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Abstract

Mitigation of Power Quality problems using Interline Dynamic Voltage Restorer

by Ramchandra Nittala
The effective function of sensitive loads is dependent on the quality of power delivered to it and
quantified in terms of its efficiency, security and reliability of loads connected to the same
distribution line. However the loads connected on the same end are diversified from electronically
controlled loads to heavy machinery. These cause minor to major power quality issues on the
distribution system. However the sensitive electronic equipment loads are more effected with the
power quality problems especially the voltage sag which eventually cause disruption in the
performance of the load, raise in temperature, and damage to equipment etc. Mitigating voltage sag
at the distribution level of power system network is of vital importance for enhanced performance
of these loads. Custom power devices have been the part of the latest technology which provides the

compensating measure as the mitigation equipment and thus improving the equipment immunity.

Among the customer power devices also referred to as the distribution Flexible AC Transmission
System (D-FACTYS) devices, the Interline dynamic voltage restorer (DVR) device, is utilized for
mitigation of voltage sag/swell. The IDVR system comprises of several DVRs connected to
different feeders with a common DC link. This IDVR scheme facilitates transfer of power between
loads on different individual line through the common DC link of the DVRs. When one of the
DVRs in IDVR system compensates for voltage sag in one feeder by importing real power from the
DC link, the other DVRs replenish the DC-link energy to maintain the DC-link voltage at a specific
level. In order to have control required output from IDVR detailed modelling of the components of

IDVR is very important.



The DC link of IDVR provides the required energy to the IDVR for mitigating the voltage sag. The
restoration of the DC link energy of the IDVR is a weighted factor in the robust operation of IDVR.
The proposed novel methods to replenish the DC link of IDVR, employ Phase Shifting Transformer

and PV system.

The advantage of IDVR over the other D-FACTS devices is the ability to mitigate voltage sag in
multiple feeders at same instance of time. This is called multidirectional compensation. To test the
functionality of IDVR with two DVRs in the bidirectional compensation, IDVR is tested in a two
line power system and a voltage sag is applied in two feeders at same instance of time. This part of
bidirectional compensation of IDVR is also verified with the experimental results obtained from a

hardware IDVR prototype set up.

Additionally current source inverters (CSI) have certain advantages like current control capability,
more regulation of ac voltage. Implementing CSI in IDVR to inject voltage for improvement of
power quality is investigated. With usage of the current source inverters the injected voltage from
IDVR may get improved. Hence in the proposed research the current source inverters are replaced
with voltage source inverters and the comparison of the two inverters as the building blocks of

IDVR are analysed in a test power system.

The functionality of IDVR is also tested by simulating the IDVR with a real time data. The real
time data of some institute or industry is considered in the proposed research and the probable
chances of voltage sag occurrences in that load are analysed. The efficiency of IDVR in
compensating the voltage sags is also analysed. This real time simulation of IDVR brings more
practicality towards the research on IDVR. Hence the overall research brings about the design of
IDVR in mitigating voltage sag/swell, its DC link restoration and more importantly the bidirectional
compensation ability of IDVR sustained by the experimental results obtained from a laboratory

prototype model.
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Mitigation of Power Quality Problems using IDVR

Chapter 1

Introduction
1.1 Background

Power Systems is sub-divided into Generation, Transmission and Distribution where the power is
generated from the generation side and is fed to the various loads on the distribution side by other
transmission line. In addition to the variability of the power deliver to the loads, power quality is
also a vital importance. Subsequently lack of quality effects the customers with sensitive loads.
Although the distribution side contains different loads, the sensitive loads are the one which are
effected by these power quality problems. The escalation of sensitive loads such as life support
operation theatres in hospitals, data base systems, processing plants contain the semiconductor
devices and air control traffic equipmements and numerous other data processing and service
providers requires clean and uninterrupted power. Such customers are very vary of dips since each
interruption cause some substantial amount of money. Consequently the power quality is an
important role on the distribution side. Power quality sets the limits of electrical properties that
allows electrical systems to function in their intended manner without significant loss of
performance or life. Among the several power quality problems, the problems considered in the
thesis are voltage sag and harmonics.

1.1.1 Sag

Sag is a reduction of AC voltage at a given frequency for the duration of 0.5 cycles to 1 minute’s
time as shown in fig 1.1. Sags are usually caused by system faults, and are also often the result of
switching on loads with heavy start up currents.

Common causes of sags include starting large loads (such as one might see when they first start up
a large air conditioning unit) and remote fault clearing performed by utility equipment. Similarly,

the starting of large motors inside an industrial facility can result in significant voltage drop (sag). A
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motor can draw six times its normal running current, or more, while starting. A large amount of

reactive power is absorbed by the motor during its starting. This leads to formation of voltage sag.

Fig. 1.1 Wave form with Sag.

1.1.2 Harmonics

Harmonic distortion is the corruption of the fundamental sine wave at frequencies that are multiples
of the fundamental. (e.g., 150Hz is the third harmonic of a 50Hz fundamental frequency; 3 X 50 =
150) as shown in fig 1.2. The power electronics loads produce harmonics because of their switching

action of power electronic switches.

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.

Fig. 1.2 Waveform with harmonics.

Custom power is a technology-driven product and service solution which embraces a family of
devices to provide power-quality enhancement functions. Among the several novel custom-power
devices, the Interline dynamic voltage restorer (DVR) [1], [2] is the most technically advanced and
economical device for voltage-sag mitigation in distribution systems. The Interline Dynamic

Voltage Restorer (IDVR) system consists of several DVRs protecting sensitive loads in different
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distribution feeders emanating from different grid substations, and these DVRs share a common DC
link. The interline power-flow controller (IPFC) addresses the problem of compensating a number
of transmission lines at a given substation. The IPFC scheme provides a capability to transfer real
power directly between the compensated lines, while the reactive power is controllable within each
individual line. The IDVR scheme provides a way to transfer real power between sensitive loads in
individual line through the common DC link of the DVRs, as it does in the IPFC. However, the
lines in the IPFC originate from a single grid substation while the lines in the IDVR system

originate from different grid substations.

| oo
BFeederl == 1 ﬁl
VSI 1

1
DVR I

Common DC hnI\—-Z{F"";

DVR2![ Vst

Vo Z | Ve A "

N - »
_'waJ_mm[;ﬁ Feedor? o T 1oea7]

Fig. 1.3 Schematic diagram of an IDVR in a two-feeder system.

When one of the DVRs in IDVR system compensates for voltage sag in a feeder it draws energy
from the DC link, the other DVRs replenish the DC-link energy to maintain the DC-link voltage at
a specific level. Thus the IDVR provides a way to replenish the energy in the common DC-link
energy storage dynamically. An example of a potential location for such a scheme is an industrial
park where power is fed from different feeders connected to different grid substations, those that are
electrically far apart. The sensitive loads in this park may be protected by DVRs connected to
respective loads. The DC links of these DVRs can be connected to a common terminal, thereby
forming an IDVR system. This would cut down the cost of the custom-power device, as sharing
common DC link reduces the size of the DC-link storage capacity substantially, compared to that of
a system in which loads are protected by clusters of DVRs with separate energy storage systems.

3
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1.2 Motivation of the Research

Literature on IDVR presents various methodologies for restoring the DC energy and controlling the
voltage compensation ability of IDVR. There were many schemes proposed in the research for
replenishing the DC link energy of IDVR. When one of the DVR’s is working in voltage
compensation mode, the second DVR of IDVR works in power compensation and restore the DC
link energy. The limitation for this type of restoration is, one of the DVR should always be working
in power compensation mode, which implies that the feeder connected to that particular DVR will

be treated as healthy feeder in all conditions. This is a big deviation from practical scenario.

The second gap in the research of IDVR are bidirectional compensation and utilisation of current
source inverters in the building blocks of IDVR. The IDVR constitutes of two or more DVRs
sharing a common DC link. Since these DVRs are connected to multiple feeders, the voltage
compensation in multiple feeders can be performed with each one of them at one instance. This type
of compensation is called as bidirectional compensation. This is the unique capability of IDVR to
mitigate voltage sag in multiple feeders at same instant and yet to be investigated. To examine the
functionality of IDVR in the bidirectional compensation, a two line IDVR system will be
considered and voltage sag will be applied in two feeders at same instant. The efficiency of IDVR
in compensating the voltage sag can be tested. This part of bidirectional compensation of IDVR will

be verified with the experimental results obtained from a hardware IDVR prototype set up.

The third major gap in the IDVR research is use of current source inverters as the building blocks of
IDVR. The voltage source inverters are utilized as the traditional building blocks of IDVR. The
current source inverters have certain advantages like current control capability, more regulation of
AC voltage etc. The possibility of the improvement of voltage sag mitigation with CSI is too

investigated. Hence this current source inverters will replace with voltage source inverters and the
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comparison of the two inverters as the building blocks of IDVR will be performed in a test power

system.

The functionality of IDVR in mitigating the voltage will be examined with a real time electrical
load network data. In previous research on IDVR [3]-[11], the simulations on IDVR were
performed with a test power system. A basic power system network was considered and various
possible ways of occurrence of sag were analysed. Using these results, the IDVR cannot be
concluded as ideal device for mitigating voltage sag/swell. This is the fourth deviation observed.
Hence in order to prove the reliability of IDVR, a real time electrical network load is to be
considered. The real time data of would be the distribution network of BITS Pilani Hyderabad
Campus. The efficiency of IDVR in compensating the voltage sags will be analysed in the network.
This real time simulation of IDVR brings more practical weight towards the research on IDVR.

Hence these are four major research gaps on IDVR to be addressed.

Considering the literature review on IDVR, the research gaps are identified. To address these

research gaps, the objectives of the research are contributed as.
1.3 Aims and Objectives of the Research

1. Mathematical Modelling of IDVR: The main aim of IDVR is mitigation of power quality
problems. In order to inject the required voltage for voltage sag mitigation, a controller has
to be designed for IDVR which requires modelling of IDVR. The mathematical model
includes the components of IDVR i.e. the inverter and DC link. The study and performing
the calculations relating to methods of voltage compensation and control are done. The
modelling of IDVR is discussed in chapter 3.

2. Incorporation of IDVR into a Power Distribution Network: Once the modelling of IDVR is
established, it is incorporated in the power system network and its performance is to be

investigated and analysed for voltage sag mitigation.
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3. Restoring the DC link with PST and PV: The DC link of IDVR provides the required energy
to the IDVR for mitigating the voltage sag, due to this the DC link energy diminishes. The
restoration of the DC link energy of the IDVR is a weighted factor in the robust operation of
IDVR. One of the methods employed is by utilizing the capacity of phase shifting
transformer to shift the phase and controlling the power necessary to change the DC link.
Additionally a PV system is utilized which is connected across the DC link to aid in the
restoration process. A controlled algorithm is designed between PST and PV source
depending upon the loading conditions of the feeder and surplus power available with the
PV source respectively to replenish DC link energy.

4. IDVR Performance by replacement of VSI with CSI: The performance of IDVR with VSI
and CSI as its building will be compared for a test power system. In addition the
bidirectional compensation will be verified with the adopted controlling technique and
replenishing using current source inverters.

5. Simulation of IDVR with Real Time Data: The adaptability of IDVR in real time scenario
to be verified. The real time data of various loads in BITS Pilani Hyderabad Campus will be
considered. The protection offered by the IDVR to the sentive loads is practically examined.

6. Experimental set up of IDVR: The simulation results of voltage sag and harmonics
mitigation by IDVR is to be substantiated with experimental prototype model of IDVR. A
small scale power distribution network is considered and effectiveness of IDVR in
bidirectional compensation is to be proven.

Thus the IDVR mitigation of few power quality problems will be demonstrated.
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1.4 Organization of the Research

The thesis is organised in the following chapters to report the results of the above studies.

Chapter 1. The summary of the problem addressed is described in this chapter. The aims and

objectives of proposed research is covered in this thesis.

Chapter 2: In this chapter, a survey of the literature on various Power Quality issues are discussed.
A review of various compensation techniques utilized to compensate the voltage sag and harmonics
is described followed by the FACTS devices utilized for the voltage compensation is presented.
Based on the literature survey, the chapter concludes highlighting the research gaps that are being

taken forward in the successive chapters.

Chapter 3: This chapter discusses about the mathematical modelling of IDVR and its design. The
design part of IDVR includes rating of individual inverter, DC link and the series injection

transformer.

Chapter 4: This chapter establishes the control system developed for IDVR to compensate the
voltage sag and the restoration of the DC link energy through the novel techniques by utilizing the

phase shifting transformers (PST) and PV Source.

Chapter 5: In this chapter, voltage source inverters are replaced with current source inverters and
the comparison of the two inverters as the building blocks of IDVR is performed in a test power

system to mitigate voltage sag/swell.

Chapter 6: In this chapter, IDVR is simulated using a real time data. An IDVR is designed for a
specific application at the network of BITS Pilani Hyderabad Campus to mitigate power quality

problems.

Chapter 7: In this chapter, a laboratory prototype of IDVR is developed with the two feeder power
system using VSI (semikron make) and DSPACE 1103 integrated with MATLAB to test

7
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effectiveness of IDVR in mitigating voltage sag/swell in practical scenario.

Chapter 8: Finally, this chapter summarizes the specific contributions of the current study and
conclusions gained from this research. Further, future scope and directions for research in this area

is also been presented.



Mitigation of Power Quality Problems using IDVR

Chapter 2

Literature Survey

2.1 Introduction

This chapter gives the review of various conventional methods for mitigation of voltage sag and
harmonics in the distribution side of power system. The limitations of the traditional devices are
discussed. These limitations are overcome by FACTS devices. Various FACTS devices utilised on
the distribution side are described. Finally the importance of Interline Dynamic Voltage Restorer in

mitigating voltage sag and harmonics along with its literature review is covered.

Day by day the load demand is increasing at the distribution side. The loads of sensitive nature are
increasing. Power Quality is a bigger concern to these sensitive loads. According to the Institute of
Electrical and Electronics Engineers (IEEE) standards IEEE1100 defines power quality as the
“concept of powering and grounding sensitive electronic equipment in a manner suitable for the
equipment” [12]. The issues related to power quality faced by the sensitive loads on the distribution
side are called power quality problems. There are many power quality problems on the distribution

side. The major of the power problems occurring on the distribution side are

1. Transients

2. Interruptions

3. Sag/ Under voltage
4. Swell / Overvoltage
5. Harmonics

6. Frequency variations

7. Voltage fluctuations
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Transients: Sudden disturbance in AC waveform evidenced by a sharp, brief discontinuity of the

waveform. Transients occur when there is a sudden change in voltage or current in power system.

Interruptions: A small disturbance in the voltage magnitude for a period of time. Interruptions can

be short term and long term.

Sag/Under voltage: A reduction in the voltage magnitude for a small period of time is called
voltage sag and if this reduction in the voltage magnitude last for more than 30 cycles it is referred

to as under voltage.

Swell/Over voltage: An increment in the voltage magnitude for a small period of time is called
voltage swell and if this increase in the voltage magnitude last for more than 30 cycles it is referred

to as over voltage.

Harmonics: Harmonic distortion is the corruption of the fundamental sine wave at frequencies that

are multiples of the fundamental.

Frequency Variations: Changes in the fundamental frequency are referred as frequency

variations.

Voltage fluctuations: A sudden increase or decrease in the voltage magnitude for a very short

duration are called voltage fluctuations.

Among the above mentioned power quality problems, the most severely occurring the power
quality problems is voltage sag and harmoincs. According to the IEEE standards voltage sag is
defined as “the drop in voltage magnitude from 10 to 90 percent of the nominal value for a duration
of half cycle to one minute”. Harmonics are referred as “superimposition of various frequencies
over fundamental frequencies’[13]. Common causes of sags include starting large loads (such as
one might see when they first start up a large air conditioning unit) and remote fault clearing

performed by utility equipment. Similarly, the starting of large motors inside an industrial facility
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can result in significant voltage drop (sag). A motor can draw six times its normal running current,
or more, while starting. Creating a large and sudden electrical load such as this will likely cause a
significant voltage drop to the rest of the circuit it resides on. The common cause of harmonics are
power electronic loads, faults or any other malfunctions. The effects of voltage sag or harmonics
are loss of data, frequent tripping of circuit breaker and most important damage of the sensitive
loads. In the recent years sensitive loads are becoming more in number at the distribution side of the
power system. These sensitive loads have low resistance towards the voltage sag/swell and get

easily damaged when there is a voltage deviation.

To mitigate the voltage sag/swell and protect the sensitive loads, there are some traditional devices

developed which are listed below,

1. Static Capacitors
2. Synchronous condensers
3. Shunt reactors

4. Voltage Regulators

2.1.1 Static Capacitors

Shunt or static capacitors shown in fig 2.1 are primarily used to improve the power factor in
transmission and distribution network, resulting in improved voltage regulation, reduced network
losses, and efficient capacity utilization. Improved transmission voltage regulation can be obtained
during heavy power transfer conditions when the system consumes a large amount of reactive

power that must be replaced by compensation [14]-[16].

