in matlab/Simulink model to implement SVPWM.
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Table 3.3: Switching time calculation at each sector of SVPWM [16].

Sector Upper Switches (S1 S3,Ss) Lower Switches (S4.S6,S>)

1 Si1=T+T,+T,/2 S4=T,/2
S3=T+T,/2 Se=T1+T,/2
Ss=T,/2 So=T1+T,+T,/2

2 Si=T1+T4/2 Se=T2+To/2
S3=T1+To+To/2 Se=T,/2
S5=T,/2 So=T1+Tr+T,/2

3 S1=Tl/2 Si=T1+T+T/2
Sa=T1+Tr+T,/2 Se=T,/2
S5=T+T,/2 S,=T1+T,/2

4 S]_: T0/2 84:T1+T2+T0/2
S3=T1+T,/2 Se=T+T,/2
Ss=T1+T,+T,/2 S,=T,/2

5 Sqi= T2+T0/2 S4:T1+T0/2
S3= T2 Se=T1+T,+T,/2
Ss=T1+To+T,/2 S,=T,/2

6 S]_: T1+T2+T0/2 84:T0/2
Se=Tol2 Se=T1+T2+To/2
S5=T1+T,/2 So=To+T,/2

3.2.4. State-Space Model

Figure 3.11 shows L-C output filter to obtain current and voltage equations.

Rload

%iLA

RIoad

Rload

L
! a I—Ioad
+ —. + iap
lia l
Vias
Vire ——
C
Lf f LIoad
- S Ba8a
+ ;i + l'bc L
iB
Vise — Ci . Vica
Vch |CJ\
Lf ‘ I-Ioad
. _ m - m
N C

—iic

Figure 3.11: L-C output filter for current and voltage equations.
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By applying Kirchoff’s current law to nodes a, b, and c, on figure.3.11 respectively, the
following current equations is derived:
1. at node ‘a’

) ) ) . : dVica dViap . 3.20
ija +ica = 1ap +ipa = ija + C¢ FTERERA S +1pa (3:20)
2. at node ‘b’

) ) . . ) AV ap dVige . 3.21
ijg +iap = ipc +iLg = ijg + C¢ P Ct prR (321)
3. at node ‘¢’

) . ) . . dVy,pc AVica . 3.22
ljc + ipc = ica +ipc = lic + C¢ T CfT + I¢ (322)
Where,

. dViap . _ dVipc . _ dVica

Iap = Cf

dt ’1bC — LUf dt :1ca — Uf dt
Also, (3.18) to (3.20) can be rewritten as the following equations, respectively:

Step 1.Substiract (3.19) from (3.18):

dVica , dVica ,dViee) . . .
Cf( T TR )__”A-HiB“LA_ILB (3.23)
Step 2.Substiract (3.20) from (3.19):

dVpag  dVica dVigc . . o (3.24)
Cf( at + T 2 at ) = —ijg +ijc +iLg—iLc
Step 3.Substiract (3.18) from (3.20):

dViag  dVigc dVica . . .. (3.25)

f( It + T 2 It > = —ljc +ija +ic—ipa
To simplify (3.18) to (3.20), we use the following relationship that an algebraic sum of line
to line load voltages is equal to zero:

Via + Viec + Vica = 0 (3.26)
Based on (3.24), the (3.21) to (3.23) can be modified to a first-order differential equation,
respectively:
dViag 1 1 dVigpe 1 1 dVea 1 1

T 3_Cf1iAB - 3_Cf1LAB’_dt = 3_Cf1iBC - S_CflLBC’_dt = B_CfliCA - S_CflLCA (3.27)
Where, ijap = iia — lip, lipc = lip — lic, lica = lic — ija,and

ipag = ipa — g, e = i —iLciLca = inc —ipa
By applying Kirchoff’s voltage law on the side of inverter output, the following voltage
equations can be derived:
dViag 1 1 dVigc 1 1 dVica 1 1
e _L_fVLAB + L_fViAB’_dt = _L_fVLBC + L_fViBC'_dt = _L_fVLCA + L_fViCA (3.28)

By applying Kirchoff’s voltage law on the load side, the following voltage equations can
be derived:
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_ dipa . dipg .
Viag = Lioad o T RioadiLa — Lioad Tl RioadiLB,

diLB . diLC . (3'29)
Vige = Lioad 73, * RroadiLe — Lroad =5, — RroadiLe:
dirc . dipa .
Vica = LLoadF + Rpoadinc — Lroad at RioadiLa
Equation (3.26) can be rewritten as:
dipag _ RLoadi Viap digc _ RLoadi Vige dirca _ RLoadi Vica
dt LLoad LAB L_Load, dt LLoad LBC_ LLoad’ _dt LLoad_LCA LLoad, (3'30)
Therefore, we can rewrite (3.25), (3.26) and (3.27) into a matrix form, respectively:
dvy, 1 1 dj 1 1 dl, 1 Rioad (3.31)
—— = li—m L E =V =V, = - L~ I
Where, Vi, = [Viag Visc  Vical® .5 = [iiap i lical”
Vi = [Vias Visc Vical” ,IL = [iLap iec ircal”
Finally, the given plant model can be expressed as the following continuous-time state
space equation
X~ (t) = AX(t) + BU(b) (3.32)
Where,
0 [ ! I
3X3 3Cf 3X3 3Cf 3X3 [ 03X3 _I
n 1 1|
X=115 A = _i I3x3 03x3 03x3 ,B = L_I3X3 U = [Vilsxs
. f .
9x1 Rload 03X3 9X3
T I3X3 O3X3 -7 I3X3
—Lload Load -
Note that
v' Vi is load line to line voltage ,
v I; is inverter output current, and
v 1, is the load current are the state variables of the system, and
vV, isthe inverter output line-to-line voltage

v U is the control input.

Accordingly the figure 4.2 in chapter four, Block diagram is modeled by using the
MATLAB Simulink tools for AC-Voltage Controlled by using SVPWM techniques.

3.3. Harmonic Distortion Standards

IEEE 519-1992 was developed to evaluate harmonic voltages and currents at a point of
common coupling ( PCC) between the end user and the utility supply system. The

PCC is the location where another customer can be served from the system [25].
The standard allows for the same procedure to be applied by the customer at other
locations within a facility but different current limit values could apply in these cases. The
harmonic current limits for the PCC are summarized in Table 3.4.
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Table 3.4: harmonic current limits for individual end users from IEEE 519-1992. for

69KV<V<161KV.

lso/1L h<11 11<h<17 17<h<23 23<h<35 35<h TDD
<20 2.0 1.0 0.75 0.3 0.15 2.5
20-50 35 1.75 1.25 0.5 0.25 4.0
50-100 5.0 2.25 2.0 1.25 0.35 6.0
100-1000 | 6.0 2.75 2.5 1 0.5 7.5
>1000 7.5 35 3.0 1.25 0.7 10.0
Whereas:

h -harmonic number.

Isc - Short circuit current at the point of common coupling.

IL - Maximum demand loads current (fundamental frequency component) at the point of
common coupling. It can be calculated as the average of the maximum monthly demand
currents for the previous 12 months or it may have to be estimated. All power generation
equipment applications are limited to these values of current distortion regardless of the
actual short circuit ratio Is/l;. The tables of individual harmonic component limits apply to
the odd harmonic components and even harmonic components are limited to 25% of the
limits in the tables due to this it is neglected. Current distortion which results in a dc offset
is not allowed.

Total Demand Distortion (TDD) [12, 24] is defined as:

Vo, 12 (3.33)
TDD = Y2222 1X100%
L
Where:
I,= magnitude of individual harmonic components (rms amps).
n = harmonic order.
I_.= maximum demand load current (rms amps).
I = S — (3.34)
V3+Pf+KV

—_Vn 3.35
ISC - \/E*VT’ ( )
Short circuit ratio = IIS—C (3.36)

L

Whereas:

Vn, - Nominal voltage with the secondary side of transformer open

Isc - Short circuit current of the transformer

%Z - Percentage transformer impedance

P - Load demand

Pf - Power factor

If the harmonic producing loads consist of power converters with pulse number (q) higher

than six, the limits indicated in the table are increased by a factor equal to \/% provided

that the magnitudes of the non-characteristic harmonics are less than 25% of the limits
specified in the table 3.5.

29




Table 3.5: harmonic voltage limits, IEEE standard 519-1992 or recommended voltage

distortion limits for general systems.

Utility Voltage bus

Maximum individual

harmonic Component (%)

Maximum THD (%)

Less than 69KV 3 5
115KV to 161 KV 15 2.5
Above 161 KV 1 15

This table 3.6 shows the voltage distortion level and RMS value of each phase taken
from the transformer data of the national cement share company; which is measured on
individual phases. The average full load measurement shows that the THDv is 3.212%,
3.25% and 3.266% for each phase respectively ,which is beyond the standard limits as
dedicated on the table 3.5 for 132KV is 1.5% for Maximum individual harmonic
Component and 2.5 % for maximum THD;As per IEEE standard the voltage distortion
should be below or less than 1.5% for individual harmonic components and less than
2.5% for total harmonic distortion. In this table implies there is a significant voltage
distortion which is a big effect on the motors and factory.

The voltage unbalance limit at the terminal of the motors in the industry should be below
1% as per IEEE standard at full load and less than 3% at no load condition. The unbalance
greater than 1% makes motor operation difficult in which the motors are over heated and
forced to function below their rated power as shown in table 3.6 above which is 1.11%.
Again the measurement taken at the terminal of the motors indicates the voltage unbalance
is beyond the standard to some extent which is greater than one and the average measured
supply frequency is 49.85 Hz which is in the range of acceptable limit.

Table 3.6: voltage data from transformer supplying at full load in NCSC

No | Freq.(Hz) RMS(V) THD (%) V(unbalance)%
Vi \'Z V3 Vi V2 V3

L 50.12 220 216 217 3.15 3.25 3.25 1.17

2 49.91 199 200 199.6 3.25 3.33 3.25 0.93

3 50 205 208 207 3.25 3.15 3.24 1.14

4 50.1 215 210 211 3.26 3.25 3.26 1.41

> 49.1 210 212 210 3.15 3.27 3.33 0.89
Avr 49.85 209.8 | 209.2 | 208.92 | 3.212 3.25 | 3.266 1.11
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Table 3.7: the average RMS current, unbalance current and THD,, taken from the
transformer at full load of the NCSC.

RMS THD (%) I (unbalance)

No. I I I3 I I, I3 %

1 168 171 165 30 32 29 1.79
2 170 172 167 30.6 33 29.3 1.38
3 169 172 168 33 35 32 1.38
4 170.5 173 169 31 33 30 1.27
5 170.5 173 169 31.1 33 30 1.27
Avr. 169.6 172.2 167.6 31.14 33.2 30.06 |1.41

This table 3.7 shows the RMS current, THD, per phase and unbalances Current
between the phases for different readings. The reading in the table shows average values
of the parameters at the bottom of the table 3.7. The average current unbalance value is
1.41% which is less than the limited value of the given standard IEEE is 10%. But the
THD, measured shows there is high value of distortion as shown in the table 3.7.This table
shows the individual current harmonic components for each phase: 1, 2, and 3 with their
distortion level in percentage are 31.14%, 33.2%, and 30.06% respectively.

The causes of this THD, are due to high use of non-linear load equipment such as
computer power supplies, electronic ballasts, compact fluorescent lamps and variable speed
drives etc, which create high current flow with harmonic frequency components. The
common cause of this disturbance is switching on of the heavy appliances like motor or
refrigerator or Air conditioner which require large start up power. Other reasons can be
failure on the power lines and transformers. Harmonic problems are almost always
introduced by the consumers’ equipment and installation practices. The limiting rating for
most electrical circuit elements is determined by the amount of heat that can be dissipated
to avoid overheating of busbars, circuit breakers, neutral conductors, transformer windings
or generator alternators. But when voltage sags occur, the local utility usually is blamed.
However, many voltage sag events are caused by equipment within the plant. Power
quality problems occur on both sides of the electric meter. It is sometimes difficult to
determine the source of voltage sags or other power quality problems. Even experienced
power quality experts do not always agree. Voltage sags that occur on the utility side of the
power meter can either be human created or natural events. The most common human-
created events are switching operations. The most common natural events include:
Lightning, Wind, and Trees falling onto power lines, Construction workers digging into
buried cables, Squirrels and rodent.
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CHAPTER FOUR

SYSESTEM DESIGN AND DESCRIPTION
4.1. Three Phase Model of the AC Voltage Controller using SVPWM

The Matlab Simulink modeling is used to determine the improvement of power factor
and THD are obtained in this thesis to present the Ac voltage controller by using the
SVPWM techniques through simulation. Designing by using SVPWM techniques of the
thesis has been implemented by using MATLAB R2013a Simulink software for simulate
the result and the new model used here is SVPWM techniques used instead of AVR
controller. To come up with this the following block diagrams are discussed below.