At the line surge impedance loading level, the shunt capacitor would decrease the line losses by
more than 30%. In distribution and industrial systems, it is common to use shunt capacitors to
compensate for the highly inductive loads, thus achieving reduced delivery system losses and

network voltage drop.

11
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Fig. 2.1 Static Capacitor or shunt capacitor banks

2.1.2 Synchronous Condensers

An over excited synchronous machine running on no load is called is called synchronous condenser
which is represented in fig 2.2. When the synchronous condenser is placed in parallel to the system
it regulated the power factor by controlling the reactive power. By maintaining the reactive power
the voltage regulation is possible. The reactive power taken by a synchronous motor depends on
two factors, DC filed excitation and mechanical load delivered by the motor. Maximum leading

power is taken by a synchronous motor with maximum excitation and zero load [17], [18].
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Fig. 2.2 Synchronous Condenser
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2.1.3 Shunt Reactors

The primary purpose of the shunt reactor is to compensate for capacitive charging voltage, a
phenomenon getting prominent for increasing line voltage. Long high voltage transmission lines
and relatively short cable lines (since a power cable high capacitance to earth) generate a large
amount of reactive power during light power transfer conditions which must be absorbed by
compensation. Otherwise, the receiving terminals of the transmission lines will exhibit a voltage
rise voltages. A better fine tuning of the reactive power can be made by the use of a tap changer in
the shunt reactor .1t can be possible to vary the reactive power between 50 to 100% of the needed

power.

L Long high voltage line (.) @

] |
— . Switched Non-switched —|
reactor reactor

Fig. 2.3 Shunt Reactors

2.1.4 Voltage Regulators

A voltage regulator generates a fixed output voltage of a constant magnitude regardless of changes
to its input voltage or load conditions. There are two types of voltage regulators: linear and
switching. A linear regulator employs an active (BJT or MOSFET) pass device (Series or shunt)
controlled by a high gain differential amplifier. It compares the output voltage with a precise
reference voltage and adjusts the pass device to maintain a constant output voltage. A switching
regulator converts the dc input voltage to a switched voltage applied to a power MOSFET or BJT

switch. The filtered power switch output voltage is fed back to a circuit that controls the power

13
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switch on and off times so that the output voltage remains constant regardless of input voltage or

load current changes.

The traditional methods have advantages like

1. The usage of capacitor banks improves power factor along with voltage regulation

2. The installation of shunt reactors and series capacitors is easy.

3. All the devices can work under normal atmospheric conditions. No special temperature
conditions should maintained for their function.

4. With the use of synchronous condensers faults can be removed easily because of the high
thermal stability of the motor.

5. Simple and robust customer solution with low installation costs and minimum maintenance

However, the disadvantages of these traditional methods are

1. Short Service

2. The devices get easily damaged if the voltage exceeds the rated value.

3. Once damaged their repair is uneconomical.

4. Using synchronous condensers creates additional losses and noise.

5. As the synchronous motor has no self-staring torque, additional equipment has to be

installed.

Due to these disadvantages the traditional devices are slowly replaced with Flexible AC
Transmission Systems (FACTS) devices. The IEEE definition of FACTS devices is “a power
electronic based system and other static equipment that provide control of one or more AC
transmission system parameters to enhance controllability and increase power transfer
capability”’[19]. The early FACTS devices were mostly thyristor controlled devices. Most of the
installed FACTS devices are the thyristor controlled reactor or capacitor based Static VAR

Compensator (SVC), which mainly controls voltage by injecting to or absorbing reactive power

14
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from the grid. With the drastic developments in the area of power electronics, the research on
FACTS devices is mainly focused on Voltage Source Inverter (VSI) based devices. VSI utilizes
self-commutated power electronics devices, such as GTOs and IGBTS, to invert the DC supply to

AC supply.

The FACTS devices are used in both transmission and distribution side. The major FACTS devices

utilized on the transmission side are [19]

1. Static Synchronous Compensator (STATCOM).
2. Static Synchronous Series Compensator (SSSC).
3. Unified Power Flow Controller (UPFC).

4. Interline Power Flow Controller (IPFC).
2.1.5 Static Synchronous Compensator (STATCOM)

A STATCOM shown in fig 2.4 is comparable to a Synchronous Condenser (or Compensator) which
can supply variable reactive power and regulate the voltage of the bus where it is connected.
STATCOM is a VSI in shunt connected to the grid. The VSI is controlled to inject or absorb
reactive current to or from the grid, thus supporting the voltage and improving the system stability

[20]-23].

V-bus
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Fig. 2.4 Schematic diagram of STATCOM
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Fig 2.4 represents the general configuration of STATCOM. The compensation provided by the
STATCOM is with the exchange of reactive power, hence the active power capability of the

STATCOM is very low.
2.1.6 Static Synchronous Series Compensator (SSSC)

SSSC is a VSI connected in series with the grid through a transformer. The device injects voltage in
series to the receiving end voltage to control power flow and thereby to improve the power
oscillation damping on power grids. Fig 2.5 shows the configuration of SSSC. The operation of
SSSC has some similarity to a controllable series capacitor and series inductor. The major
difference is that its injected voltage is not related to the line intensity and can be managed
independently. This primary feature allows the SSSC to work satisfactorily with high loads as well

as with lower loads.

Fig. 2.5 Schematic diagram of SSSC

2.1.7 Unified Power Flow Controller (UPFC)

UPFC is the combination of a STATCOM and a SSSC by back-to-back connecting them together
with a common DC link. With this combination, the UPFC inherits all the functions of the
STATCOM and SSSC and maximize the operational region. UPFC mainly provides fast acting
reactive power compensation on high voltage electricity transmission networks. The UPFC can
control both active and reactive power flows in the transmission line. The controllable parameters
by UPFC in the line are reactance in the line, phase angle and voltage. Fig 2.6 shows the
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configuration of UPFC. As shown in fig 2.6 the series and shunt device share a common DC link.
Therefore the active or reactive power needed by one device can be supplied by the other device

[24]-[28] .

o™ = SRR P
O o
Sending end A ! X Recieving end

STATCOM ~ SSSC |

Fig. 2.6 Schematic diagram of UPFC
2.1.8 Interline Power Flow Controller (IPFC)

IPFC is designed for the compensation of active and reactive power in a multi-line transmission
system. The VSIs share a common DC link, and are connected in series to different transmission
lines. In other word, an IPFC is a combination of several SSSCs with one common DC link. Fig 2.7
gives the configuration of IPFC. In this structure, power flows from line to line through the DC
link. With proper control, the power exchange between different lines can be conditioned and

optimized. Similar to SSSC, an IPFC controls the grid’s voltage, phase and impedance [29]-[32].
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Fig. 2.7 Schematic diagram of IPFC

The table 2.1 summarizes the circuit structures of the FACTS devices on the transmission side.

Table2.1: Summary of FACTS configuration on transmission side

FACTS Device Number of Converters Configuration
STATCOM 1 Shunt
SSSC 1 Series
UPFC 2 Combined Shunt and Series

connected back to back

IPFC 2 Combined Series and Series

connected back to back.

The FACTS devices discussed are implemented in the transmission line. However, as the power
quality issues are observed on the distribution side of the grid network, consequently FACTS
devices installed on the distribution side to mitigate the power quality issues. These FACTS
Devices on the distribution side are called custom power devices.

18
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2.2 Custom Power

Custom power is the employment of power electronic or static controllers in medium and low
voltage distribution systems for the purpose of supplying a level of reliability and/or power quality
that is needed by electric power customers sensitive to power quality variations. In other words
custom power is intended to protect the customers from interruptions and voltage reductions
originating in the utility system as well as those transferred to customers from other customers via

the utility system and even internal disturbances.

Custom power devices, or controllers, include static switches, active filters, DVRs, injection
transformers, energy storage modules that have the ability to perform current interruption and

voltage regulation functions in a distribution system to improve reliability and/or power quality.

In a Custom Power system customer should receive specified power quality from a utility or a

service provider which includes an acceptable combination of the following features:

. No (or rare) power interruptions

. Magnitude and duration of voltage reductions within specified limits.
. Magnitude and duration of over voltages within specified limits.

. Low harmonic voltage.

. Low phase unbalance

The need for the Custom Power concept arises from the fact that:

1. Most of the interruptions and voltage reductions occur in the utility system on account of
lightning faults on transmission and distribution lines, trees touching the wires, equipment failure,
switching, etc. Voltage sag may also be a consequence of large load changes affecting customers

own equipment or affecting other equipment via the utility system.
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2. Impulses, switching surges and over voltages affecting the insulation, would most likely result

from lightning strikes and switching events in the transmission and distribution system.

3. Temporary over voltages lasting from several cycles to several seconds would largely result from
large load changes, capacitor switching, transformer switching, excessive leading-VARs during

light loads, etc. in the utility system.

4. Voltage unbalances in a three-phase supply would occur mostly due to large unbalanced loads on

a utility's distribution lines and long lines with unbalanced phase impedances.

5. Harmonics would most likely be the consequence of high harmonics in the customer load, or the
saturation of a utility's transformers. These harmonics would then be amplified by the natural

resonances in the utility system and/or the customer system.

2.2.1 Custom Power Devices

Just as FACTS controllers improve the reliability and quality of power transmission systems, the
custom power enhances the quality and reliability of power delivered to customer. Custom Power

Devices are intended for improving the power quality of distribution networks against disturbances

such as
. Sags, swells,
. Transients, harmonics.

The incorporation of the classical devices, such as D-STATCOM (Distribution Static Synchronous
Compensator), DVR (Dynamic Voltage Restorer), and UPQC (Unified Power Quality Conditioner),
means a continuous control, with a very fast response time, and they allow and assure an

improvement in the wave quality of the power supply.

A DSTATCOM can compensate for distortion and unbalance in a load such that a balanced
sinusoidal current flows in the feeder. A DVR can compensate for voltage sag/swell and distortion
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in the supply side voltage such that the voltage across a sensitive/critical load terminal is perfectly

regulated. A UPQC can perform the functions of both DSTATCOM and DVR.
2.3 Distribution STATCOM (DSTATCOM)

The DSTATCOM is basically one of the custom power devices. It is similar to STATCOM but used
at the Distribution level. The key component of the DSTATCOM is a power VSC that is based on

high power electronics technologies.

The Distribution STATCOM is a versatile device for providing reactive compensation in AC
networks. The control of reactive power is achieved via the regulation of a controlled voltage source
behind the leakage impedance of a transformer, in much the same way as a conventional
synchronous compensator. However, unlike the conventional synchronous compensator, which is
essentially a synchronous generator where the field current is used to adjust the regulated voltage,
the DSTATCOM uses an electronic voltage sourced converter (VSC), to achieve the same
regulation task. The fast control of the VSC permits the STATCOM to have a rapid rate of response

[33]-[37].
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Fig. 2.8 Schematic representation of the DSTATCOM

The DSTATCOM s the solid — state based power converter version of the SVC. Operating as a

shunt — connected SVC, its capacitive or inductive output currents can be controlled independently
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from its connected AC bus voltage. Because of the fast switching characteristic of power
converters, the DSTATCOM provides much faster response as compare to SVC. DSTATCOM is a
shunt connected, reactive compensation equipment, which is capable of generating and or absorbing
reactive power whose output can be varied so as to maintain control of specific parameters of the
electric power system. DSTATCOM provides operating characteristics similar to a rotating
synchronous compensator without mechanical inertia, due to the DSTATCOM employ solid state
power switching devices it provides rapid controllability of the three phase voltages, both in

magnitude and phase angle.

2.3.1 Principle of operation of Shunt-Connected VSC

The basic idea of the shunt-connected VSC is to dynamically inject a current I(t) of desired
amplitude, frequency and phase into the grid. The typical configuration of a shunt-connected VSC
is shown in fig 2.9. The device consists of a VSC, an injection transformer, an AC filter and a DC
link capacitor. Energy storage can also be mounted on the dc link to allow active power injection

into the AC grid.

The line impedance has a resistance Ry and inductance Lg. The grid voltage and current are denoted
by Es (t) and Ig (t), respectively. The voltage at the point of common coupling (PCC), which is also
equal to the load voltage, is denoted by E4(t) and the load current by ii(t). The inductance and

resistance of the ac-filter reactor are denoted by L, and Ry respectively.

Fig 2.10 shows a simplified single-line diagram, where the VSC is represented as a current source.
Amplitude, frequency and phase of the current I:(t) can be controlled. By injecting a controllable
current, the shunt-connected VSC can limit voltage fluctuation leading to flicker and cancel
harmonic currents absorbed by the load, thus operating as an active filter. In both cases, the
principle is to inject a current with same amplitude and opposite phase as the undesired frequency

components in the load current, so that they are cancelled in the grid current.
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These mitigation actions can be accomplished by only injecting reactive power. A shunt-connected
VSC can also be used for voltage dip mitigation. In this case, the device has to inject a fundamental
current in the grid, resulting in increased voltage amplitude at the PCC, as shown in the phasor
diagram in fig 2.11. The voltage phasor at PCC is denoted by Eg, Zg is the line impedance, Es, dip is
the grid voltage phasor during the dip and W is the phase-angle jump of the dip. From the diagram it
is possible to understand that when the shunt-connected VSC is used to mitigate voltage dips, it is
necessary to provide energy storage for injection of active power in order to avoid phase-angle

jumps of the load voltage.

If only reactive power is injected, it is possible to maintain the load voltage amplitude E4 to the pre-
fault conditions but not its phase. Therefore, the voltage dip mitigation capability of a shunt-

connected VSC depends on the rating of the energy storage and on the rating in current.
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Fig. 2.9 Single line diagram of shunt connected VSC
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Fig. 2.10 Simplified line diagram of shunt connected VSC
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Fig. 2.11 Phasor diagram of voltage dip mitigation using shunt VSC
2.4 Dynamic Voltage Restorer (DVR)

The DVR is a powerful controller that is commonly used for voltage sags mitigation at the point of
connection. The DVR employs VSC, coupling Transformer and DC energy storage capacitor and
the coupling transformer connected in series with the ac system, as illustrated in fig 2.12. The VSC
generates a three-phase AC output voltage, which is controllable in phase and magnitude. These
voltages are injected into the AC distribution system in order to maintain the load voltage at the

desired voltage reference [37]-[43].
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Fig. 2.12 Schematic representation of the DVR

The DVR is a solid state DC to AC switching power converter that injects a set of three single
phase AC output voltages in series with the distribution feeder and in synchronism with the voltages
of the distribution system. By injecting voltages of controllable amplitude, phase angle and
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frequency (harmonic) into the distribution feeder in instantaneous real time via a series injection
transformer, the DVR can restore the quality of voltage at its load side terminals when the quality of

the source side terminal voltage is significantly out of specification for sensitive load equipment.

2.4.1 Principle of operation of Series-connected VSC (DVR)

The basic idea involved in principle of operation is to inject a voltage ec(t) of desired amplitude,
frequency and phase between the Point of comon Coupling (PCC) and the load in series with the
grid voltage. A typical configuration of the DVR is shown in fig.2.12. The simplified single-line
diagram of the system with DVR is shown in fig 2.13. The DVR can be represented as a voltage

source with controllable amplitude, phase and frequency.

The DVR is mainly used for voltage dip mitigation. The device maintains the load voltage E; (t) to
the pre-fault condition by injecting a fundamental voltage of appropriate amplitude and phase. Fig
2.11 shows the phasor diagram of the series injection principle during voltage dip mitigation, where
Ec is the phasor of the voltage injected by the compensator, I, is the phasor of the load current and

where Y is the angle displacement between load voltage and current.
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Fig. 2.13 Single line diagram of series connected VSC
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In order to be able to restore both magnitude and phase of the load voltage to the pre-fault
conditions, the DVR has to inject both active and reactive power. The voltage dip mitigation
capability of this device depends on the rating of the energy storage and on the voltage ratings of

the VSC and the injection transformer
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Fig.2.14 Simplified line diagram of series connected VSC
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Fig. 2.15 Phasor diagram of voltage mitigation using series VSC

The reactive power exchanged between the DVR and distribution system is internally generated by
the DVR without any AC passive reactive components, i.e. reactors and capacitors. For large
variations in the source voltage, the DVR supplies partial power to the load from a rechargeable
energy source attached to the DVR dc terminal. The DVR, with its three single phase independent
control and inverter design is able to restore line voltage to critical loads during sags caused by
unsymmetrical L-G, LL, L-L-G, as well as symmetrical three phase faults on adjacent feeders or
disturbances that may originate many miles away on the higher voltage interconnected transmission
system. Connection to the distribution network is via three single-phase series transformers there by
allowing the DVR to be applied to all classes of distribution voltages. At the point of connection the

DVR will, within the limits of its inverter, provide a highly regulated clean output voltage.
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2.5 Literature Survey of DVR

The basic topology under which DVR was classified as DVR with medium voltage and DVR with
low voltage. In both systems the purpose of the DVR was mitigate the voltage sag but the
difference between low and medium voltage level connection was the flow of zero sequence
currents and generation of zero sequence voltages. DVR compensates the voltage sag by injecting
the proper amount of voltage in series with supply voltage so that the load voltage is maintained
within the specified limits [38], [44], [45]. The DVR consists of an energy storage device, series
inverter which was coupled to the grid via series injection transformer. The control strategy for
DVR majorly has two parts detection and determining the reference signal. The first one was
mainly about the voltage sag detection in grid. There are different detection methods such as peak
measurement, dqo component measurement, phasor parameters estimation using kalman filtering or
complex Fourier transformation [39], [46]-[48]. The second one was about the determination of the
reference signal of the series injected voltage. The method to determine the reference signal

generation depends upon the energy storage device that DVR contains.

The voltage sag compensation of DVR was classified into three methods; in phase compensation,
pre-sag, energy minimized. The in phase compensation method is the straightest method of
compensation where the injected voltage by the DVR was in phase with the source voltage
irrespective of the pre fault condition [49]-[51]. The commonly used method of compensation was
pre-sag compensation method. In this method, the load voltage was restored to level before the
occurrence of the voltage sag. Since the load voltage was compensated to pre-sag condition, the
compensation was done with respect to the magnitude as well with the phase. In the first two
methods of compensation the active power was injected by the DVR. The injected power was
supplied from the energy storage device at the DC link. Thus the active power should be supplied to
DC link or the DC link voltage will be dropped. To avoid such pressure on the DC link, the next

method of compensation is energy minimized compensation. The basic principle of this method was
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injecting to or absorbing from power grid as much reactive power as possible to compensate the
voltage sag. Therefore, the DVR voltage must be controlled in such a way that the DVR does not
exchange active power with power grid and as result, the amount of active power needed from the
dc-link can be minimized. Therefore with the three methods the DVR is able to compensate voltage

sag able to maintain the load voltage to its specified value.
2.6 Unified Power Quality Conditioner (UPQC)

Poor power quality in a system could be due to different factors such as voltage sag, voltage swell,
voltage outage and over correction of power factor and unacceptable levels of harmonics in the
current and voltage. Modern solution for poor power quality is to take advantage of advanced power

electronics technology [52]-[56].

Recent research efforts have been made towards utilizing a device called unified power quality
conditioner (UPQC) to solve almost all power quality problems. The main purpose of a UPQC is to
compensate for supply voltage flicker/imbalance, reactive power, and harmonics. In other words,
the UPQC has the capability of improving power quality at the point of installation on power
distribution systems or industrial power systems. The UPQC, therefore, is expected as one of the

most powerful solutions to large capacity loads sensitive to voltage flicker/imbalance.

Unified Power Quality Conditioner (UPQC) for non-linear and voltage sensitive loads has

following facilities.

« It eliminates the harmonics in the supply current, thus improves utility current quality for

nonlinear loads.

« UPQC provides the VAR requirement of the load, so that the supply voltage and current are

always in phase, therefore, no additional power factor correction equipment is necessary.

» UPQC maintains load end voltage at the rated value even in the presence of supply voltage sag.
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* The voltage injected by UPQC to maintain the load end voltage at the desired value is taken from

the same dc link, thus no additional dc link voltage support is required for the series compensator.

The UPQC in fig 2.16 consists of two three phase inverters (VSI) connected which are also known
as active power filters in cascade in such a manner that one inverter is connected in parallel with the

load. Second Inverter is connected in series with the supply voltage through a transformer.

The main purpose of the shunt compensator is to compensate for the reactive power demanded by
the load, to eliminate the harmonic components of nonlinear loads in such a way that the source
current is sinusoidal and balanced. This equipment is a good solution for the case when the voltage

source presents distortion and a harmonic sensitive load is close to a nonlinear load.

The series compensator is operated in PWM voltage controlled mode. It injects voltage in
quadrature advance to the supply voltage (current) such that the load end voltage is always

maintained at the desired value. The two inverters operate in a coordinated manner.
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Fig. 2.16 Basic Block Diagram of UPQC

If UPQC is connected between two feeders it would be called as Interline Unity Power Quality

conditioner (IUPQC). This [IUPQC comes under series-shunt facts device.
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2.7 Literature Survey of UPQC

Initially there were two types of active power filters (APF) namely shunt APF and series APF. The
shunt APF was mainly to tackle current related problems and series APF was manly to tackle
voltage related problems. Moran[57] described a system configuration in which both series and
shunt APFs were connected back to back with a common DC reactor. Fujita and Akagi[58]
implemented the practical application of the topology proposed by Moran with 20 kVA

experimental results. They named this device as unified power quality conditioner (UPQC).

Basic classification of UPQC was on physical structure and voltage sag compensation. There were
majorly four methods of compensation of voltage sag by UPQC. First method of compensation with
active power control. Reference [59]-[63] had represented active power control of UPQC to
mitigate the voltage sag. In this method the voltage sag was injected in phase to the system. This in-
phase component was equal to make the load voltage magnitude to the desired level. The shunt
inverter of UPQC draws the necessary active power required by the series inverter plus the losses
associated with UPQC so that the effective sag compensation was achieved. The second method of
compensation of voltage sag by UPQC was by injecting of the reactive power through series
inverter of UPQC [64]-[66]. The injected voltage was by the series inverter of UPQC in quadrature
to the source voltage such that the vector sum of source voltage and the injected voltage equals the
required voltage of the load. With this method the need of the active power to compensate the
voltage sag was eliminated. The injected voltage in this method was shifted to some angle so that
the injected voltage is quadrature to the source voltage. The third type of compensation by UPQC
was minimum Volt Ampere (VA) loading. In this method of compensation, the series voltage was
injected at a certain optimal angle with respect to the source current instead of injecting in
quadrature or in-phase [67]-[71]. The fourth method of compensation was simultaneous active and
reactive power control. In this method the series inverter injects both real and reactive power. As

the control both active and reactive power are involved the complexity in this method was more.
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This complexity was decreased with use of DSP processor. Hence with the described four methods,
the voltage sag is compensated with UPQC. The literature review on DVR is covered in the

following section.
2.8 Limitations to the DVR and UPQC

From the literature survey it can be concluded that the voltage sag mitigation in the distribution side
can be successfully performed with both UPQC and DVR. Both of the devices inject the required
voltage and maintains the load voltage to the set value. Hence the power quality at the distribution
side of the power system can be improved with utilization of UPQC and DVR. The major
limitation for DVR is the energy storage device at the DC link. Whenever the DVR needs to
compensate the deeper voltage sags, the requirement of active power to mitigate the deeper sags is
very huge. Hence there has to be larger DC links to supply the required active power to the DVR.
Even during the multiple voltage sag conditions, the energy storage device is to be quite high to
supply the required energy to the DVR. Hence the requirement of large DC links may not be

economically good.

The distribution side contains multiple feeder line to which different loads are connected. The
sensitivity of the loads are increasing in the modern days. Hence the power quality is to be ensured
in all the feeders of the distribution side. For instance the voltage sag has occurred in two feeders
which contain the sensitive loads at same time, the compensation of the voltage sag cannot be done
with neither UPQC nor DVR, which implies the both UPQC and DVR are restricted to only one
feeder. To ensure the power quality in all the feeders several DVRs or UPQCs have to be connected
which also an economical problem. The feasible solution to these problems is an extended version

of DVR known as Interline Dynamic Voltage Restorer (IDVR).
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2.9 Interline Dynamic Voltage Restorer

An Interline Dynamic Voltage Restorer (IDVR) comprises of two or more DVRS sharing a common
DC link. The ability of IDVR is, it can simultaneously eliminate voltage sag/swells in different
feeders at same instance of time with one common DC link and also when one of the DVR is
mitigating deeper voltage sag, the required power can be supplied with another DVR. This will

reduce the size of DC link which will also benefit economically.

WVoltage Source
Irrrerter and L
Filter (T)

| |
Coxmnon De-lirk x I

Vaoltage Souarce
Irererter and L

Filter (I}

Vaa z, Vi LQQD.J ‘T Load -2
@—: Sl o —

Feedar-2

Fig. 2.17: Basic Layout of two line IDVR

A simple two feeder IDVR layout is shown in fig 2.17. It consists of two DVRs sharing a common
DC link. The two DVRs of IDVR are connected to two different feeders with aid of series injection
transformers. The building block of IDVR consists of a control system, voltage source inverter or
current source inverter and the filter. The network shown in fig 2.17 contains two feeders. Vy1 and
V2 are the bus voltages of feeder 1 and feeder 2 respectively. The two loads, Load 1 and Load 2 are

considered as the sensitive loads connected to feeder 1 and feeder 2 respectively. For an instance a
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voltage sag is assumed at the load 1, then the DVR 1 injects the voltages Vinj1 to maintain the Vi1

equal to V1.

The main advantage of IDVR over DVR is having low rating DC link. The concept of IDVR is if
the primary DVR compensates the voltage sag/swell, the secondary DVR provides the required
energy to mitigate the voltage sag. If the secondary DVR cannot supply the required energy to the
DC link of IDVR, in such case the stored energy in DC link is utilised the by the primary DVR to
mitigate the voltage sag. Hence the DC link energy has to be maintained constant. Therefore the
main research on IDVR is focused on the restoration of its DC link energy. Apart from the
restoration of DC link, the other contributions of research is on the control system of IDVR. The
control system function is to mitigate the voltage sag as well monitor the DC link energy of IDVR.

The various research work on IDVR is presented in the next section.
2.10 Literature Survey of IDVR

Different authors have proposed different methods for replenishing the energy at the DC link.
Vilathgamuwa et.al [72] proposed an Interline Dynamic Voltage Restorer (IDVR) to mitigate
voltage sag in a two line power system. The proposed IDVR consists of several DVRs connected to
different feeders while sharing a common DC Link. When one of the DVR compensates for voltage
sag appearing in that feeder, the other DVRs replenish the energy in the common DC link
dynamically. Thus, one DVR in the IDVR system works in voltage-sag compensation mode while
the other DVRs in the IDVR system operate in power-flow control mode. The authors designed a
novel control strategy in which the phase angle of the reference voltages of the DVR shifts with
certain angle. This phase shift increases the active power of the feeder which is used to replenish the
DC link energy. They have also proposed a multi loop control systems to provide necessary

reference signal voltages for shifting phase angle.
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Ahmed Elserougi et.al [6] provided, the in-phase technique for two different types of loads i.e.
constant impedance and three phase induction motor. Since the voltage restoration process may
need real power injection into the distribution system. The power controller in one of the DVRs of
IDVR, injects this power via voltage injection; this voltage injection was simulated by voltage drop
across series virtual impedance. A new scheme was proposed to select the impedance value. The
impedance value was selected such that the power consumed by this impedance represents the
required power to be transferred without perturbing the load voltage. The performance of this
system was also studied during voltage swell condition. The same author recently proposed an
IDVR model to improve displacement factor by the exchange of real and reactive power between

the feeders and IDVR [73].

Carl Ngai-Man Ho et.al [49] implemented a fast dynamic control scheme for capacitor-supported
IDVR. The power stage of the IDVR consists of three inverters sharing the same dc link via a
capacitor bank. Each inverter had an individual inner control loop for generating the gate signals for
the switches. The inner loop was formed by a boundary controller with second-order switching
surface, which made the load voltage ideally revert to the steady state in two switching actions after
supply voltage sags. The load-voltage phase reference was common to all three inner loops and was
generated by an outer control loop for regulating the dc-link capacitor voltage. This structure made

the unsagged phase(s) and the DC link capacitor to restore the sagged phase(s).

P. Usha Rani [74] had proposed a Space vector modulation technique consisting of open loop and
closed loop system for IDVR to mitigate voltage sag. The proposed single phase model of the
IDVR system was illustrated which was operated by Multiple Pulse Width Modulation (PWM). A
power system was created using Matlab Simulink tool for 20% of the voltage swell/sag which was
compensated using open loop control and 20% of the voltage swell was compensated using closed

loop control.
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P Vasudevanaidu et.al [3] have designed a hysteresis voltage control based IDVR in three phase
system under different considerations and had proposed the IDVR for improving power quality in
parallel feeder distribution system with help of multi converts. The IDVR was developed to inject
the required volt ampere power into faulty feeder system in order to regulate the load voltages. The
proposed method was able to compensate voltage sag and unbalanced voltages with optimal phase

jump angle by using IDVR and with minimum VA rating.

Masoud Shahabadini et.al [75] had proposed a new idea to reduce the load power factor under sag
condition, and therefore, the compensation capacity of IDVR was increased. The proposed IDVR
employed two cascaded H-bridge multilevel converters to inject AC voltage with lower THD and
eliminated necessity to low-frequency isolation transformers in one side. The cascaded H-bridge
inverter which reduces load power factor under sag condition so that compensation capacity was

reduced.

Moradlou M et. al [4] have explored the limitations of IDVR in absorbing power from a healthy
feeder which is further narrowing its voltage sag compensation range. After identifying and
formulating various limitations in IDVR operation, a design procedure was presented to determine

the optimum size (or rating) of the DVRs in an IDVR structure
2.11 Gaps in Research

Limited research is focussed on replenishing the DC link energy of IDVR. The major observation is
that in the methods proposed [76], [77], [11] in a IDVR, only one DVR is injecting voltage while
the other DVR works on replenishing the DC link energy. It is always assumed that the feeder
connected to that particular DVR is assumed as healthy in all conditions. This is not always
feasible. Hence bidirectional compensation of IDVR i.e. the two DVRs should function for voltage
sag compensation and replenishing energy at dc link is not covered either in simulation or with a

prototype model. This is the first deviation in the research of IDVR.
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The second major observation is that the inverters used in the IDVR is always voltage source
inverters. None of the papers were using current source inverters in the building blocks of IDVR.
As the current source inverters have quite advantages than voltage source inverters, the current
source inverters can be replaced with voltage source inverters. The current source inverter has
inductor in DC link. A SMES coil could instead be incorporated onto the DC bus. Interfacing the
coil to the ac system through a current source inverter results in a device that injects a controlled
current with the ability to regulate ac voltage or power flow under normal conditions and supply
when the power supply is off-line [6]. Also the Total Harmonic Distortion (THD) of the current

source inverters is less than voltage source inverters [6].

P. Usha Rani, P Vasudevanaidu have not considered any real time existing load for performing the
simulation on IDVR. This is the third major gap of IDVR. If the IDVR is simulated with real time
electrical network data, the performance of IDVR in mitigating voltage sag/swell can be

substantiated in a better way.

2.12 Discussion

The research gaps related to the Interline Dynamic Voltage Restorer (IDVR) are identified. These
gaps are addressed in this research. In order to have control output from IDVR detailed modelling
of the components of IDVR is important. The mathematical modelling is addressed. A novel
methods are introduced to replenish the DC link energy of IDVR. The limitation observed in
previous research for restoration of DC link energy will be covered by the proposed novel method.
Further research focuses on replacement of voltage source inverters with current source inverters. A
comparative analysis of the two inverters as the building blocks of IDVR is examined on a test
power system.

The next phase of the research is the simulation of IDVR using a real time data. IDVR is designed
for a specific application to mitigate power quality problems in an existing real time load. In order

to substantiate the simulation results obtained, a laboratory prototype model of IDVR is also
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covered in this research. The experimental set up of IDVR is developed in a laboratory environment
and performance of IDVR is tested in practical scenario. The next chapter discusses the modelling

of IDVR.
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Chapter 3
Modelling of IDVR

3.1 Introduction

The significant components of IDVR are its inverters and the DC link. In order to have control
output from IDVR detailed modelling of these components is important. Subsequently the ability of
IDVR in mitigating the voltage sag is to be investigated in a test power system. A control system is
designed to monitor the voltage profile and control the voltage injection of IDVR to maintain the
load voltage. Thus this chapter establishes the modelling of IDVR’s inverter and its DC link along

with its application in maintaining voltage profile.

3.2 Interline Dynamic Voltage Restorer
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Fig. 3.1 Schematic layout of two line IDVR

The IDVR constitutes of minimum two VSI’s, where the inverters are connected together at the DC
link. The required series injected voltage magnitude is computed by the Control system and

whose output modulates the VSI’s to inject the voltage through the series injection transformer.
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The involvement of the power electronic devices would introduce harmonics in the injection
voltage which are mostly eliminated by the filters. The details of these building blocks are

discussed in the following sections.