Step down

Supply Voltage o

[Ef;; KV) g »  Transformer 'q Rectifier
(132/6.3KV)

Load €———  Measurement < LC Filter ¢ Inverter <

J

Modulation Index (m)
andabctodg =P SVPWM

transformation

Outputs

A

Figure 4.1: The block diagram of designed SVPWM.

According to the above block diagram the 132 KV voltage source given to the step dawn
transformer, which followed by rectifier and voltage source inverter which uses SVPWM
techniques to get the desired output. The overall completed Voltage source inverter is fed
from rectifier and SVPWM. The AC voltage of induction motor is controlled by using
SVPWM controller techniques through the steps of modulation index and transformations.
The compilation design of the paper is discussed as follow by using MATLAB R2013a
software as tools.
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4.2. MATLAB implementation of Three Phase AC Voltage Controller using SVPWM

The modeling of AC voltage controller using the SVPWM technique is in order to generate
the appropriate output voltage at the end of the factory. Using these techniques implements
the power qualities like voltage sag and THD and as well as power factor. The following
diagram shows the MATLAB implementation of three-phase Ac voltage controller which
is discussed each one by one.

AC-Voltage Controller using SVPWM

Volege output inverter

Discrete,

POWES gui

Ts=2e08s ala
alal
alb
PIWM .
- IGBT Imverter o
: Output V&I of Load
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32KV Line, .
Transformet, alA A gy Vabe *m
. El a3
Rectifier alg B [p—alB
— . bl alp
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Sugply pat LC Fiter
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Modu. s
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Vabe — dc
Curent messwrements
I | Thwee-Phase Fault
Vibref
SVPWM '
PID Contaler, % RLC
Transformation Load
=T
Violage

Figure 4.2: Three phase AC voltage controller using SVPWM

A simplified block flow diagram for the implementation of the SVPWM algorithm is
shown in Figure 4.1 and 4.2. The procedure for implementing a space vector PWM can be
summarized as follows:

i.  Calculate the angle a and reference voltage vector (V) based on the input voltage

components.

ii.  Calculate the modulation index (m) and determine if it is in the over-modulation
region.

iii. Find the sector in which (V) lies and the adjacent space vectors of Vi and
Vi+1 based on the sector angle a.

iv.  Find the time intervalsT,, T, and T, based on T, and the angle a.

v.  Determine the modulation times for the different switching states.
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4.3. Rectifier

Universal bridge rectifier block can be discretized to be used in a discrete time step
simulation specified by the discrete system block.in this case, the internal communication
between the power switches and the diodes in the converter legs. Apart from the dc
component, this pulsating dc voltage will have unwanted ac components like the
components of its supply frequency along with its harmonics (together called ripples)[20].
The ripples will be minimum for 3-phase rectifier circuits. Such supply is not useful for
driving complex electronic circuits in general due to their harmonics. The universal bridge
block in an ac —ac converter conducting of a rectifier feeding an IGBT inverter through a
dc link .the inverter is PWM to produce a three phase variable voltage and frequency
sinusoidal voltage to the load.in this paper the modulation frequency is 50 Hz.

P M
L IGET Inverter

Blhz

RLC-Load

[y T, -]

Souwce from 1328.3KV
[y T -]

Al—a|a

=L

C [——-—>|C

T
1

dc link LC Filter

Figure 4.3: the universal bridge rectifier’s blocks with IGBT inverter.

According to the figure 4.3 the universal bridge block rectifier feeding an IGBT inverter
through the dc link at the parameters of C=5 mf and L=0.2 mH which is the same values
used to AVR of the national cement share company.

4.4. Voltage Source Inverter (VSI)

Inverters are static power converters that produce an AC output waveform from a DC
power supply. If a DC input is a voltage source, then the inverter is called a
Voltage Source Inverter (VSI). Similarly in case of a Current Source Inverter (CSI), the
input to the circuit is a current source. The VSI circuit has a capability of controlling
AC output voltage, whereas the CSI directly controls AC output current. Power inverters
are devices which can convert electrical energy of DC form into that of AC. Inverters can
come in many different varieties, differing in price, power, efficiency and purpose. VSI
input voltage is maintained constant and the amplitude of output voltage does not depend
on the load. However, the waveform of load current as well as its magnitude depends upon
the nature of the load impedance as sued in this paper at NCSC as shown in figure 4.2 and
4.3. VSI produces an output voltage and current to required ranges and frequencies. This
inverter uses The IGBT Transistors for its switching purpose. Due to the main advantages
of using the Insulated gate bipolar transistor over other types of transistor devices are its
high voltage capability, low ON-resistance, ease of drive, relatively fast switching speeds
and combined with zero gate drive current makes it a good choice for moderate speed, high
voltage application in SVPWM, variable speed control, switching mode power supplies or
solar powered DC-AC inverters. Insulated-gate bipolar transistor (IGBT) is voltage
controlled power transistor that is used while voltage requirement increases and it
also offers better speed than the others like power bipolar junction transistor (BJT)
and metallic oxide semiconductor field effect transistor( MOSFET).

The voltage source inverter that use SVPWM switching techniques have a DC input
voltage from the rectifier as shown in figure 4.1.and 4.2 that is usually constant in
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magnitude. The inverter job is to take this DC input from rectifier and to give AC output,
where the magnitude and frequency can be controlled and gives or transfers to modulation
index. There is techniques of space vector Pulse Width Modulation (SVPWM).The
efficiency parameters of an inverter such as switching losses and harmonic reduction
are principally depended on the modulation strategies used to control the inverter.

In this design the Space vector Pulse Width Modulation (SVPWM) technique has been
used for controlling the inverter as it can be directly controlled the inverter output
voltage and output frequency according to the vector functions [22]. Space vector pulse
width modulation (SVPWM) is widely used in power electronics to digitize the power so
that a sequence of voltage pulses can be generated by the ON and OFF of the power
switches. The SVPWM inverter has been the main choice in power electronic for decades,
because of its circuit simplicity and rugged control scheme. Space vector Pulse Width
Modulation switching technique is commonly used in industrial applications or solar
electric vehicle applications in popular now a day. The parameters of VSI specifications
are the same to the AVR used in NCSC see table 4.1 which is used for Portland pozzolana
cement.

Table 4.1: Voltage source inverter specifications

No. Rating value
1 Inverter KVA 10kVA
2 DC bus voltage 600V
3 Output line voltage 400V rms
4 Output Current 15A rms
5 Switching Frequency 20KHz (max)
6 VCES (IGBT rating) 1200V
7 IC (IGBT rating) 25A @ 100°C
4.5. LC filter

An inductor (L=2mH) filter increases the ripple factor with the increase in load current R
load. A capacitor(C=5 mF) filter has an inversely proportional ripple factor with respect to
load resistance. The parameters or value of L-C are taken from the NCSC which AVR has
using. Economically, both inductor filter and capacitor filter are not suitable for high end
purpose L-C inductor input or L-section filter consists of an inductor * L’ connected in
series with a half or full wave rectifier and a capacitor ’C’ across the load. This
arrangement is also called a choke input filter or L-section filters because its shape
resembles and inverted L-shape. To increase the smoothing action using the filter circuit,
just one L-C circuit will be required [30, 31].

o A = et

e
e = -=>

=
L o o
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Figure 4.4: 2" order LC filter for 3 phase system
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According to the figure 4.3 harmonic attenuation can be achieved by several methods
such as by resonating of the loads, by an LC filter, by pulse width modulation, by sine
wave synthesis, by selected harmonic reduction and by three phase inverters. Apart from
these in PWM technique, if the carrier frequency is increased, the harmonics components
are reduced. A high carrier ratio improves waveform quality by raising the order of the
principle harmonics. RC and LC filters are the most used passive filters. LC is the 2™ order
filter which is used in the SVPWM techniques. After LC filter a measurement of voltage
and current is used and after to modulation index and load part.

Advantages of Passive Filter over Active Filter:

v' Less costly than active filter.

v' Passive filters can be used for small loads as well as large loads in a power

system.
4.6. Modulation index

Modulation Index (m) is controls the harmonic content of the output voltage waveform.
The magnitude of fundamental component of output voltage is proportional to m, but m
can never be more than unity. Thus the output voltage is controlled by varying m.
For m less than one i.e. m<1; largest harmonics amplitudes in the output voltage are
associated with  harmonics of higher order (f/f+1),(f/f-1) or (2N-1), where N is
the number of pulse per half cycle. Thus, by increasing the number of pulses per half cycle,
the order of dominant harmonic frequency can be raised, which can be filtered out easily. It
is observed from above that as N is increased, the order of significant harmonic increases
and the filtering requirements are accordingly minimized.
For m greater than one i.e. m>1; lower order harmonics appear, pulse width are no longer a
sinusoidal function. This PWM signal can then be used to control switches connected to a
high-voltage bus, which will replicate this signal at the appropriate voltage. Put through an
LC filter, this SVPWM signal will clean up into a close approximation of a sine wave.
Though this technique produces a much cleaner source of AC power than either the square
or modified sine waves, the frequency analysis shows that the primary harmonic is
still truncated, and there is a relatively high amount of higher level harmonics in the
signal.
The fundamental component of the voltage waveform is from a Fourier analysis, the
fundamental voltage magnitude is given by (4.1) [25].

3[ (73 Vac . 22V,
Viax_sixstep = 1 f — sin 0do +J —3_sin 0doe

0 /3

2V,
St (4.1)

The ratio between the reference vector Ve and the fundamental peak value of the square
phase voltage wave (2Vq/m) are called the modulation index. The mode of operation is

determined by the modulation index (m). In this linear region, the m can be expressed as:
Vref (4'2)

Vmax_sixstep
The maximum modulation index(m) is obtained when Vs equals the radius of the
inscribed circle as in figure 3.9 from chapter three [23].

ZV c T 4.3
Vref(max) = %Vref cos /¢ ; Therefore, mp,, = “‘ZC& = 0.907 4.3

;Vdc

m=
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4.7. PID Controller using in SVPWM to control Ve vVoltage

PID controller is proportional—integral—derivative controller. The PID controller is simple
and easy to implement. It is used to improve the dynamic response as well as to reduce or
eliminate the steady-state error. The derivative controller adds a finite zero to the open-
loop plant transfer function and improves the transient response. The integral controller
adds a pole at the origin, thus increasing system type by one and reducing the steady-state
error due to a step function to zero [22]. The PID controller transfer function is (4.4) [27]:

K; 4.4
C(S)=Kp+?1+deande=error=SP—PV (44)
Where,

SP: Set Point
PV: Process Variable
t: Time or instantaneous time and s is laplace transform of time.
K, :Proportion gain.
K; :Integration gain.
Kg4: Derivative gain.
PID stands for the Proportional, Integral, and Derivative terms that sum to create the
controller output signal as follows:
Time domain formula:UC(t) = Kpe(t) + K; f, e(t) d(t) + Kq=-e(®),
Frequency domain formula:UC(s) = [Kp + % + de] E(s)
— P — K, - K,
Us ¢ €t) Ugy  E Ugs)
by | - Y i) ) Y Kis )

_> D | _» Kdd/dt- —> de )

(a) (b) ()

Figure 4.5: Block Diagram of the PID controller, (a) symbolic form, (b) time domain form,
(c) Frequency domain form.

According to the figure 4.5 the pi controller is used to control the V4V, inverter and dqo to
abc transformation as well as the modulation index also controlled under unity.
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4.7.1. Tuning of a PID Controller

This part of setting up a PID controller is to tune or choose numerical values for the PID
coefficients. Many industrial process companies have in-house manuals that provide
guidelines for the tuning of PID controllers for particular process plant units. Thus for
simple processes it is often possible to provide rules and empirical formulae for the PID
controller tuning procedure [22]. The PID controller tuning methods are classified into two
main categories

v Closed loop methods

v Open loop methods

Closed loop tuning techniques refer to methods that tune the controller during automatic
state in which the plant is operating in closed loop. The open loop techniques refer to
methods that tune the controller when it is in manual state and the plant operates in open
loop. Some of these closed loop tuning techniques base on the pro forma routines
of the classical Ziegler—Nichols (Ziegler & Nichols 1942) methods and their numerous
extensions of the associated rules. The Ziegler—Nichols methods use an on-line process
experiment followed by the use of rules to calculate the numerical values of the PID
coefficients. New versions of the Ziegler—Nichols (ZN) procedures were introduced,
notably the Astrom and hagglund relay experiment (Astrom and hagglund, 1985).
SVPWM technique’s or methods reveled to be an extensive development for PID
controller tuning and optimization of performances used in SVPWM. In this thesis PID
algorithm has been discussed to tune and optimize to synchronize with SVPWM
parameters.