3.2.1 Inverters

The function of inverters in IDVR is to inject the necessary series voltage into the distribution
power system to which IDVR is connected. The inverter takes the DC link energy of IDVR as the
input voltage and converters into the required AC voltage. The broad classification of inverters in
the voltage source inverter (VSI) and the current source inverter (CSI). VSI can be classified on
various types depending on the VSI configuration. VSI can be further classified as half-bridge
inverters and full-bridge inverters, or depending on the phases as single phase and three phase
inverters. VSI can also be further classified into square wave inverters and pulse width inverters.
The advantages of VSI are low cost, small size, less complicated compared to CSI. Despite of these
advantages it has also some disadvantages like slow control of the converter, no short circuit or
overcurrent protection. On the other side, CSI are the type of inverters fed with a current source
with high impedance. The source at the AC side of the inverter may be a current source or inductor
in series with a DC source. As the input voltage is constant in VSI, in CSI the input current is
constant but adjustable. The amplitude of the output current is independent of load. The waveform
and magnitude of the output voltage depends on nature of load. The advantages of CSI are its
excellent current control capability, easy protection from short circuit or overcurrent, and output
current is ripple free, though it is costlier than VSI.

Initially the DC to AC conversion is carried out by using the transistors. The basic circuit of the DC
to AC conversion consist of two transistors. One is PnP transistor and second is npn transistor. The
transistors are connected in push-pull manner, and operates in common emitter configuration. The
collector, base for two trnasistors are shorted. The collector of npn transistor is associated with

positive DC supply(E+), and collector of the pnp transistor is associated with the negative DC
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supply(E-). For the positive voltage the npn transistor behaviors and we get the positive pulse at the
o/p and for the negative supply voltage pnp transistor behaviors and we get the negative pulse at the
o/p voltage.

Voltage Source Inverter Types

Based on the construction, output voltage and implementation level, the VSI are divided into three
main types as [41], [78]-[82]:

1) Single-phase half-bridge inverter

2) Single-phase full-bridge inverter

3) Three phase voltage source inverter

1) Single-phase half-bridge inverter

The push pull sort converter has a few impediments. It requires the double power supply for
operation of transistors. Likewise transistorized VSI requires the two distinctive sort of transistors,
for example, npn and pnp, and both the transistors have diverse switching speed. In view of these
two drawbacks

IGBT are utilized as a part of the circuit. The single stage VSI comprise of two IGBT. The IGBT are
work like the switches. In half bridge topology the i/p DC voltage is symmetrically partitioned
because of similar capacitors associated over the DC supply.

2) Single-phase full-bridge inverter

The single stage voltage source rectifier incorporates two fundamental inverter legs i.e. two half
bridge inverters. It is like the o/p waveform of the half extension VSI. As in the half bridge VSI, the
o/p waveform of the full bridge VSI comprise of the disturbances. In full bridge inverter, when T1,
T2 direct the o/p voltage is Vs and when T3, T4 conducts the o/p voltage is - Vs. The switches T1,
T2 conducts for time of 0;tT/2 and the switches T3, T4 conducts for time of T/2

3) Three phase VSI

The three stage VSI comprise of the three inverter legs i.e. three half extension inverters. The three
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stage voltage is created by taking the o/p from every inverter leg. These are the essential three sorts
of the VSI. It can be additionally divided on the no. of bases in o/p voltage waveform, for example,
5 stage, 7 stage, and so forth. Additionally VSI can be divided on the premise of controlling
parameters of o/p waveform.

The VSI used in this thesis work is single phase and three phase voltage source inverters.

3.2.2 DC Link of IDVR

This a very important part of IDVR. The amount of energy required by IDVR to mitigate the
voltage sag is supplied by the DC link of IDVR. If sufficient amount of energy is not present in the
DC link, the IDVR will fail to perform the voltage compensation. Hence the calculation of DC link
of Energy of IDVR is very important. In general, the DC link of IDVR consists of a capacitor is the

inverter is VSI and a inductor if the inverter is CSL

3.2.3 Control System

As the inverter injects the necessary voltage into the power system, there should be controlling
mechanism to monitor and control the injected voltage. The control system of IDVR checks the
error between the reference and actual voltages of the feeder to which IDVR is connected and it

provides necessary gate signals to the inverter which of the IDVR through the PWM generator.

3.2.4 Series Injection Transformer

The injection transformer acts like a bridge between the inverter and the power system to which the
IDVR is connected. The injected voltages are introduced into the power system through an injection
transformer connected in series with the feeder. In general Factors that should be taken into
consideration when deciding on the primary winding rated voltage of the injection transformer are
the Sag magnitude specification and inverter rating of IDVR.

Among the various parts of IDVR the modelling of the inverter and the DC link voltage of IDVR is

important. Proper design of IDVR depends on the modelling of inverter and the DC link voltage of
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IDVR. The following section discussed the modeling equations of IDVR.
3.3 Modelling of IDVR

A simple IDVR constitutes of two VSI’s connected together at the common DC link. Each of these
VSI’s are incorporated in the feeder through series injection transformer. A two line custom power
device IDVR integrated into the power system distribution network is shown in fig 3.2(a). Each VSI

injects series voltage V. .. (wherei =1,2) whose magnitude is controlled through the designed the

inj,i
control system along with its harmonics being eliminated through a filter. The distribution network

shown in fig 3.2(a) contains two feeders having two buses 1 and 2 in each feeder with bus voltages

V,;: and V,, respectively. Two loads, represented as load 1 and load 2 are connected at the end of the

each feeder respectively. These loads are assumed to be sensitive loads. Sensitive loads are the
modern appliances integrated with electronics and microprocessors such as Digital Computers,
Variable Frequency Motor Drives, Programmable Logic Controllers, Computer Numerical Control
(CNC) Equipment, servers, computing centers, communication equipment, Automated Systems and
Processes, etc. They improve performance capability but are sensitive to common power quality
and reliability problems. Thus, an excessive number of industrial process interruptions has been
verified as a results of voltage variations., even without of electric power outage as these
devices are more vulnerable to deviations from the minimum requirements. Protection of these

critical loads is essential.

The voltages at the load are defined as V| ;and V, for load 1 and load 2 respectively as shown in
Fig. 3.2(a). The load voltages are to be maintained at the rated value which is equal to V,; andV,,.

Due to the variation in addition of loads the load voltages fluctuate from the nominal value.

However the series injected voltages V,, and V,;, from the VSI’s of the IDVR maintains the load

inj2

voltage profile constant in the event of voltage sag or swell condition. The relationship between the

bus voltage, load voltage and injected voltage can be represented as:

42



Mitigation of Power Quality Problems using IDVR

V,, =V, +V,, 3.1)

injl
Vb2 =Vinj2+VL2 (3.2)
The model of IDVR consists of two parts; Inverter Model and DC capacitance model

3.3.1 Inverter Modelling

The inverter considered is the VSI shown in fig 3.2(a).

The voltage of the sources of two feeders V1 and Vi respectively are discussed as:

Vg =hLZ; +Viy +V (3.3)

Vi, = 1,2, +Vii, +V 4, (3.4)
Neglecting losses (IZ) in the both feeders equations (3.3) and (3.4) can be written as

Viop =Va Vi (3.5)

Viniz =Vs2 =V, (3.6)

From equations (3.5) and (3.6), the voltage injected from the IDVR is approximately the difference
of supply and load voltages of the feeder. Hence, the inverter voltage rating of IDVR can be

determined if the amount of voltage sag that needs to be compensated by the IDVR.

Fig. 3.2 represents the one line diagram of one of the feeder shown in fig. 3.2(a). According to

equations (3.7) and (3.8) if V; =V, then V; =0 which implies there is no need for compensation.

The need for voltage compensation is only ifV # V| .
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Fig. 3.2 (a) Schematic layout of two line IDVR (b) One line diagram of one of the feeder shown in
(a)

The voltage compensation by the IDVR will be initiated when

V] <V, (3.7)

Where V" =V, —(0.10*V,)
Therefore the Vpyr is given as

VDVR :Vs _VL (3.8)

Hence the voltage rating of the two voltage source inverters
Shown in fig 3.2(a) can be determined by using equation 3.7.

The voltage rating of inverter can be determined by using equation 3.7 only when the in phase
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compensation method is considered [83]. The in phase method of compensation is used among
various compensation control strategies because, in the in phase method of compensation the
inverter rating is proven less compared to the other methods of compensation like pre sag

compensation and quadrature compensation.

The phasor diagram of the in phase compensation method is shown in fig. 3.3.

Reference Voltage

Fig. 3.3 Phasor diagram of in phase method of compensation

In the in phase method of compensation, the voltage injected by the DVR is in phase with load
(sagged) voltage. Fig.3.3 represents the phasor diagram of in phase compensation. The injected
voltage Vpvr is in phase with load voltage. As shown in fig. 3.3 the load current is having a phase
difference with injected voltage, hence the DVR should inject active power along with reactive
power to the load nearly at all times. The reason for choosing the in phase methods over various
voltage compensation methods is because the inverter rating with in phase compensation is less
compared to the other methods like energy saving method, quadrature compensation method etc.

[83]. From fig. 3.3 the real power of the each DVR of IDVR is

Povk =Voue X I x COS ¢ 3.9

Where
Vpvr: Voltage injected by the DVR
IL: Load current

cos¢ : Load Power factor
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Therefore using equations (3.8) and (3.9) the power and voltage rating of the inverter of IDVR can

be determined. The next section describes about modelling of DC link of IDVR.

3.3.2 DC link Capacitor Modelling

Designing the DC link of IDVR is very essential because the energy for IDVR to mitigate the
voltage sag is supplied from the DC link. As the voltage source inverters are used as the building
blocks of IDVR to mitigate the voltage sag, a capacitor is connected at the DC link of two DVRs of

IDVR which is shown in fig 3.2(a).

The expression for the DC link power is given as
Poc = Povre + Povrz + Plosses (3.10)

Where Ppvri and Ppyro are power required by the two DVRs of IDVR for mitigating the voltage

sag and Piosses 1S the losses in the DVR system.

=0

P
Assume ~ 'osses then

Poc = Pover + Povra (3.11)

Since a capacitance is used as the DC link, the DC link power Ppc can also be expressed as

Poc = AWpe xt (3.12)

Where AWpe is the energy provided by the DC link capacitor. Whenever the IDVR compensates the

voltage sag, the energy provided by the DC link link capacitor is expressed as

AW = EXC x (VDZCmax _VDsz'n)
2 (3.13)

Vbcemax: DC link voltage

Vbcemin: Permissible DC link voltage (The maximum limit below which the DC link voltage should

not decrease)
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From equations 3.12 and 3.13 the DC link capacitance is given as

2x(Ppyr1 +Ppvr2)

2 2
Vbe max Ve min )*1 (3.14)
The DC link voltage is

33

VDC max =ﬁxv

S (3.15)

where Vi is source voltage of the feeder to which the IDVR is connected.
In equation 3.14 if the amount of voltage compensated by the two DVRs of IDVR is equal then
Pover = Povs, =P . The capacitance is given as

C 4x P

B (Ve —Vocmin) Xt (3.16)

Following the modeling of IDVR, the testing capability of IDVR in mitigating the voltage sag is to
be investigated. The IDVR is simulated with a test power system. The power system network with
IDVR shown in fig 3.2(a) is developed in MATLAB Simulink. The parameters of the elements of

the system are given in table 3.1

Table 3.1: Parameters of the Two Line IDVR Shown in fig 3.2(a)

Parameter Feeder 1 Feeder 2
Supply voltage (Vs) 230V 230V
Load Voltage ( V1) 230V 230V
Load Resistance (Rj) 40Q 40Q
Load inductance (L) 95.5mH 95.5mH
Transformer resistance (Ry) 3Q 1Q
Transformer inductance (L) 10mH 6mH
DC capacitance (Cqc) 3200uF
DC capacitance Voltage (Vc) 210V
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Subsequently important aspect of the IDVR is its control system. The control system checks the
error between the reference and actual voltages of the feeder to which IDVR is connected and it
provides necessary gate signals to the Voltage source inverter through the PWM generator.
Proportional Integral (PI) Controller is used in both VSI‘s of the IDVR to control the voltage
injection into the feeder to eliminate voltage sag. Additionally it eliminate harmonics produced by

the load. The following section discusses the PI controller of IDVR.

3.4 Control Systems of IDVR

The functionality of IDVR is to eliminate voltage sag in a system. During the occurrence of a
voltage sag, the IDVR detects the deviation in the voltage and injects the necessary voltage into the
network thereby maintaining the system voltage constant at all conditions. The control system of
IDVR plays an important role in controlling the necessary injected voltage from IDVR. The
controller checks the error between source and load voltage (where the voltage sag occurred) and
the error is given to the PWM generator to generate the required gate pulses for Voltage source
inverters to inject the required voltage to the system. In second DVR VSI of IDVR compensates the
energy at the DC link with assistance from Phase Shifting Transformers. The controller
simultaneously maintains the required load voltage in addition while replenishing the energy at the
DC link.

The schematic layout of the control system of IDVR is given fig 3.4.

Vref((lq)
Vl‘e]‘(ahc nbc o b Verr(ab
dqo b N O dgoto | 2/,
s RN 77| PwWM
S abe Generator

Sum ¥ err(dg)
|— PLL p=

Gate

abe to Pulses
V].(ahc)—#rb dqo ’5 i ulses

VL(dq}

Fig. 3.4 Schematic Layout of Control System
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According to the schematic layout represented in fig 3.4, the reference voltage Vref@nc) IS
converted to dg axis reference frame Vg axis using parks transformation for reducing the

complexity of calculation given by

cosf  cos(@— ZTH) cos(@ + Z?H) y
refd ) ) oI ) I refa (3 . 1 7)
wtg | == =SNG —sin(f——=) —sin(&+—) | Vi
3 3 3
VrefO 1 1 1 Vrefc

2 2 2
Similarly Vibe) is also converted to Viwg). The error between the reference voltage and load or
actual voltage is given is given as input to the Proportional Integral controller. The Proportional
Integral controller regulates error and the output of the Proportional Integral controller is given by

equations (3.18) and (3.19)
K;
Verra = (K p T ?)(Vrefd Vi) (3.18)

K.
Verrq = (Vrefq _VLq )(K p + ?I) (319)

Where

K, and Ki are proportional integral gains of PI controller.

The Ven(dg) is converted to Verabe) by the dqo to abce transformation and Verabe) 18 given to the PWM
generator. The PWM generator generates the required gate pulses to the inverter. The values of K,

and K are determined by zigler- Nicholas method.

3.5 Results

The total IDVR system is constructed in MATLAB Simulink software. The ratings of the various
parameters of fig 3.1 are given according to table 3.1. The total simulation is performed for 0.35
seconds. This short duration indicates the speed of the IDVR is responding to the system. IDVR
having two DVRs connected in series to the feeders with transformers. When there is a voltage sag

in feeder 1, DVR 1 acts to mitigate it. In order to supply the required energy to DVR 1 for
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mitigating the voltage sag, the capacitor connected at the DC link contains some initial energy
stored. When there is voltage sag, DVR 1 responds and the energy stored in the capacitor is being
utilized to compensate for the sag.

The Simulink results of the two line IDVR system are given in fig 3.5 and fig 3.6. The results show
the Power Quality problem like voltage sag and harmonics with absence of IDVR and the

rectification of these problems with IDVR.
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Fig. 3.5 (a) Source Voltage waveform (b)Load Voltage waveform in feeder 1 without IDVR

Figs. 3.5a and 3.5b show the response of the voltage at feeder 1 on the supply side and load side
respectively, when the IDVR is not connected. Load at feeder 1 is continuously switched ON and
OFF in three intervals. In the first interval it is ON from 0.05 to 0.1s, 0.15 to 0.2s in second interval
and similarly third interval load is ON from 0.25 to 0.35 seconds. This is to show the concept of
dynamic nature of load. According to the fig 3.5a, the supply voltage is balanced. In fig 3.5b it can

be seen that the load voltage magnitude of feeder 1 is completely distorted. The voltage sags can be
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seen from 0.05 to 0.1, 0.15 to 0.2 and from 0.25 to 0.35 seconds when load is ON and OFF
respectively. In the time intervals from 0.1 to 0.15, 0.2 to 0.25 voltage swells are observed because
there is no load ON at the time, so voltage has risen. This nature of voltage is observed and
monitored put to the PI controller in the control strategy of DVR 1. PI controller modulates the
error and output of the PI controller is given to PWM generator to generate required gate pulses to

switches in Voltage Source Inverter to modulate the magnitude of the injected voltage.
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Fig. 3.6 (a) Source Voltage waveform (b)Load Voltage waveform in feeder 1 with IDVR

Figs.3.6a and 3.6b show the voltage waveform of he feeders are connected with IDVR. Fig. 3.6a is
the supply voltage of feeder 1 which is similar to fig 3.5a. With the presence of IDVR the voltage
sag that is observed in fig 3.5b is completely eliminated as seen in fig 8b. The load voltage
magnitude is maintained to 230V by IDVR. The harmonics are eliminated by the PI controller and
inductor, which are used as a filter. Hence complete pure sinusoidal waveform is observed in fig

3.5b.
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As shown in fig. 3.7, the required energy for the IDVR to mitigate the sag feeder 1 is supplied by
the DC link as seen in the decrease of DC link voltage. The charge of the capacitance will be
utilized to mitigate the sag feeder 1. As observed in fig 3.7 the capacitance voltage is discharged

from 210V to 208V.