4.7.2. The Ziegler-Nichols (ZN) Tuning Method

This closed loop ZN method is a trial and error tuning method based on sustained
oscillations. This method that is probably the most known and the most widely used
method for tuning of PID controllers is also known as online or continuous cycling tuning
method. The P gain is increased until it reaches the ultimate gain ,K,, at which the
output of the loop starts to oscillate. Ku and the oscillation period Pu are used to set
the gains as shown in table below. Having the ultimate gain and frequency (Ku and Pu) and
using the Table 4.1, setting the values of K, K; and K4 according to the formulas.

Table 4.2: K, K; and K, values using Ziegler—Nichols method [22] Controller parameters

of Closed-loop ZN Tuning Rule.

Ziegler-Nichols tuning Method (ZN)
Controller type Tuning parameters
K, K; K,
P 1 - -
—K
ZiO “ =
Pl u -
—K 1.2—
22 K,
PID iKu ) Ky K, * K,
1.7 K, 8
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Figure 4.6: The matlab block diagrams of the PI controller.

According to figure 4.6 this matlab block that is modeled to control the modulation index
under unity and the transformation of the voltages from abc to dgo or vice versa as well as
the Vs Or voltage reference is controlled by using this PID controller.

4.8. Space Vector Pulse Width Modulation

The space vector PWM (SVM) method is an advanced, computation-intensive PWM
method and is possibly the best method among the all PWM techniques for
variable-frequency drive application. Because of its superior performance characteristics,
it has been finding wide spread application in recent years. Space vector modulation
(SVM) is an algorithm for the control of pulse width modulation (PWM) [1]. It is
used for the creation of alternating current (AC) waveforms; most commonly to drive 3
phase AC powered motors at varying speeds from DC using multiple class-D amplifiers.
There are SVPWM that result in quality requirements. One active area of development
is in the reduction of total harmonic distortion (THD) created by the rapid switching
inherent to these of block diagram.

. Space vector pulse Voltage Reference
Sample Period . .
width Modulation |- (Vref)
Delay
generator

Figure 4.7: The subblock diagram of SVPWM in matlab.

Sample period Delay is in figure 4.7 provides an output port for a subsystem of a space
vector pulse width modulation generator. The output when disabled and initial output
parameters only apply to conditionally executed subsystems of inverter. When a
conditionally executed subsystem is disabled, the output is either held at its last value or set
to the initial output.it is a discrete time operator. The block accepts one input and generates
one output. This output in a vector form. Which it makes the space vector modulation.

Space vector pulse width modulation generator is discrete the switching time and carrier
or triangular voltage and controlled voltage which is controlled by fundamental frequency.
This controlled voltage is given to the inverter though the sample period delay.in this paper
the number of voltage vector and magnitudes are determined.as shown in figure 4.8 the
SVPWM generator is to approximate the reference voltage vector instantaneously by
combining the swishing states corresponding to the basic space vectors.
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More precisely, for every PWM period, the reference voltage vector is averaged by using
its adjacent vectors voltages for certain duration of time and null vector also there at origin
and end.

SV-PWM Generator
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A\
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(1) S
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Figure 4.8: Sub block diagram of SVPWM generator triangular and control voltage.
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Figure 4.9: Sub block diagram of SVPWM generator of switching signal generation.
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According to the figure 4.9, To implement space vector modulation a reference signal
Ve IS sampled with a frequency fs (Ts =1/fs). The reference signal may be generated
from three separate phase references using the transform accordingly each calculated
switching sectors. The reference vector is then synthesized using a combination of the two
adjacent active switching vectors and one or both of the zero vectors. Various strategies of
selecting the order of the vectors and which zero vector(s) to use exist. Switching loss is
approximately proportional to the magnitude of the current being switched and it would be
advantageous to avoid switching the inverter leg with the highest instantaneous current.

Sn
s (D)
TaTtTo Puses
Sn
—l alpha Generale
glpha Odd_5 pulse pattern
Determine the secior of wef Compute time duration of
based on alpha (rad). Ao, determine switching stetes (T0,71,72)
if the sector number i5 odd

Figure 4.10: Subblock diagram SVM switching sector and time calculations.

According figure 4.10, it determines the Null vector is assigned for odd sectors 1, 3, 5 and
null vector [0 0 0] is assigned for sectors 2, 4, 6.The no-switching interval occurs in the 60
degrees next after the peak of the phase voltage. Generally, the current is leading the phase
voltage and most probably the peak of the current fundamental sits in the next 60 degrees
after the peak of voltage. This method of sector is reduces the switching. The counter-
clockwise and clockwise sequences were used alternatively in the generation of pulses.

4.9. Voltage Sag

Voltage sags defined as short duration reductions in RMS voltage, which is one of the
power quality problems in NCSC. Sags are mainly caused by short circuit faults in the
power system [26] and discussed in chapter five. Voltage sag data are aggregated for 10
minute interval at each location in general [15].

41



rms voltage profile

Magnitude

Magnitude

'
Time
rms voltage profile

Duration

Magnitude

Time
rims voltage profile

Shape

Magnitude

Time
Figure 4.11: Characteristics of voltage sag.

According to figure 4.11, the voltage profile shape is another characteristic taken into
consideration. Non-rectangular sags can be studied by modeling and simulating the start of
large induction motors in power systems. Sag duration corresponds to the period of time
during which the protective equipment allows fault current to flow.

If one or two phases are greater than 1.0 per unit (because of neutral shift), they will be
reset to 1.0p.u then Sags will be qualified. Qualifying sag has at least one phase equal to or
below 0.75p.u. That is, the sags with maximum voltage 0.75 per unit but above those
values are not counted. The lost energy in a sag event is E calculated from is (4.5) [22].
E=(1-Vp)*"=t (4.5)
Where Vp,,, is per unit voltage during the sag event and t is the time sag duration.

E is the energy loss in sag event.

An example for only one phase voltage is used in this table 4.2.

Table 4.3: One phase voltage sag of energy loss in NCSC.

Duration time(ms) V1(pu) A=(1—V,)> M | E=A%
0.37 0.88 0.001284 0.475
0.11 0.68 0.028 3.07
0.42 0.83 0.17 3.83

From this table 4.2: number of qualified voltage sags is 3.

Average Voltage Sag Energy Index: 1/3 (0.88+0.68+0.83) =0.79 pu and

Total energy loss (E) =0.475+3.07+3.83=7.375 pu.

Average energy loss (Eavr) =E/3=2.46 pu.

For three-phase calculation, lost energy for all three phases will be added the three
individual phases.
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CHAPTER FIVE

SIMULATION RESULTS AND DISCUSSION
5.1. Introduction

The simulation results are discussed in this chapter; Simulations has been done for one AC
voltage controller. Both current and voltage harmonics have been simulated and discussed.
Dire Dawa National Cement Share Company takes power from high voltage feeder
which is 132 KV line. This voltage is stepped down to 6.3KV by one transformer. The
power quality data of AVR have been analyzed and are compared with SVPWM and
different international standards in chapter three and in this chapter by tabular form. In
this chapter simulation result studies with different mitigation techniques and analysis of
these techniques are also presented graphically.

The main aim of any modulation technique is to obtain variable output having maximum
fundamental component with minimum harmonics. The objective of Pulse Width
Modulation techniques is enhancement of fundamental output voltage and reduction of
harmonic content in Three Phase Voltage Source Inverters. In this paper SVPWM
techniques are compared in terms of Total Harmonic Distortion (THD) with AVR.
Simulink Models has been developed for Space vector PWM (SVPWM) technique and
switching Patterns. Simulation work is carried in MATLAB13a Simulink.

5.2. Voltage Sag Calculation

Voltage sag is one of the types of power quality problem which is not a complete
interruption of power; it is a temporary drop below 90 percent of the nominal voltage level
in the factory. They normally last from 3 cycle to the maximum 1 (one) minute in the
company. Voltage sags are the most significant power quality (PQ) problem facing
industrial customers today in National cement share company which can be caused either
internal or externally, and they can be a significant problem for the companies like NCSC
as well. This thesis work does suggest a solution to voltage sag at the factory level
since the problem originate at utility level as well. The solution should be using of
SVPWM that effective voltage regulation systems should be used to avoid voltage sag.
Voltage sags are usually characterized by voltage magnitude and duration Voltage sag data
are aggregated for 10 minute interval at each location of the three phase. Sags has
discussed in table form as shown in table 5.1. Qualifying sag has generally the magnitude
of voltage sag is between 0.1p.u and 0.9p.u. Table 5.1; is the data of each three phase
voltage values in per unit as calculated in appendix B, is total sag energy is 50.142pu and
average sag energy index is 5.0142pu at sag event 10.
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Table 5.1: Measured voltage sag data of NCSC.

Duration time(second) | Vi(pu) | Va(pu) | Vs(pu)
0.37 0.88 0.64 0.69
0.11 0.68 0.65 0.70
0.42 0.83 0.81 0.81
0.083 0.81 0.82 0.78
0.10 0.77 0.84 0.79
0.083 0.95 0.77 0.70
0.033 0.85 0.98 0.80
0.099 0.90 0.70 0.60

0.1 0.68 0.49 0.57
0.067 0.97 0.86 0.84

Examples of Data for only one phase to calculate the voltage sag. For three phase
calculation, lost energy for all three phase has been added, and become the energy lost for
one phase is approximately 7.9pu. And average voltage sag energy is approximately 2.6 as
shown in table 5.2.

Table 5.2: the energy loss and average voltage sag energy at NCSC for one phase.

] No. of sag
voltage Time average voltage

V(p.u) t(ms) (1-V(p.u)) | [(1-V(pu))(3.14)]*t | sag energy index/3

0.8 65 0.2 0.42 3

0.6 50.4 0.4 2.84

0.5 40.5 0.5 4.6

Total Energy loss(pu) 7.9 2.6
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Figure 5.1: Simulation of voltage sag on the load (three-phase fault) a).Phase to phase
fault. b).phase to ground fault.

Building models of electrical protection devices on Matlab/Simulink is necessary for
simulations, because this tool does include those models of output. A SVPWM technique
of power system has been simulated with voltage sag reduction in Figure 5.1a) and b);
because this is the most widely used technique. Figure 5.1 shows the voltage sag on the
load, which presents non-rectangular voltage sag of 0.674 pu and 50 ms (time that the
motor takes to reach its rated speed). The voltage sags due to power system faults
simulated are compared with the ones presented in table 5.1 and 5.2. In those papers, the
voltage sags caused by faults in phase to phase and phase to ground are studied, including
the effect of sag on power system protections and loads.

Sag duration corresponds to the period of time during which the protective equipment
allows fault current to flow. There is a SVPWM technique using in the power system and
each one has a minimum fault clearing time. But a delay for protection coordination or
duration is there in AVR. In the case of temporary faults, some of the protective devices
have a reclose function to restore service within a short time figure 5.1 b) and voltage sag
in SVPWM technique faults are cleared faster than AVR controller system faults.

5.3. Total Harmonic Distortion Mitigation

Harmonics are unwanted higher frequencies which superimposed on the fundamental
waveform creating a distorted wave pattern form. The data presented in SVPWM
techniques, the harmonic distortion measured on the transformers are within standards
as shown in table 5.3. But the harmonic distortion data on the transformer by using AVRs
are more than the SVPWM technique as shown in table 3.6 and 3.7 and in chapter three.
The THD of voltage and Current exist in the Dire Dawa NCSC is more distorted when
comparing with the SVPWM techniques.

Table 5.3: THD of voltage standard and measured values

Value Standard value of max. Measured values of THD Modeled values
THD for 115 to 161 KV while using AVR controller of THD
THD% THD,% THD,% THD,%
A 2.5 3.212 1.73
B 2.5 3.25 2.06
C 25 3.266 1.60
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5.4. Output Voltage inverter

The expected output of the total harmonic distortion of the inverter voltage simulated value
for each phase as shown in figure 5.2 to 5.4 below. SVPWM is a popular choice in the

inverter controls of the voltage in this thesis.
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Figure 5.2: THD=1.19% of inverter voltage (Va.-inverter) While using SVPWM.
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Figure 5.3: THD=1.14% of Inverter VVoltage (Vqc.inverter) while using SVPWM.
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Figure 5.4: THD=1.11% of Inverter VVoltage (Vyc.inverter) while using SVPWM.

Total harmonic distortion is an important criterion for power quality improvement. For the
basis of presented harmonics in a power line THD is being calculated. This figure created
by the help of MATLAB, power gui, FFTAnalysis Result, during an inverter condition
THD of phase side voltage presented in this figure. From this presented figure 5.2 to 5.4
we can see that voltage source inverter using SVPWM technique is much better than AVR
because the harmonics which is generated in the distribution line eliminated by the help of
Pl controller system and the load voltage is approximately sinusoidal.