210 T T T T T T

209.5 .

209 .

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time (in Seconds)

DC Link Voltage (in Volts)

Fig. 3.7 DC Link Capacitance Voltage
Hence, we can conclude that the IDVR is successfully in mitigating the voltage sag and the PI
controller in IDVR checks the error between reference and actual voltages and provides necessary
gate signals to voltage source inverter through PWM generator, there by the PI controller controls
the injected voltage by the IDVR to mitigate voltage sag. But the only problem is replenishing the
DC link energy. In fig 3.7, the DC link energy has given some energy for IDVR to mitigate the
voltage. If this process repeats, at one stage the DC link voltage will become zero which would be
determined in the operation of IDVR. Hence there has to be a process to restore the DC link energy.
In the next chapter, a novel method of restoring the energy at the DC link of IDVR either from PV

source or with PST is discussed.

3.6 Conclusion

This chapter discussed about the modelling of IDVR. Mathematical Modelling of inverter and DC
link of IDVR are the key factors in the design of IDVR. Therefore a detailed mathematical
modelling of Inverter and the DC link of IDVR is covered in this chapter. Followed to the
modelling equations, the IDVR is tested to its capability of mitigating voltage sag with a test power

system. The results have proven that the IDVR is capable of compensating voltage sag. In addition
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it is observed that there should be a mechanism to replenish the DC link energy of IDVR, as the DC
link supplies the required energy to the IDVR for mitigating the voltage sag. In the next chapter the
restoration of DC link energy with PST and PV source is discussed. A details description of PST

and PV are given.
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Chapter 4

Replenishing DC Link of IDVR

4.1 Introduction

In the previous chapter IDVR has been simulated to mitigate the voltage sag in test power system.
The DC link of IDVR provides the required energy to the IDVR for mitigating the voltage sag, due
to this the DC link energy diminishes. The restoration of the DC link energy of the IDVR is a
weighted factor in the robust operation of IDVR. This chapter describes the novel methods
employed in restoration of DC Link energy. One of the methods employed were by utilizing the
capacity of phase shifting transformer to shift the phase and controlling the power necessary to
change the DC link. Additionally a PV system is utilized which is connected across the DC link to
aid in the restoration process. A controlled algorithm is designed between PST and PV source
depending upon the loading conditions of the feeder and surplus power available with the PV

source respectively to replenish DC link energy.
4.2 DC Link of IDVR

The major component of the DC link of the IDVR is its energy restoration. The amount of energy
required by IDVR to mitigate the voltage sag is supplied by its DC link. If sufficient amount of
energy is not present in the DC link, the IDVR will fail to perform the voltage compensation.
Restoration of the DC link energy plays a vital role in the capability of the VSI of the IDVR to
mitigate multiple deep sags with long durations. Hence the restoration of DC link Energy of IDVR
is very important. In general, the DC link of IDVR consists of a capacitor is the inverter is VSI and
an inductor if the inverter is CSI. There are several methods and techniques proposed for

replenishing the DC link energy of IDVR and are discussed in following section.
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4.2.1 Literature Review on Replenishing DC Link Energy of IDVR

Traditional method of restoring the DC link for other FACTS devices like SSSC were with the help
of battery but requirement of huge rating battery is foreseen as IDVR may be utilized for voltage

sag mitigation in both feeders simultaneously. Alternate methods were proposed avoiding a battery.

Literature review presents different methods for restoring the DC Link energy. Mahinda et.al [72]
have introduced a control strategy which shifts the angle of the considered DVR voltages so that the
DC link energy is restored with increase of real power in the feeder. They have also proposed a
multi loop control systems for shifting phase angle of necessary reference signal voltages [84].
Ahmed etal [73] proposed a virtual impedance to compensate the energy of DC link. The authors
also proposed an IDVR model to improve displacement factor by the exchange of real and reactive
power between the feeders and IDVR [85]. Carl et.al [49] designed a control strategy to increase the
phase shift of DVR voltages. Thereby the real power in the feeder where the controller is connected
increases. This increment in real power is fed to the DC link. P. Usha Rani has proposed a Space
vector modulation technique for IDVR to mitigate voltage sag [77]. P Vasudevanaidu et.al [3] have
proposed a method of optimal phase angle jump computed by particle swarm optimization method
to reduce the VA rating of the IDVR. Masoud Shahabadini et.al have designed cascaded H-bridge
inverter which reduces load power factor under sag condition so that compensation capacity is
reduced [75]. Moradlou M et.al have given the compensation of capability of IDVR under various
balanced and unbalanced voltage sag scenarios [11] . In the above literature the authors have
restored the DC link by considering one of the feeder to be healthy which will provide surplus
amount of real power, however it is not possible in practical scenario. So there should be a
provision to restore the DC link energy of IDVR from any of the feeder to which IDVR is
connected. In this chapter it is proposed to utilize a Phase Shifting Transformers (PST) and PV

source to replenish the energy at the DC link in between the two DVR’s of IDVR.
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The industries are now focusing on renewable source energies for providing electrical power that is
used for different purposes like feeding the local load, supplying the auxiliaries etc. PV or solar is
one of the finest source that can be installed in the industries very easily. Hence, the energy from
either PV source or with PST will be selected for replenishing the DC link energy. Based on the sag
condition and various power system conditions, the appropriate source (among PV source and PST)

is selected for replenishing the DC link energy using an algorithm

Different cases proposing the management of energy is presented in this chapter. The following
sections in this chapter are related to the control system of IDVR, Phase Shifting Transformers, and

finally the simulation results.

4.3 DC Link Controller

The block diagram of the DC Link controller of IDVR is represented in fig 4.1(a) and the function
algorithm is given in fig 4.1 (b). The function of the DC Link controller is to compare the reference
DC link and actual DC link voltage during the voltage sag condition and based on prevailing
conditions the controller chooses the suitable source appropriately among the PV system or PST.

Therefore, the DC link energy is replenished as observed in maintain the DC link voltage constant.

The control algorithm of the DC link controller is explained in fig 4.1(b). Initially the DC link
controller checks the difference between reference DC link voltage and actual DC link voltage. If
the voltages are deviating then the DC link controller checks the availability of PV source. If PV
generation is surplus and sufficient enough to give the required energy then it is utilized to restore
the DC link energy. If PV has insufficient energy for the restoration process then the controller

checks with the PST.

However the secondary and necessary condition for is that if the voltage sag occurs in one feeder,
the second feeder should be healthy, if so then the DC link controller restores the DC link energy
with PST using real power from the healthy feeder. If neither of the two sources are able to restore
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the energy then it utilises the stored DC link energy from the capacitance. This advantage is the
battery requirement is eliminated and the rating of DC link capacitor is reduced since its energy is

almost replenished either by the two procedures. The next section explains about Phase Shifting

Transformer.
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- Measure DC =\ Control Algorithm to decide Source
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Fig. 4.1 (a) Schematic Block Diagram of DC Link Controller of IDVR (b). Control algorithm of DC

link controller
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4.4 Phase Shifting Transformers

A Phase shifting Transformer (PST) controls the active power flow in a network by inserting the
voltage with a controlled phase angle [86]. Fig.4.2 [86] represents the PST comprising of
magnetizing transformer connected in parallel to the feeder and transformer which is connected in
series to the feeder is boosting transformer. The phase shift is created by connecting these two
transformers together and there by controlling real power flow in the line. The secondary side of
magnetizing transformer consists of a tap changer. By regulating the tap changer the real power will
be regulated. The power angle equation is

_V1 xV,
X

P sin & (4.1)

The operation of PST is illustrated by the phase diagram in the figs 4.3(a) and 4.3(b). To shift the
phase angle in one phase (say R phase), the input of the magnetizing transformer is connected to the

other two phases (Y and B phases).
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Vg is the resultant voltage in the phasor diagram which is fed to the primary winding of the
boosting transformer. Observing the phasor diagram in fig 4.3(a), the voltages Vygs and Vrn
have phase difference of 90°. The resultant voltage between Vvg and Vrn will be the output
of the boosting transformer. Depending on the magnitude of voltage vector Vyg, the resultant
voltage phase and magnitude can be determined. According to the power equation in 4.4, the
active power will be increased with the increment in the phase difference between the

resultant voltage and load voltage as shown in fig 4.3(b). Thus by vary of & with the
assistance of PST, the active power in the line is controlled. This controlled power is supplied
to DC link via VSI which connected to the DC link. Additionally the load voltage of feeder 2
remains unaffected in this process. It is discussed that along with PST, PV source is also
used for restoration of DC link energy of IDVR. The next section describes about PV Source.

BOOSTING
TRANSFORMER

()
S

FEEDER

MAGNETISING
IRANSFORMER

Fig.4.2 Schematic Layout of Phase Shifting Transformers
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4.5 PV Source

Lately industries are focusing on utilizing renewable sources to feed their local load. The
widely captured renewable energy source is Solar. Capitalizing this factor in industry where
the voltage sag compensation is a requirement, PV source is considered as alternate means of
restoring the DC link energy.

As the insolation and cell temperature varies from time to time due to environmental factors,
several algorithms were proposed to design the mechanism such that the PV cells will
generate maximum power at each interval. This is called maximum power tracking (MPPT).
Numerous algorithms based on Perturb and Observe (P&O), fuzzy controller, neural network,
ripple correlation control, load current voltage maximization etc. were considered for MPPT
[87][88]. P&O is considered in the paper because of its simplicity and low cost. In this
algorithm maximum power point is tracked once, if the second value is more than the
recorded one, then this second value overwrites the first one. This process is repeated
continuously with the PV system supplying the local load.

Assuming the load is dynamic in nature, when load demand is less than the supply, the
differential amount of energy between source and load can be utilized to replenish the energy

at the DC link This PV system is connected across DC link power generated is in DC. The
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next section explains about the simulation results of IDVR with test system.
4.6 Results

The test power system is constructed using MATLAB SIMULINK software is represented in
fig 4.4. The two feeders each are having three phases connected to three different single
phase loads i.e. the total load on one feeder is unbalanced load. Consider the case where one
of the loads (Load 1 in this case) connected to the three phases of a feeder is sensitive, then
this load clearly requires a protection from power quality issues mainly voltage sag. Hence
IDVR is connected to that particular phase to ensure that the sensitive load is protected from
the voltage sag. Loads 1 and 4 which are connected to feeder 1 and 2 are assumed as sensitive

loads. The considered test power system parameters is represented in fig 4.4 are given in

Table 4.1.
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Fig.4.4 Simulink model of IDVR
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TABLE 4.1 Parameters of two line IDVR

Parameter Feeder 1 Feeder 2
Supply Voltage 230V 230V
Load Voltage
230V 230V
(Load 1,2,3,4)
Load Resistance 40Q 40Q
Load Inductance 95.5mH 95.5mH
Transformer
30 30
Resistance
Transformer
10mH 10mH
Inductance
DC Capacitance 3200uF
DC Capacitance
210V
Voltage

The DC link capacitor should be charged to a DC voltage given by (4.2) [89]

Vac = _Vdc (42)

Hence from 4.2, the DC capacitor voltage is calculated to 57V. As the DC link should supply
energy to two DVRs of IDVR, the amount of DC link capacitor voltage should be doubled
which is equal to 114V. Considering case of multiple sags and safety factor the final value of
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DC link capacitor is 210V. The test system is run for 0.2 s.

Due to application of various loads during the interval a voltage sag is observed at
corresponding period of times. The IDVR mitigates these sags as described in chapter 3. The
DC link voltage restoration is examined in various cases of load application. The
corresponding restoration of the energy to the DC link of IDVR is represented in different
cases summarised in Table 4.2

TABLE 4.2 Summary of the three cases considered

Number of Phase Shifting
Case Feeders affected PV Source Transformer

with Voltage Sag

Case 1 One On Off
Case 2 One Off On
Case 3 Two Off Off

4.6.1 Voltage sag Observed in first feeder and restoring of the DC link energy with PV

source

In this case, phase A of feeder 1 is assumed to be effected with a voltage sag for an interval
of time and the second feeder is assumed to be unaffected. If the PV source is generating
surplus power i.e., when the local load is consuming less power than the rating of its
generation, then the controller selects the PV source to restore the DC link energy. The
difference between the source and load powers of PV generation is fed to the DC link of
IDVR to restore the DC link energy. The simulation of the power system with IDVR is

performed in MATLAB for 0.2s. The voltage sag is applied in first feeder for a time interval
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of 0.05s to 0.1s. The effectiveness of the IDVR in eliminating the voltage sag in the short

duration is observed.
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Fig.4.5 (a) Load Voltage at feeder 1 (in Volts) without IDVR (b) Load voltage in feeder 1 (in

Volts) (c) DC link voltage (in volts) with IDVR and PV system

Fig. 4.5(a) represents the load voltage of feeder one without IDVR. It is shown from fig
4.5(a) that voltage at load 1 is declined from 230V to 150V in the duration of 0.05 to 0.1s due
to the voltage sag. A small voltage swell along with harmonics are also observed after 0.1s.
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Fig. 4.5(b) shows the compensated voltage of the load with the presence of IDVR. When the
IDVR is compensating the voltage sag, the required power to restore the DC link energy is
given by PV system. This can be observed by measuring the DC link voltage which is
constant throughout i.e. 210V as shown in fig 4.5(c). In the event of delay the initially
charged DC link will ensure no interruption in compensating the sag. This compensation is

useful when there is voltage sag simultaneously.

4.6.2 Voltage sag Observed in first feeder and restoring the DC link energy with PST

Likewise in first case, first feeder is effected with voltage sag for a period of time. Feeder 2
is considered to be unaffected. If control unit senses that the PV system is ineffective to
supply the power to the DC link, at that point the control unit associates the PST to the
second feeder. The angular Phase of the feeder 2 is shifted by Phase Shifting Transformer.
The real power flow in the feeder 2 increases due to the phase shift. The incremental active
power will be utilized for DC link restoration by second DVR present on the second feeder.
The Proportional Integral controller present in the second DVR keeps the voltage of the load
on second feeder to the rated value. Load voltage of feeder 1 during the voltage sag condition
with the absence and presence of IDVR and voltage at the DC link with PST are represented
in fig 4.6(a) and figs 4.6 (b), (c) respectively.

A reduction in load voltage due to the voltage sag is observed in fig 4.6(a). In the presence of
IDVR the voltage sag is eliminated which is observed in fig 4.6(b). The load voltage of
feeder 2 to which PST are connected is represented in fig 4.6(d). It is observed that while
restoring the DC link energy, the feeder 2 load voltage is also maintained constant by the PI

controller of the control system in second DVR.
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In the literature [5], [90] , PST is uncontrolled which means that the phase shift produced by
PST is default one value (depends on the turns ratio of the magnetizing and boosting
transformers) irrespective of the power that should be compensated. To improve this a control
action is developed which calculates the required power needed for the compensation. From
that phase shift is calculated using the equations shown in modelling of PST [86]. When the
angle is known according, the turns ratio of boosting transformer is adjusted there by the
output of PST will give calculated phase shift. The drawback of using PST for replenishing
the DC link energy is; the maximum phase angle shift between source and load voltage can
be 90°. At this instant power is maximum and beyond which the power cannot be increased.

Hence PST is limited to certain limits of the compensation.

4.6.3 Voltage sag Applied in two feeders in the absence of PV and PST for restoration

If both feeders are simultaneously effected with voltage sag, then the possible way to restore
the DC link energy is with PV source. The restoration of DC link energy with PST can only
be possible if there is a healthy feeder. Hence PST cannot be utlised for restoring the DC link
energy in this case. If PV source is also not avaible then the energy stored in DC link
capacitance will be utilized for the providng the energy to the IDVR for voltage

compensation.
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Fig.4.7 (a) Load voltage in feeder 1 and in feeder 2(in Volts) without IDVR (b) Load voltage in

feeder 1 and feeder 2(in Volts) with IDVR (c) DC link voltage (in volts) without PV system and

PST

4.7 Conclusion

A novel way of replenishing the DC link energy of IDVR is proposed. PST or PV systems is
utilized for the DC link restoration. A Phase shifting Transformer (PST) controls the active power
flow in a network by inserting the voltage with a controlled phase angle. The phase shift is created
by connecting the two transformers (magnetizing and boosting transformers) of PST together, there
by controlling real power flow in the line. The secondary side of magnetizing transformer consists
of a tap changer. By regulating the tap changer the real power is regulated. A PV source is aided
along with PST to restore the DC Link of IDVR. A DC Link controller is designed to select the
suitable source among PST and PV for the DC link restoration. Different cases are presented
showing how the PV and PST are used to restore the energy at DC link when the IDVR is
compensating the voltage sag. The next chapter discuss about replacement of voltage source

inverters with current source inverters as the building blocks of IDVR.
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Chapter 5

CSI Based IDVR

5.1 Introduction

The voltage source sag mitigation by the DFACTS device IDVR was investigated while
maintaining the DC link voltage. The DC link was replenished by either PST or PV source.
However the major component of IDVR which is the inverter was based on voltage source inverter.
This chapter focuses on replacement of voltage source inverters with current source inverters. A
comparative analysis of the two inverters as the building blocks of IDVR is examined on a test

power system. The next section explains about the current source inverters.
5.2 Current Source Inverters

The Current Source Inverters (CSI) are the type of inverters fed with a current source with high
impedance. The source at the AC side of the inverter may be a current source or inductor in series
with a DC source. As the input voltage is constant in VSI, in CSI the input current is constant but
adjustable. The amplitude of the output current is independent of load. The waveform and
magnitude of the output voltage depends on nature of load. fig 5.1 represents the three phase CSIL.
In fig 5.1 S1 to S6 represents the switches (MOSFET or IGBT) and DI to D6 are the diodes

connected in series to the switches to block the reversal of current. [78], [79], [91]-[96]
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Fig. 5.1 Schematic diagram of CSI

The following gives the comparative study between VSI and CSI [10]

VSI

VSl is fed from a DC voltage source having
small or negligible impedance.

Input voltage is maintained constant

Output voltage does not dependent on the
load

The waveform of the load current as well as
its magnitude depends upon the nature of
load impedance.

VSl requires feedback diodes

The commutation circuit is complicated

Power BJT, Power MOSFET, IGBT, GTO
with self commutation can be used in the
circuit.

There is lack of research on current source inverters with IDVR. Though current source inverters
are more economical than voltage source inverters, they have certain advantages like current control
capability because the DC current in current source inverters is unidirectional unlike voltage source
inverters, high reliability, common dc link is ripple free. The current source inverter has inductor in
DC link, A SMES coil could instead be incorporated onto the DC bus. Interfacing the coil to the ac

system through a current source inverter results in a device that injects a controlled current with the

CSlI

CSl is fed with adjustable current from a
DC voltage source of high impedance.

The input current is constant but adjustable.

The amplitude of output current is
independent of the load.

The magnitude of output voltage and its
waveform depends upon the nature of the
load impedance.

The CSI does not require any feedback
diodes.

Commutation circuit is simple as it contains
only capacitors.

They cannot be used as these devices have
to withstand reverse voltage.
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ability to regulate ac voltage or power flow under normal conditions and supply when the power
supply is oft-line. The SMES coil should be large enough if the sags are occurring simultaneously
in both the feeders at the same time and also when the depth of voltage sag is more. In addition to
this, the economic cost will be more by the usage of the large SMES coil. An alternative solution to
this proposed in this chapter, is using the PV source with small size charged SMES coil. Whenever
IDVR mitigates the voltage sag/swell in the system, the energy to mitigate the voltage sag/swell is
taken from the PV source. Hence the SMES coil which is connected to the PV source has it energy
maintained at the constant level even at the time of mitigation of voltage sag/swell. In any voltage
sag conditions the PV source is not able to give its maximum energy then the deficient energy
which PV is unable to give can be utilized from the charged SMES coil.

In order to compare CSI and VSI as the building blocks of IDVR, an IEEE 8 bus power system is
taken for study. The IEEE 8 bus system is divided into three stages; generation, transmission and
distribution. Loads are connected to buses at the transmission and distribution side. Loads
connected at the distribution side are assumed to be sensitive loads. IDVR will be connected at the
distribution side and the power quality problems are simulated in different conditions. The effect of
IDVR in mitigating the voltage sag and harmonics separately with VSI and CSI as its building
blocks is examined and compared. The total system simulation is carried in MATLAB SIMULINK
software. In addition to this, the IDVR-CSI is simulated with a test power system with a
superconducting magnetic storage system (SMES) as the DC link to provide the required energy
when the IDVR is mitigating the voltage sag or swell [10]. The next section explains about SMES
5.3 Super Conducting Magnetic Energy Storage System (SMES)

Superconducting Magnetic Energy Storage (SMES) is a method of energy storage based on the fact
that a current will continue to flow in a superconductor even after the voltage across it has been
removed. When the superconductor coil is cooled below its superconducting critical temperature it

has negligible resistance, hence current will continue to flow (even after a voltage source is
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disconnected). The energy is stored in the form of a magnetic field generated by the current in the
superconducting coil. It can be released by discharging the coil. As SMES stores electrical current
the only conversion involved with the process is the conversion from AC to DC. Hence the
efficiencies of SMES systems are very high. SMES can switch from full discharge to full charge
very quickly and vice- versa. It has negligible deterioration due to cycling. However, SMES has a
high self-discharge rate due to the energy expenditure of cooling via cryogenic liquid and
mechanical stability problems. The magnetic energy stored in a conducting coil is given by:

E:%LIZ (5.1)

Where I is the current in amperes and L is the inductance in Henries.

Due to its very high cycling capacity and high efficiency over short time periods SMES is very well
suited to high power short duration applications. They are used in many voltage stability and power
quality applications, for example to provide very clean power in microchip manufacture. On-site
SMES is suitable to mitigate the negative impacts of renewable energy in power quality related
issues, especially with power converters — needed for solar photovoltaic and some wind farms — and
wind power oscillations and flicker. The SMES coil is used as the DC link of IDVR. The SMES coil
provides the necessary energy to the IDVR for mitigating voltage sag/swell. As mentioned above in
order to reduce the size the SMES coil for longer duration voltage sag/swell, a PV source is used in
addition to the coil. The description of PV source is given chapter 4. The comparative study of CSI
and VSI as building blocks of IDVR is given in the next section. The simulations are executed in

MATLAB Simulink software tool.
5.4 Results

5.4.1 Comparison of VSI and CSI on an IEEE 8 Bus System
The schematic diagram of the power system is simulated in MATLAB Simulink is shown in fig 5.2.

The total system consists of 8 buses with two power sources. The voltages from power sources are
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33KV which is step down to 11KV using transformer T1 and T4 transformers. T1 and T4 are
connected to bus 1 and bus 2. The details of the resistance and reactances of the network lines are
given in Table 1 [97]. Bus 1 to bus 6 represent the transmission network at 11KV voltage which is
step down to 415V with transformers T2 and T3. The total system contains 4 loads; load 1 and load
2 are connected to bus 7 and bus 8 respectively at the distribution end. Load 3 and load 4 are
connected at the transmission side bus 3 and bus 4 respectively. Loads 1 and 2 are three phase

sensitive loads which require protection from the power quality problems like voltage sag and

harmonics.
Table 5.1: Line data of the system
Line no Between buses Rin P.u. XinP.u. Susceptance
1 1-6 0.123 0.518 0.03
2 1-4 0.080 0.370 0.010
3 2-3 0.0723 1.05 0.022
4 2-5 0.282 0.064 0.12
5 3-4 0 0.133 0.33
6 4-6 0.097 0.407 0.01
7 6-5 0 0.3 0.025
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Fig. 5.2 Schematic diagram of the total system
To protect these loads from power quality issues IDVR is connected at the end of bus 7 and bus 8 as
shown in fig 5.2. The IDVR is connected near the loads. The IDVR consists of either VSI or CSI as
building block, a PI controller which controls the error between reference and actual voltage and
PWM generator to generate pulses. If the building block of IDVR is VSI then capacitor is
connected at the DC link. If the building block of IDVR is CSI then an inductor or Super
Conducting Magnetic Storage System (SMES) is connected at the DC link. A voltage sag condition
is created near load 1 with different cases and load 2 is assumed to be healthy. The three different
scenarios are considered where voltage sag is observed.
1. Sudden ON and OFF ofload 1.
2. Single line to ground fault at load 1 for a duration of 1 cycle.
3. Double line to ground fault at load 1 for a duration of 1 cycle.
Due to nonlinear nature of load connected at the distribution side, harmonics also occur in addition
to the voltage sag. IDVR is used to eliminate the voltage sag and harmonics. IDVR is connected
with VSI or CSI as its building blocks separately and the performance of each VSI and CSI based

IDVR in eliminating voltage sag and harmonics in the various cases are observed.
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Case 1: Voltage sag and harmonics created by sudden ON and OFF of load 1
The total simulation of the system is run for 0.16 seconds. In this case the voltage sag and

harmonics are created by sudden ON and OFF of load 1 between 0.04 and 0.08 seconds.
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Fig. 5.3 Load Voltage without IDVR
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Fig. 5.4 THD without IDVR
In the absence of the IDVR the voltage sag is observed as shown in fig 5.3 which gives the voltage
profile. The voltage reduces to 300V from 415V in that particular interval of 0.04 to 0.08s. Along
with voltage sag, harmonics can also be observed as indicated in fig 5.2 where voltage fluctuates at
the edge of the intervals. Thus the total harmonic distortion (THD) without IDVR is computed and
shown in fig 5.4. THD is defined as square root of sum of squares of all harmonics presented in the

voltage The THD without IDVR is 4.02%.
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Fig. 5.5 Load voltage with VSI based IDVR

Fig 5.5 and fig 5.6 represent the load voltage in the presence of IDVR with VSI and CSI as its

building blocks respectively. For both VSI and CSI as its building blocks, IDVR is mitigating the

voltage sag in same proportions. While fig 5.7(a) and (b) represent THD with VSI and CSI based

IDVR respectively. THD with VSI is 0.06% (shown in fig 5.7(a)) and with CSI with 0.05% (shown

in fig 5.7(b)). The individual magnitudes of harmonics are decreased with CSI when compared to
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Fig. 5.7 THD (a) with VSI (b) with CSI as building blocks of IDVR

Hence, CSI based IDVR is performing better than VSI based IDVR as the THD is slightly reduced.
Case 2: Voltage sag and harmonics created by single phase to ground fault at load.

To simulate this condition, a single phase to ground fault is applied to R phase. Fig 5.8 represents
load voltage during the fault condition. As single phase to ground fault is occurred in R phase, the
voltage is zero in R phase in the interval of 0.04 to 0.06 s.

The impact of fault creates a voltage sag in other two phases. Hence, the magnitude of voltages in
B and Y phase are decreased from 415V to 300V as shown in fig 5.9. The THD is 14.27% (as
shown in Fig 5.9) in this condition. Similar to above case voltage sag is mitigated with IDVR. As
observed in fig 5.5 and fig 5.6, similarly the voltage sag is eliminated by either IDVR based with

VSI or CSL
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Fig. 5.8 Load voltage for single phase to ground fault without IDVR
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Fig. 5.9 THD for single phase to ground fault
The THD is also decreased with IDVR. Fig 5.10(a) and (b) represents the THD value with VSI and

CSI as building blocks of IDVR respectively. In this case THD is same for CSI and VSI which is

0.06%.
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Fig. 5.10 THD (a) with VSI (b) with CSI as building blocks of IDVR

Case 3: Voltage sag and harmonics created by double phase to ground fault at load.
Here voltage sag is caused with double phase to ground fault. The two phases (R and Y in this case)

are affected with fault and due to this fault the third phase (B phase) experiences a voltage sag as
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shown in fig 5.11. The voltage in R and Y phases is zero and voltage in B phase is decreased from

415V to 300V. The THD during the fault condition is 11.74% shown in fig 5.12.
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Fig. 5.11 Load voltage during double phase to ground without IDVR
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Fig. 5.13 THD (a) with VSI (b) with CSI as building blocks of IDVR
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Similar to the previous cases the voltage sag is mitigated by IDVR with VSI and CSI as its building
blocks in equal proportions which can be seen in fig 5.5 and fig 5.6. Fig 5.13(a) and (b) represents
the THD with VSI and CSI. According to Fig 5.13(a) the THD is 0.05% for CSI based IDVR and
according to fig 5.13(b), the THD is 0.06% for VSI based IDVR. From the observations the THD is
slight decreased when using CSI as the building blocks of IDVR.

5.4.2 Summary of the Cases

In all the cases it is found that the voltage across the phases (where there is no impact of the fault)
has dropped from 415V to 300V irrespective of the faults applied on the load. The reason for this is,
the rating of the load considered for the these cases is unchanged and only the type of the fault on
the load is changing in all the three cases and due to this the drop of the voltage is constant in the
three cases. In addition, the phase which is effected with the fault is completely short and there by
the voltage across those phase is observed to be zero.

It is also observed that the voltage sag is mitigated in similar manner using VSI and CSI as the
building blocks of IDVR in all the considered cases. However, for THD, except the second case in
other two cases THD is slightly decreased with CSI compared with VSI. Also, the magnitudes of
the harmonic order from 0 to 100 Hz is decreased quite a lot with CSI as the building block of
IDVR compared to VSI in all the three cases which can be observed in fig 5.7, fig 5.10 and fig 5.13.

Table 5.2 gives the summary of all the three cases.
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Table 5.2 Summary of the three cases

Fault Type | Performance | Performance of | THD THD | THD | Mitigation of
of IDVR-VSI IDVR-VSIin | without | with with Individual
in mitigating mitigating IDVR CSI VSI | harmonics by

voltage sag voltage sag based | based | VSI and CSI
IDVR | IDVR
Sudden ON Effective Effective 4.02% | 0.05% | 0.06% The
& OFF of magnitudes 0
Load to 100 Hz is
decreased
with CSI than
VSI
Single Line Effective Effective 14.27% | 0.06% | 0.06% | Mitigation of
to Ground harmonics is
Fault same with VSI
and CSI
Double Line Effective Effective 11.74% | 0.05% | 0.06% The
to Ground magnitudes 0
Fault to 100 Hz is
decreased
with CSI than
VSI

The next section explains simulation of IDVR with CSI as building blocks with a test power

system. The SMES coil is used as the DC link along with PV source.

5.5 Simulation Results of IDVR with CSI as Building Block

The total system of IDVR with SMES and PV source connected to two feeders simulated in

MATLAB is shown below in fig 5.14.
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Fig. 5.14 Schematic diagram of total system simulated in MATLAB

In fig 5.14, feeder 1 and feeder 2 are at different voltage levels. The PV source is connected to
SMES and the total set up gives the required energy at the DC link energy. Whenever IDVR
mitigates the voltage sag/swell in the system, the energy to mitigate the voltage sag/swell is
supplied from the PV source. If any case, the PV source is not able to provide the necessary energy
to IDVR, then the required energy should be supplied by the SMES coil connected at the DC link of
IDVR. For this, SMES coil has to initially charge before it is connected to the DC link.

The parameters of the system shown in fig 5.14 is given in the below Table 5.3. In general there are
several conditions where voltage sag is produced. However, in this chapter voltage sag/swell is
considered in four different conditions which is listed below

A. Using sudden start of induction motor at feeder 1.
B. With a LG fault at feeder 1.
C. A multiple sag and swell at feeder 1.

D. A simultaneous voltage sags in both feeders.
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TABLE 5.3 PARAMETERS OF THE TWO LINE IDVR SYSTEM

Parameter Feeder 1 Feeder 2
Supply voltage (Vs) 415V 230V
Load Voltage ( V1) 415V 230V
Load Resistance (Ri) 40Q 40Q
Load inductance (L) 95.5mH 95.5mH
Transformer resistance (Ry) 3Q 1Q
Transformer inductance (L) 10mH 6mH
Inductance at the DC link 1H
PV source at the DC link 1.8KW

In all proposed cases, the performance of IDVR in mitigating voltage sag is observed. The

simulation results are presented in each case

5.5.1 Using sudden start of induction motor at feeder 1
A Shp, 415V, 1500 RPM induction motor is connected at the position of load 1 shown in fig 5.14 to
the feeder 1. The total simulation is for 0.4 seconds. In this interval the induction motor is switched

ON at 0.3 seconds. The load voltage at feeder 1 when the induction motor is ON is shown below.
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Fig. 5.15 Load voltage with induction motor as load without IDVR

Fig 5.15 is the load voltage at feeder 1 without IDVR. When induction motor is ON at 0.3S, it
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consumes large reactive power at initial startup which leads to voltage sag for a few cycles which
can be observed in fig 5.15. After few cycles of voltage sag, the voltage is being regained to the
normal value. If in case any sensitive load is connected to feeder 1 in this condition, this load will
get effected by the voltage sag. To mitigate this sag and protect the sensitive loads connected to the
feeder 1, an IDVR is placed at the feeder 1 shown in fig 5.14.

Fig 5.16 represents the load voltage profile of feeder 1 with IDVR when the induction motor is
ON. When the induction motor is ON at 0.3S, the PI controller in IDVR building block compares

dropped voltage with reference voltage and allows PWM generator to generate the pulses to the CSI

T

Fig. 5.16 Load voltage with induction motor as load with IDVR
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Hence the load voltage is maintained at the rated value even when the induction motor is
consuming reactive power. The required energy to mitigate the sag is given by PV source connected
at the DC link.

Hence, it is proved that the IDVR clearly mitigates the voltage sag even at the sudden start of

induction motor. The next case explains about the occurrence of voltage sag with LG fault.

5.5.2 Voltage sag/swell with A LG fault at feeder 1

There are faults like LG (line to ground), LLG (double line to ground) and LLL (triple line) which
occur at the distribution end. Among these faults the frequently occurring fault is LG fault. The

presence of LG fault makes the voltage zero in the particular phase where the fault is created, but
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this fault also creates voltage sag or voltage swell in other two phases. If a LG fault is assumed to
be applied near the load on R phase in fig 5.14, the load voltage in this condition is shown fig 5.17.