5.5. Sampling time vs gating time

The figure 5.5 is the gating time of the SVPWM directly using the time allocated to states
given for (tga, tgb,tgc). The definition of the switching gate time sequence would result to
be implemented in matlab software as shown in (appendix A). It is more advantageous to
define a function called “Switching reference function” of ON and OFF gating time with
the same meaning as the reference used in SVPWM of sector. It represents the duty ratio of
each inverter leg or the conduction time normalized to the sampling period of time for a
given switch.

s 1077 sempllngtme ws tga tgh tgc

gating timeltga)

gating timetgc)

gaob tec
i

] a DDE D,EI‘I o. EI15 ooz a D25 D,DS o. 035 004
Time in seconds

Figure 5.5: sampling time vs gating time
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5.6. Sampling time vs switching sectors

At the Null vector [1 1 1] is assigned for sectors 1, 3, 5 and null vector [0 0 0] is assigned
for sectors 2, 4, 6.The no-switching interval occurs in the 60 degrees next after the peak of
the phase voltage. Generally, the current is leading the phase voltage and most probably
the peak of the current fundamental sits in the next 60 degrees after the peak of voltage.
This method of sector is reduces the switching loss and the mitigated scheme was designed
as follows in figure 5.6. Assuming the reference vector located in sector I, the first
sampling point used the sequence V;i-V,-V7, which goes counter clockwise along the
vertices of the sector, and then the next sampling point used V,-Vi1-Vo, which goes
clockwise. The counter-clockwise and clockwise sequences were used alternatively. The
dwelling times or the spending of each sequence were happening during the changing of
the sequences at the sampling frequency.
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Figure 5.6: sampling time vs switching sectors
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5.7. Output of load Voltage

The expected output load voltage is simulated at figure 5.7-5.9.When SVPWM control
technique is used in the power electronic system; it mostly operates in the under
modulation region as discussed in chapter three. The output load voltage magnitude of the

SVPWM is between 380V and 400V.
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Figure 5.7: THD=1.73% of load voltage (Va.Load) while using SVPWM.
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Figure 5.8:

THD=2.06% of Load Voltage (Va.-Load) while using SVPWM.
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Figure 5.9: THD=1.60% of Load Voltage (Vp.-Load) while using SVPWM.
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Figure 5.10: Three phase Load Voltage while using SVPWM.

As 3-phase system, the output load voltage of all phase should be shown in figure 5.10 for
comparison of the loads sinusoidal wave. But according to the figure 5.7 to 5.9 is the
expected output load voltage using the modeled AC voltage controller by using of the
SVPWM techniques. From this simulated output the type of load used is RLC load. The
above conditions are generally met the Smallest instantaneous deviation from its
reference value, maximum utilization of the available dc-bus voltages, lowest ripple in the
load or motor current, and minimum switching loss in the inverter legs or sectors.
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5.8. Output Load Current
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Figure 5.11:

- Signal
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Figure 5.12: THD=2.02% of Load Current (lp-Loag) While using SVPWM.
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Figure 5.13: THD=1.49% of Load Current (lc.caq) While using SVPWM.
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Figure 5.14: All three phase Load Current while using SVPWM.

As 3-phase system, the output load current of all phase should be shown in figure 5.14 for
comparison of the current loads in sinusoidal wave form. But according to the figure 5.11
to 5.13 is the expected output load current using the modeled AC voltage controller by
using of the SVPWM techniques. From this simulated output the type of load used is RLC
load. The above outputs of load current are generally met lowest ripple in the load or motor
current.
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The Comparison of the Existing values of the system and the modeled values of THD in
the Dire Dawa National Cement Share Company (NCSC).

Table 5.4: Comparison of existing THD voltage values of the system with the modeled
values.

THD Existing Value in % After Model %
THD, 31.14 1.27
THDp 33.2 2.02
THD,¢ 30.06 1.49

THDvap L oad 3.212 1.73
THDvac Load 3.25 2.06
THDvbe Load 3.266 1.60

5.9. Summary of voltage and current unbalances

The table 5.5 and 5.6 the summary of voltage and current unbalances on the dire dawa
national cement share company in percentage (V %) and (I %) for using AVR and
SVPWM techniques of voltage and current respectively.

Table 5.5: Summary voltage and current unbalances for the transformers at full loads using

AVR controller.

Items Voltage unbalances V (%) using | Current unbalance | (%) using
AVR. AVR.
In Average 1.11 141
values
IEEE standards Less than 1 Less than 10
Summary of Beyond the standard In range of standard
conclusion

Table 5.6: Summary voltage and current unbalances for the transformers at full loads using
SVPWM techniques.

Items Voltage unbalances V (%) | Current unbalance | (%) using
using the SVPWM techniques. | SVPWM
In Average values 0.814 1.124
IEEE standards Less than 1 Less than 10
Summary of In range of standard In range of standard
conclusion
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CHAPTER SIX

CONCLUSION AND RECOMMENDATION
6.1. Conclusion

Space vector modulation technique has become the most popular and important PWM
technique for three phase voltage source inverters for the control of AC voltage induction
motors. This thesis work is sufficiently describe assessment of power quality
problems starting with review of literature, previous research works and collected and
analysis of data. In most the thesis emphases on recent and more practical industrial
applications of AC voltage controller using of SVPWM by controlling voltage source
inverter. Measurements have been conducted to design AC Voltage controller using
SVPWM technique at Dire Dawa NCSC. Based on the data, various analyses have been
performed to identify the values or levels of the THD problems. Then respective solutions
have been presented. In this paper, AVR and SVPWM techniques have been
investigated and compared. During the investigations, the realization of total harmonic
distortion and voltage sag in SVPWM techniques. For this purpose the performed
extensive simulations of these techniques using MATLAB tools. It has been observed that
SVPWM has showed superior performances due to less THD and less voltage sag because
SVPWM utilizes advance computational switching technique to reduce THD. It also
reduces switching times because of the changing of any one switching state which results
in one single phase voltage change every time. Furthermore, at high switching frequencies
SVPWM gives better results as compared to AVR. Thus, based on all obtained results,
concluded that SVPWM technique provides greater overall performance as compared to
AVR. From the analysis model of AVR, it is seen that current THD in the range of 30.06%
to 33.2% and voltage THD in the range of 3.212% to 3.27% were measured from the
system. But using the designed mitigation techniques it is seen that current THD in the
range of 1.27% to 2.02% and voltage THD in the range of 1.60% to 2.06% were obtained
from modeled Matlab Simulink. In this paper, the method for harmonic reduction in
SVPWM-AC voltage controller has been presented and Smaller THD values are obtained
when compared with the AVR. As a consequence, power gquality improvement is realized,
by improving the THD using AC voltage controllers using SVPWM technique. The THD
and voltage sags in SVPWM method are decreased proportionally corresponding to the
AVR. The performance of the machine will be improved when it is fed with SVPWM
techniques.