Fig 5.17 is load voltage without IDVR. As shown in fig 5.17, due to the LG fault in the R phase, the
voltage in that phase completely collapses and a voltage swell is observed in the Y and B phases
respectively. This sudden increase in the voltage may cause tripping of the circuit breakers in Y and
B phases and if circuit breakers are not responding, then this may lead to the damage of load. The

load voltage in the above condition in the presence of IDVR is shown in fig 5.18.
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Fig. 5.17 Load voltage at feeder 1 with LG fault without IDVR
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Fig. 5.18 Load Voltage at feeder 1 with LG fault with IDVR

In fig 5.18 it is shown that the load voltage is maintained in the rated value even during the fault
condition with the presence of IDVR. The voltage is totally compensated in R phase with IDVR at
which the LG fault has occurred. In addition the voltage swells in Y and B phases are eliminated

with presence of IDVR. Hence this case also proves that the IDVR eliminates voltage swell in the
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distribution side. The previous two cases have proven the performance of IDVR in a single sag

condition while the next case represents the performance of IDVR with multiple sags.

5.5.3 Multiple sags at feeder 1

The load voltage with multiple sags in the absence of IDVR is shown in fig 5.19
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Fig. 5.19 Load voltage with multiple sags without IDVR

As shown in fig 5.19, a multiple voltage sags are created between the intervals 0.15S to 0.2S and
0.25 to 0.3S respectively. The load voltage is distorted between the intervals of 0.2S to 0.25S and
0.3S to 0.35S are post sag conditions. The reason for the distortion is due to harmonics present at
the load side. This will be a major problem mainly to the sensitive loads connected on the same
feeder. Due to the harmonics, there may be loss of data and cause sensitive load to get damaged. To
eliminate this problems the IDVR is connected to feeder and the performance of IDVR with these
multiple sags is observed in fig 5.20.

In fig 5.20 the voltage sags are completely mitigated by the IDVR connected to the feeder 1. The
IDVR senses the decrease in voltage and injects the required voltage and maintains the required

voltage. The PV source supplies the required energy to mitigate the sags.
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Fig. 5.22 Load Voltage at feeder 2 without IDVR

fig 5.21 and fig 5.22 represent the load voltages of feeder 1 and feeder 2 in the sag condition. The
voltage is decreased from 415V to 380V in the first feeder and from 230V to 180V in second feeder
respectively during the voltage sag. Due to the presence of harmonics the voltage is observed to be
distorted in second feeder after the voltage sag.

With the presence of IDVR connected to both the feeders, the voltage sag in both feeders is

eliminated and the voltage is maintained at the normal value which can be observed in fig 5.23 and

I
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Fig 5.23 Load voltage at feeder 1 with IDVR
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The PV source is able to give the required energy for IDVR to mitigate both sags simultaneously at
the two feeders. The limitation to this case is the availability of PV source and charge in SMES coil.
If the PV source and charged SMES coil are unable to give the required energy during the
mitigation of voltage sag in both feeders, then the compensation process is not possible.

Therefore it is observed, IDVR with PV source at its DC link has mitigated the voltage sag/swell in
different scenarios. This IDVR topology also solves the problem of simultaneous sag because of the
PV source presented at the DC link. Due to the presence of CSI as the building blocks of IDVR and
additionally with the presence of filter, the harmonics which are observed in some cases along with
voltage sag are also eliminated. The PV source is able to give the required energy to IDVR for
mitigating the sags. Hence, the sensitive loads at the distribution end can be protected with IDVR

irrespective of severity of the voltage sag/swell.
5.6 Conclusion

In this chapter the performance of IDVR with CSI and VSI as its building blocks for mitigating
voltage sag and harmonics is compared. Voltage sag and harmonicas are created in three different
ways and in all the three cases the efficiency of IDVR in mitigate voltage sag and harmonics with
either CSI or VSI as its building blocks is compared. Based on the results obtained in all the three
cases, the performance of IDVR in mitigating voltage sag with VSI or CSI is observed to be same.

But, for THD the performance of IDVR with CSI as building block is better than IDVR with VSI as
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its building block. The individual magnitudes of harmonics are decreased with CSI than VSI. Hence
this comparison has proven that the ability of IDVR in compensating voltage sag/swell is
unchanged by the use of CSI as its building block. In practical scenario the SMES coil connected to
the DC link of IDVR is little complex to handle. Due to this the CSI is more expensive than VSIL
Considering these constraints for CSI, the further research in this thesis is carried out with VSI as
the building block of IDVR.

All the simulations conducted on IDVR until this chapter is with a test power system. But in order
to understand the efficiency of IDVR in mitigating voltage sag, a real time test has to be performed.
This part is covered in the next chapter where the IDVR is simulated with a real time load. The

performance of IDVR is tested in the real time scenario.
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Chapter 6

Real Time Simulation of IDVR

6.1 Introduction

The efficiency of IDVR in mitigating voltage sag/swell in various sagged conditions is proven so
far. The simulations of IDVR discussed in chapter 4 and chapter 5, are performed on a test power
system. The IDVR 1is connected to the test power system and its efficiency for mitigating the
voltage is tested. The parameter values considered in a test power system does not signify any
existing real time load. Thereby the results obtained by testing the IDVR with a test power system
does not exhibit the accuracy of IDVR. Hence in order to prove the reliability of IDVR, a real time
electrical network load is to be considered. In this chapter, the IDVR is designed to mitigate power
quality problems in an existing real time load. The load network data of BITS Pilani Hyderabad
Campus in Telangana, India which is spread over 200 acres is considered as the real time load.

Various multiple voltage sag/swell scenarios are analyzed in the real time load

6.2 Description of the Real Time Load

The electrical load network of BITS Pilani Hyderabad Campus, located in Hyderabad, Ranga reddy
district spread over 200 acres, is considered as real time load. Fig 6.1 (a) represents the schematic

layout of the real time load. The google map picture of the load is shown in fig 6.1(b).

Fig 6.1 (a) gives a schematic layout of BITS Pilani Hyderabad Campus containing various loads
connected to three different internal substations. The power is drawn from a substation at Malkaram
through 33KV feeder line. This is step down to 11KV at the main substation through a 5KVA,
33KV/11KYV transformer. This voltage is further step down to domestic level of 415V by three

distribution transformers located in mini substation at three different locations.

92



Mitigation of Power Quality Problems using IDVR

10 HP 415V 50 Hz
THREE PHASE I.M.

(w3 E e 3E W

33KV FEEDER 5MVA, 33 / L1KV ZMVA, 11/ 0.415 KV

MALAKARAM TRANSFORMER 1 TRANSFORMER 2
SUBSTATION

SUB-STATION 1

500 KVA, 11 / 0.415 KV ey
TRANSFORMER 3 w58
< £
=
SUB-STATION 2 S =
=3
L AAA— Y 3 |
30 |
500 KVA, 11 / 0.415 KV
TRANSFORMER 4 E a
=
&
SUB-STATION 3 =g
() 3
BITS Pilani e
BITS 9l
e
Malaviya Bhavan o
Central Workshop, BITS Sy 2558
Pilani Hyderabad Campus Q
2008
So, S, BITS...
i Gandhi Bhavan
™ol &5S
Shankar Bhavan 9 More Supermarket
HouG 558 © ©
Student Activity Centre
dosd
SUggenre...
Overhead
Water Tank
85528
oo @SBIATM
L QGC Hospital
GC 2ped
anuman Temple
HEENS sodbo
mpus .
400KV Substation
’eﬂfi’@ Google Malkaram@ ﬁ
QoD -

Fig. 6.1 (a) Schematic layout of the real time load. (b) Google Map of BITS Campus

Substation 1: The major load of the campus in on substation 1. The input voltage to substation 1 is
11KV which is stepped down to 415V by 2MVA, 11KV/415V three phase step down transformer
within the substation. The load consists of totally 9 different blocks from ‘A’ block to ‘G’ block and
two workshop units. These blocks consist of administration wing, class rooms and the various
departments of the institute. All the loads ae inductive in nature. A 10hp induction motor is

connected along with the blocks to substation 1. This induction motor is used to pump water to
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various places of BITS campus. This induction is not a continuous load and is ON only when the
pumping of water is required. The maximum demand on substation 1 is 1000KVA. The other loads

of BITS campus are connected to substation 2 and substation 3.

Substation 2: The 11kV voltage is given as input to the substation 2 which steps down to 415V
using a 500 kVA, 11kV/415V three phase step down transformer. Staff Quarters, Medical centre
and CP, security office and remaining street lights are the various loads connected to substation 2.

The maximum demand at substation 2 is 200KV A.

Substation 3: The 11KV voltage is given as input to the substation 3 which is stepped down to
415V by a 500KVA, 11KV/415V three phase step down transformer. The load at substation 3
consists of 6 boy’s hostels, 2 girl’s hostels and two dinning messes and some street lights. The load

data substation 3 is given in table 6.1. The maximum demand at substation 3 is 300KVA.

The major challenges on a real time load are

1. Examine the Voltage Sag/Swell Conditions: The various possible cases of occurrence of voltage

sag is to be investigated.

2. ldentification of sensitive load: In order to connect the IDVR to the real time load, the loads

which are more effected with voltage sag/swell need to be identified.

3. Bidirectional Nature of IDVR to be tested: In general, the IDVR contains more that two DVRs
sharing a common DC link. Since several DVRs are connected to multiple feeders, the voltage
compensation in multiple feeders can be performed with one device at one instance. This type of
compensation is called as bidirectional compensation. Hence this bidirectional nature of IDVR is to

be tested in the real time scenario.

Hence taking these challenges into the consideration, the functionality of IDVR is tested with real

time load. The results of IDVR with the considered real time load is explained in the next section.
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6.3 Results

The real time load of BITS Pilani Hyderabad Campus, is simulated using MATLAB Simulink

software. The ratings of all the loads shown in fig 6.1(a) is given in table 6.1.

The various changes in the load at different timings during day and its effect on voltage change has
been recorded. Thus the occurrence of voltage sag/swell on the various possible load conditions in
the real time is studied. The sensitive loads of the BITS campus are present in B- block connected
to substation 1 and in medical centres connected to substation 2. These are loads which should be

protected from voltage sag/swell.

The B- block the contais computer servers which require continuous requirement of rated voltage,
failing to which leads to the loss of data. Hence this load is considered as sensitive load because it
has greater impact of voltage sag. The second sensitive load is the medical centre. The medical
centre of BITS Pilani Hyderabad campus contains X ray type of equipment which require
continuous supply of rated voltage. Therefore these sentive loads needs to be protected from voltage

sag/swell.

The severity of voltage sag/swell occurs at Point of Common Coupling (PCC) of any substation is
due to a fault occurring at one of its connected load. To observe a voltage sag/swell, a line to

ground (LG) fault is simulated at one of the loads connected to substation 2.
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Table 6.1 Load ratings of each block the BITS campus (all the blocks are three phase loads rated to

415V, 50Hz)
Block Active Power Reactive Power rating in
rating in KW KVAR
Substation 1
A block 170 127.5
B block 106 79.5
C block 38.159 28.619
D block 90.638 67.978
E block 92.224 69.168
F block 37.376 28.032
G block 17.944 13.458
Work Shop 1 189 141.75
Work shop 2 47 32.25
Substation 2
Hostels and Messes 240 180
Substation 3
Staff Quarters, Medical 160 120
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Fig. 6.2 Voltage at PCC of Substation 2 when A LG fault is applied.

Fig 6.2 indicates the voltage at PCC of substation 2 during the fault condition. A LG fault is created
in R phase at 0.2sec on Canaught Place (CP) load connected to substation 2 and is cleared at 0.3sec.

Due to the occurrence of LG fault, the CP load is suddenly disconnected from the substation 2 in
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the interval 0.2sec to 0.3sec. For this reason a voltage swell is observed at PCC of substation 2 in Y

and B phases and the R phase voltage is nearly zero because the LG fault occurred in R phase.

Apart from fault condition, the voltage at PCC of substation 2 is dropped down from 415V to 400V
at the initial point of simulation itself which can be observed in fig 6.2. This is because all loads
connected to substation 2 are inductive in nature. By observing fig 6.2, we can observe that the
voltage is not maintained at 415V and additionally the voltage is distorted between 0.2Sec and
0.3Sec. This will affect the sensitive loads present in the medical centre load connected to
substation 2. To protect these loads from the voltage sag/swell IDVR should be installed at the PCC

of substation 2.

Second possible condition for voltage sag/swell occurrence in the real time load during on the
induction motor connected to substation 1. In the schematic layout of the real time load shown in
fig 6.1, an induction motor is connected to substation 1. If this induction motor is switched ON, a
voltage sag will be created at PCC of substation 1. The voltage at PCC of substation 1 when the

induction motor is switched ON is represented in fig 6.3.
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When the induction motor connected to substation 1 is switched ON at 0.5sec, voltage sag is
created at PCC of substation 1 for few cycles which is shown in fig 6.3. Similar to the voltage of

substation 2, the voltage at PCC of substation 1 is dropped down to 400V from the initial point of
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simulation because of the 9 inductive loads connected to substation 1. When the motor is started,
the voltage is further dropped to 365V at 0.5sec. The voltage sag will have a significant impact on
the sensitive load i.e. the servers present in B block load connected to substation 1. The voltage
sag/swell occurring in the two cases described above, should be mitigated to protect the sensitive
loads present in substation 1 and substation 2. To mitigate the voltage sag/swell, IDVR is

developed and placed at PCC of substations 1 and 2.

Fig 6.4 represents the schematic diagram of the real time load with the presence of IDVR. The
IDVR in fig 6.4 consists of two DVRs, one DVR connected to PCC of substation 1 and the other
DVR is connected to substation 2. The reason for connecting the IDVR to substation 1 and
substation 2 is to protect the sensitive loads at both substations from voltage sag/swell. To mitigate
these voltage sag/swell occurring in the two conditions, the DVR, injection transformer and the DC

link are designed with respective ratings.

In both conditions the voltage at the PCC of substation 1 and substation 2 are dropped to 400V from
415V from the initial point of simulation because of the inductive loads connected to substations.
As shown in fig 6.3, the voltage at PCC of substation 1 is further dropped to 365V when the
induction motor is switched ON. Considering these values and substituting them in equations 3.3 to
3.15, the rating of DVR 1 is 75KVA and DVR 2 is 30KVA. Both the DVRs are use three phase
VS| described in chapter 3, as the building blocks. The bidirectional compensation is not covered in
previous literature of IDVR. Most of research covered voltage compensation on where IDVR is
connected to two feeders, one feeder is always assumed as healthy and other feeder is assumed to be
effected with the voltage sag [72], [73], [98]. Real time instances included sags in various lines so
bidirectional compensation is necessary. To mitigate the voltage sag/swell simultaneously in both
feeders, IDVR should require enough energy at the DC link. The design parameters of IDVR is

given in table 6.2
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Table 6.2 The parameters of IDVR

Parameter Rating
AC Line Voltage 3d, 415V, 50Hz
DVR rating connected to substation 1 (DVR1) 30, 75KVAR, 415V
DVR rating connected to substation 2 (DVR?2) 30, 30KAVR, 415V
DC link Voltage 600V
DC link capacitor 5000uF
Ripple filter for DVR 1 R=10Q, C=35uF
Ripple Filter for DVR 2 R=4.8Q, C=15pF
Values of PI controller for two DVR1 and DVR 2 Kp=0.2,Ki=10
Rating of individual injection transformer of DVR 1 1®, 100KVAR, 415V/415V, 50Hz
Rating of individual injection transformer of DVR 2 1®, 50KVAR, 415V/415V, 50Hz
PWM switching frequency 10KHz

The output voltage from the DVR is injected into the system via the injection transformer. In this

work, three single transformers are connected to three phase DVR.

Substituting all the ratings of IDVR, the total system represented in fig 6.4 is simulated for three

cases.
1. Switching ON induction motor at substation 1.
2. Occurrence of an LG fault at one of the load connected to substation 2

3. Occurrence of a fault at substation 2 and switching ON induction motor at substation 1 at same

instant of time.
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Fig. 6.4 Schematic layout of real time load with IDVR (VSI)

6.3.1 Switching On induction motor load

As mentioned earlier the induction motor which is connected to substation 1 shown is switched ON
at 0.5sec, due to which voltage sag is created PCC of substation 1, as represented in fig 6.3. In the
presence of IDVR, the voltage sag that occurred during the switching condition of the induction
motor is completely mitigated, as shown in fig 6.5. When the voltage sag occurs, the control system
of IDVR discussed in chapter 3 and chapter 4 senses the voltage error and signals the PWM inverter
to inject the required voltage into the system. Hence, the voltage at 0.5sec is maintained at 415V in
the presence of IDVR. Therefore, the voltage sag caused when induction motor is switched ON is
completely compensated by the IDVR, thereby protecting the sensitive loads which are connected
to substation 1 from the effect of voltage deviations. In addition, the voltage drop caused due to the
inductive loads connected at substation 1, is mitigated and the voltage maintained at 415V, in the

presence of IDVR. The next case explains about the operation of IDVR during an LG fault.
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Fig. 6.5 Voltage at PCC of substation1 when the induction motor is switched ON in the presence of

IDVR
6.3.2 LG Fault at Substation 2

In this case an LG fault is created at one of the loads connected to substation 2. The reason for
choosing an LG fault is because it is the most frequently occurring fault among all unbalanced
faults. The voltage profile at PCC of substation 2 during the condition of fault and in the absence of

IDVR is shown in fig 6.2.