6.2. Recommendation

Based on the result of this thesis work, it is strongly recommended that the following
recommendations are drawn
v' The Ethiopian electric utility should work a lot on the whole distribution

power system, from generation to customer to reduce power quality problems
and especial attention should be given to power problems like THD and Voltage
Sag which has been a day to day problem for the end users.

v" Generally Industries like NCSC in Ethiopia need to assess practically and

theoretically the power quality status of their supply system and sensitivity of their
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equipment to the power quality problems with coordination to University Lectures
are amended.

Hence the THD value of current and voltage has the negative effects on
the performance of the machine; the author recommends NCSC Factory to
look the standard THD value of the currents and voltage during buying. So

that the company can free from extra billing for the Ethiopian Electric Utility.
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Appendix A

%Ac Voltage controller using SVPWM technique
clear all

clc

% Three phase SVPWM using generalized multiphase space vector approach
ma0=0.907; % maximum modulation index
ma=mao; % desired ma value

Vdc=563; % dc link voltage

Vsr=ma*Vdc; % space vector variation with ma
f0=50; %frequency

% V/f stretegy for three phase Induction machine.
if ma<=ma0

fmod=f0*ma/ma0;

else

fmod=f0;

end

no_sample=48; % number of samples

Ts=(1/fmod)/no_sample; % sampling time period

Vm=2/3*Vsr; % peak of phase voltage
alp=2*pi/3; % phase diff 120 degree
ts=0:Ts/100:2/fmod; % step time

Va=Vm*sin(2*pi*fmod*ts); % phase voltage
Vb=Vm*sin(2*pi*fmod*ts-alp);
Ve=Vm*sin(2*pi*fmod*ts-2*alp);

L=length(ts);

fori=1:1:L

% Three phase to two phase transformation

% (Clark transformation method it use to transform 3ph to 2ph)
Vds(i)=(Va(i)+Vb(i)*cos(alp)+ Vc(i)*cos(2*alp) );
Vas(i)=(Vb(i)*sin(alp)+ Vc(i)*sin(2*alp) );

% sectorl to 6 identifications
tht(i)=atan2(\VVas(i),Vvds(i));

if tht(i)>=0



theta(i)=tht(i);

else

theta(i)=2*pi+tht(i);

end

if theta(i)>=0 && theta(i)<alp/2

Sn(i)=1;

elseif theta(i)>=alp/2 && theta(i)<alp
Sn(i)=2;

elseif theta(i)>=alp && theta(i)<3/2*alp
Sn(i)=3;

elseif theta(i)>=3/2*alp && theta(i)<2*alp
Sn(i)=4;

elseif theta(i)>=2*alp && theta(i)<5/2*alp
Sn(i)=5;

else Sn(i)=6;

end

% selection of switching vector for each sector

if Sn(i)==1
v1=[1;0;0]; %4;
v2=[1;1;0]; %6;
vO=[1;1;1];
elseif Sn(i)==2
v1=[1; 1; 0]; %6;
v2=[0; 1; 0]; %2;
vO0=[1; 1; 1];
elseif Sn(i)==3
v1=[0; 1; 0]; %2;
v2=[0; 1; 1]; %3;
vO0=[1; 1; 1];
elseif Sn(i)==4
v1=[0; 1; 1]; %3;
v2=[0; 0; 1]; %1
vOo=[1; 1; 1];
elseif Sn(i)==5
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v1=[0; 0; 1]; %1,
v2=[1; 0; 1]; %5;
vO=[1; 1; 1];

else

v1=[1; 0; 1]; %b5;
v2=[1; 0; 0]; %4;
v0=[1; 1; 1]; %o0;
end

u=sn(i);

% using voltage section balance calculation of active timing vector.

An_inv=(Ts/(sin(pi/3)*Vdc))*[sin(u*pi/3) -cos(u*pi/3) ; -sin((u-1)*pi/3) cos((u-1)*pi/3) ];

Vref=[Vds(i); Vas(i)];
tn=An_inv*Vref;
tOby2=(Ts-tn(1)-tn(2))/2;
t120=[tn(1);tn(2); tOby2];
V120=[v1 v2 v0];

% calculation for tga gating time period for each leg
tgx(:,i) = (V120)*(t120);
tga(i)=tgx(1,i);
tgb(i)=tgx(2,i);
tgc(i)=tgx(3,i);

end
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% Output of sampling time for switching sector.
figure

plot(ts,Sn);

hold on

title ('ts vs Sn");

xlabel (‘'Time in seconds’);
ylabel ('Sector noumber’);
% output of gating time
figure
plot(ts,tga,ts,tgb,ts,tgc);
hold on

title('ts vs tga tgb tgc’);
xlabel('Time in seconds');

ylabel(‘tga,tgb,tgc’)
% End of programming the codes.

Appendix B

Voltage sag duration time and loss energy sag at Dire Dawa National Cement Share

Company (NCSC).

Duration | ;1 0y | voeu) | Vau) [E1 | E2 E3 E(pu) E(pu*ms)
time(s)

0.117 0.88 0.88 0.74 2E-04 | 0.00015025 0.0017 | 0.0020035 2.0035
0.115 0.84 0.85 0.86 4E-04 | 0.000297594 0.00024 | 0.0009017 0.9017
0.434 0.76 0.75 0.75 0.005 | 0.005584977 0.00558 | 0.016083 16.083
0.083 0.97 0.85 0.8 1E-06 | 0.000214785 0.00053 | 0.0007462 0.7462
0.1 0.77 0.84 0.79 1E-03 | 0.000316911 0.00074 | 0.0020517 2.0517
0.083 0.95 0.77 0.7 7E-06 | 0.00082206 0.00189 | 0.0027223 2.7223
0.033 0.85 0.98 0.81 9E-05 1.53E-07 0.00018 | 0.0002649 0.2649
0.039 0.97 0.7 0.6 6E-07 | 0.000889663 0.0022 | 0.0030858 3.0858
0.1 0.68 0.49 0.57 0.003 | 0.012071753 0.00706 | 0.0219301 21.93
0.067 0.97 0.86 0.84 1E-06 | 0.00013961 0.00021 | 0.000353 0.353
Total E(Energy loss in pu and pu*ms) respectively 0.0501421 50.142
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