The fault created at CP load connected to substation 2 on R phase, results in a voltage swell in Y
and B phases at PCC of substation 2. With the IDVR connected, the voltage at PCC of substation 2,

for the fault condition is as shown in fig 6.6.
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Fig. 6.6 Voltage at PCC of substation 2 when LG fault is applied with IDVR

Comparing fig 6.2 and fig 6.6, it can be observed that the voltage swell observed in Y and B phases
at PCC of substation 2, is completely mitigated by the IDVR. The control system of IDVR detects
swell in the voltage and the inverter injects a voltage so as to maintain 415V in Y and B phases. In

addition, IDVR also injects voltage in R phase to make the voltage 415V. So the voltage in all the
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three phases is maintained at rated value thereby the sensitive loads at the medical centre load
which are connected to substation 2 are protected from the voltage fluctuations by the IDVR. In
both case 1 and case 2, the voltage sag/swell is not created at a same instant in both the feeders. If

one feeder is affected with voltage sag/swell, the other feeder is considered to be healthy.

6.4 Conclusion

This chapter deals with mitigation of voltage sag/swell with an IDVR. The electrical load of BITS
Pilani Hyderabad Campus is considered as real time load, where the sensitive loads which get
affected with the voltage sag/swell are identified. IDVR is connected to the PCC of those
substations to which the sensitive loads are connected. Based on the intensity of voltage sag/swell
that occurred at the substations, the appropriate ratings for the IDVR, DC link of IDVR and
injection transformer are designed. Various possible chances of voltage sag/swell occurrences in the
real time load have been considered. The bidirectional compensation of voltage sag/swell in both
substations with IDVR is observed. The IDVR effectively maintains the voltage at the substations at
the rated value. Therefore the IDVR is helpful in solving the problems of voltage sag/swell in the
considered real time load and with IDVR, multiple voltage sags/swells can be mitigated at same
time, thereby protecting the sensitive loads from the voltage disturbances. Thus with the insight of
the simulation results a prototype model of IDVR is developed and analysed on a power system

simulator. The experiment on laboratory prototype model of IDVR is discussed in the next chapter.
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Chapter 7

Laboratory Prototype of IDVR

7.1 Introduction

The performance of IDVR for mitigating voltage sag/swell in various possible scenarios is analyzed
with simulation results. In order to substantiate the simulation results, the IDVR should be tested in
laboratory environment. This chapter presents the hardware implementation of novel bidirectional
voltage sag compensation by the IDVR in multiple feeders at same instance. A two line feeder
power system is considered with IDVR installed. The IDVR is implemented using two VSI with
filter. As discussed in chapter 3, the voltage compensation ability of VSI and CSI are same and also
the CSI is quite expensive. Hence the CSI is not chosen as the inverters of IDVR. The control
system of IDVR for the voltage compensation is developed using DSPACE 1103.

The test power system for bidirectional compensation with IDVR considered is represented in fig

7.1.
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Fig. 7.1 Schematic Diagram of IDVR
The test power system with IDVR is developed in a single phase system. The test power system
consists of two feeders with individual sources feeding Load 1 and Load 3 respectively. In order to

apply a voltage sag in both feeder Load 2 and Load are suddenly ON at a particular period of time.
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The major components used for developing laboratory prototype model of IDVR is given below
Voltage Source :

A regulated Power supply is used a voltage source for giving the power to the load. The power
supply consists three phase and single phase panel. The input for the regulated power supply is a
three phase AC supply which gets converted to a single phase AC supply.

Feeder/Loads:

The voltage source shown in fig 7.1 is connected to the respective loads through a feeder resistance.
A resistive panel is used as feeder resistance in prototype of IDVR. The resistive panel consists of
10 resistances each of 100Q respectively. These resistances can be connected in series or parallel
depending upon the type of configuration. A tapping for 50€2 is also provided for each resistance of
the panel. Load resistances shown in fig 7.1 are also taken from this resistive panel.

Voltage Source Inverter:

The Voltage Source Inverter used in the prototype is 4 leg 3 wire IGBT inverter. The make of the
inverter is Semikron. The rating of inverter is 415V AC and 600V DC. The DC link of the inverter
consists of two capacitors each of 250uF connected in parallel. A safety panel is provided at the
gate terminal of each inverter. The minimum gate pulse voltage to turn ON the gate devices of the
inverter is should be 14V. This is inverter is connected to the feeder through a series injection
transformer.

Series Injection Transformer:

A 2KVA 110V/110V transformer is used for injecting the output voltage from the inverter into the
feeder. A fuse protection is provided at the input and output terminals of the transformer.

DSPACE 1103 Controller:

The control system of IDVR for the voltage compensation is developed using DSPACE 1103. The
DPSACE 1103 is real time interface control system. The DSPACE provides interface between the

computer and the hardware. The controller has been designed and simulated using both the
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Simulink and the DSPACE block sets, the MATLAB to-DSP interface libraries, Real-Time Interface
to Simulink, and Real-Time Workshop, all located on the workstation PC. The control algorithm is
developed in MATLAB and the dumped in the controller at one end. The other end of the controller
is interfaced with gate signals of the IGBT inverter. The advantage of using the DSPACE is it can
be closed loop controller and the accuracy of the controller is good. The control system developed
in DPSACE 1103 is explained in the next section.

7.2 Control System of IDVR

The major function of control system of IDVR is to detect the voltage sag in the line to which
IDVR is connected and then to regulate the IDVR for proper voltage injection to mitigate the
voltage sag. The control system designed in this chapter is for a single phase IDVR system.

Fig 7.2 represents the block diagram of the control system of IDVR. The source voltage and load
voltage are fed to the input of the control system. The following are working steps for algorithm in

control system:

Step 1: The load voltage is given to a control block. The control block checks whetherV, =V,
where V" =V, —(0.10*V,)

Step 2: The reference and load voltages are computed with the following equations.

* l
Vit = T Vsz(t) (71)
t-T
1 T
Vi= [ [V (7:2)

Where T :% , fis the fundamental frequency.

Step 3: The voltage error is calculated
-V, (7.3)

Step 4: The error is fed to a proportional integral controller.
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Step 5: The proportional Integral controller regulates the voltage error

Ve:r = Verr K P +Verr % (74)

Step 6: The regulated voltage error is given to the input of the PWM logic for generating the

required gate pulses to the single phase inverter.

Therefore, whenever a voltage sag is detected, the control system detects the sag and generates the
required gate pulses to the inverter for the voltage injection. This control system is present in the
building blocks of the DVRs of a considered IDVR. With the modelling equations and the control
logic, a test system with IDVR is experimented practically to test the bidirectional compensation

ability of IDVR. The next section describes about simulation results and followed by experimental

results.
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Fig. 7.2 Control System of IDVR

7.3 Simulation Results

The test power system shown in fig 7.1 consists of two single phase feeders, each fed with a voltage
source. Each voltage source is rated to 230V. The values of R1 of feeder 1 and R of feeder 2 are
given as 25Q each. There are two loads load 1 and load 3 connected to feeder 1 and feeder 2. Each
load is rated to 100Q2. The parameters of simulation block diagram shown in fig 7.1 are given in
table 7.1. The source and load voltages of two feeders in the absence of IDVR are given in fig 7.3
and fig 7.4.

Since the two voltages are rated to same voltage level and consists of same rated loads, the

magnitude of voltage sag is same in two cases.
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Table 7.1 Parameters of Simulink Block Diagram

Parameters Rating
Voltage Source of two Feeders 1D, 230V, 50Hz
Feeder Resistance of two Feeders 25Q
Load Resistance of two Feeders 100Q2
DC link Voltage 250V
DC link capacitor 2500pF
Ripple filter for DVR 1 R=10Q, C=35puF
Ripple Filter for DVR 2 R=10Q, C=35uF
Values of PI controller for two DVR1 and DVR 2 Ky=0.2,Ki=10
PWM switching frequency 10KHz

Consider feeder 1 in fig 7.1, the total resistance in feeder when switch Si is open is 125Q. With the
total resistance and source voltage, the current Iy in feeder 1 is calculated as 1.84A. Hence the
voltage across Load 1 is 184V (1.84A*100Q). In fig 7.3(b), the load voltage is observed to be
184V. The RMS voltage is 130V which is shown in fig 7.3(c).

The voltage sag is simulated at Load 1 of feeder 1 and Load 3 of feeder 2 between the interval of
0.2 to 0.6 seconds by switching ON and OFF the switches S1 and S> of the two feeders respectively.
Consider, Sy of feeder 1 is ON, an additional load (load 2) of 100Q is added in parallel to the
existing load 1. With the impact of load 2, the total resistance in feeder 1 is now changed to 75Q.
The current Iy is 3.06A. The load voltage is 3.06*50= 153V. Therefore, a voltage sag is observed in
both feeders shown in the fig 7.3(b) and fig 7.4(b) in the interval of 0.2 and 0.6 seconds. At 0.6
seconds when S1 is open, the voltage is resorted to 184V. The IDVR should compensate the
voltages in both feeders to 230V.

According to step 1 of control algorithm given in section 3, the control logic of IDVR enables the
mitigation of voltage sag if V| =V, where,v,” =90%V, which is 207V. From Fig 7.3(b) and 7.4(b),
the load voltage of feeder is 184V initially and 153 V during sag condition. Fig 7.5 and fig 7.6

represents the source and load voltages in the presence of IDVR. By observing fig 7.5(b) and
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7.6(b), it can be concluded that the IDVR could clearly compensate the voltage sags in fig 7.3(b)
and 7.4(b) in both feeders at same time. With aid of PWM logic and RC filters, the distortion in the
output of inverter of IDVR is completely eliminated. Hence the voltage injected by the two DVRs
of IDVR is sinusoidal. With the presence of IDVR, the two feeders are protected against the voltage
sag at same instance of time. Therefore, the bidirectional compensation of IDVR is justified with
the evaluation of simulation results.

In order to justify the in phase compensation technique of IDVR, the resistive loads, Load 1 and

Load 3 shown in Fig 5 are replaced as RL and RC loads in two different cases.

7.3.1 Case 1- Load 1 and Load 3 Replaced as RL Loads

The loads 1 and 3 shown in fig 7.1 are assumed as RL loads with the value of R=99.59Q and
L=0.183H for calculation convenience. As the supply frequency is 50Hz, the impedance of the each
load is Z= (99.59+57.51) Q. Consider load 1, as the supply voltage is the current passing through
load 1 is calculated as | =22 —30A.

The value of the current indicates that the current passing through load 1 lags the voltage by 30°.
The simulation results shown fig 7.7 substantiate the calculated values. Fig 7.7(a) represents the
load voltage and current at load 1 in the presence of IDVR during the compensation and the zoomed
portion is shown in fig 7.7(b). From the results obtained, it is clearly understood that the phase
angle of the load voltage remains same and the phase angle of the current is only changed by the
replacing the load 1 with RL load. Hence it is clearly acceptable that the in phase compensation
technique of IDVR can mitigate the voltage sag for RL load also. The results are similar to load 3
connected to feeder 2

7.3.2 Case 2-Load 1 and Load 3 Replaced as RC loads

In the above case the in phase compensation technique is explained for RL load. In order justify the

technique in more in all the possible cases of load, the load 1 and load 3 in fig 7.1 are replaced with
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RC load. The values of R and C are assumed as 99.59Q and 55uF respectively. With the same
supply voltage the load 1 current is calculated as 1 =2£—30A . Here in this case the current is
leading the voltage by 30°. Fig 7.8 shows the simulation results of voltage and current of load 1 in
the presence of IDVR during the compensation. Likewise in case 1 with RL load, the in phase
compensation technique is working efficiently for RC load.

Hence it can be concluded that the in phase technique proposed for voltage compensation of IDVR
is proven efficient in mitigating voltage sag irrespective to the type of load.

Therefore, the bidirectional compensation of IDVR is justified with the evaluation of simulation

results. For further evaluation a laboratory prototype of IDVR is developed. The experimental

JWI?

1
0 0.1 0.2 03 0.4 05 0.6 0.7 0.8
Load Voltage
T T

0.9
I I
" W
1 1 | L
0.9

results are explained in the next section.

Source Voltage
1 T

[*]
=
=

=
S

=
=
T

(a)
Voltage (in Volts)
=

1]

=1

=
T

=
=

(b)

Voltage (in Volts)
=

.200 1 1 ] 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Load RMS Voltag
. . 0a uael
[ /
50

0.1 0.2 0.3 04 05 0.6 0.7 08 0.9 1
Time (seconds)

-
=
=

()

Voltage (in Volts)

=
T

Fig. 7.3 (a) Source Voltage of Feeder 1 (b) Load Voltage of Feeder 1 (¢) RMS Voltage of Load

1 in the absence of IDVR.

109



Mitigation of Power Quality Problems using IDVR

Source Voltage
T T T goyolage T T T
200 ul
z
o 100
>
£ o
Py
1=
£ -100
2
-200
f ! 1 1 1 1 1 1 1
0 0.1 0.z 03 0.4 0.5 0.6 0.7 0.8 0.9 1
Load Voltage
200 . : : RO T T ;
Z
£ 100
>
—c
2= o
@
o
£ 00
°
=
200 1 L L L 1 L 1 1 i
1] 0.1 0.2 03 0.4 0.5 046 0.7 0.8 0.9 1
Load RMS Voltage
T T T T T T
) /
< 100 4
>
o
e SO B
)
o
> 0 1 1 1 1 1 1 1 1 1 =
Q 01 0.2 0.3 0.4 0.6 0.7 0.8 0.9 1

0.5
Time (seconds)

Fig. 7.4 (a) Source Voltage of Feeder 2 (b) Load Voltage of Feeder 2 (c) RMS Voltage of Load

2 in the absence of IDVR.

Source Voltage
T T

N
=3
S
T

(a)
Voltage (in Volts)
y
o

200 1 il il L ] 1 ! il il
0 0.1 02 0.3 0.4 0.5 0.6 07 0.8 0.9 1
= Load Veltage
ﬂ 200 T T T T T T T T T i
]
F4
~E
g
@
o
s
$ -200 ] | ] ) 1 ) A ) A
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1
. Load RMS Voltage
ERES E
S
>
— £100 b
<
% sof ]
=
§ (113 1 L 1 1 1 1 L L L -
o 01 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Time (seconds)

Fig. 7.5 (a) Source Voltage of Feeder 1 (b) Load Voltage of Feeder 1 (c) RMS Voltage of Load

1 in the presence of IDVR.

110



Mitigation of Power Quality Problems using IDVR

Fig. 7.6 (a) Source Voltage of Feeder 2 (b) Load Voltage of Feeder 2 (c) RMS Voltage of Load

2 in the presence of IDVR.
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Fig. 7.8 (a) Simulation of load 1 as RC load in the presence of IDVR. (b) Zoomed Portion of
voltage and current in 7.8 ()

7.4 Experimental Results

A two line IDVR laboratory prototype model is shown in fig 7.9. The prototype model is
developed for experimental verification of bidirectional compensation of IDVR. The schematic
layout of hardware set up is shown in fig 7.10. The parameters of prototype model are given in
table 7.1. Due to laboratory technical constraints the total experiment is performed in low voltage
levels. A voltage source of 25V is fed to each feeder. The voltage source of each feeder is fed to a
resistance of 90Q. The loads of each feeder are rated to 100Q2. A double pole single throw switch is
provided to add an additional load of 100Q for both feeders so that the voltage sag is created in
both feeders at same instance of time. The voltage source inverters shown in fig 7.9 are PWM
based voltage source inverters having insulated gate bipolar transistor (IGBT) switches. The LC
filters are present to filter the harmonics in injected voltage and current present at the output of the
voltage source inverter. The implementation of algorithms of control system of IDVR system are

accomplished with DSPACE DS1103 control board.

Table 7.2 Parameters of Prototype Model

Parameters Rating
Voltage Source of two Feeders 1D, 25V, 50Hz
Feeder Resistance of two Feeders 90Q
Load Resistance of two Feeders 100Q
DC link Voltage 50V
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DC link capacitor 500uF

Ripple filter for DVR 1 R=5Q, C=10pF

Ripple Filter for DVR 2 R=5Q, C=10pF

Values of PI controller for two DVR1 and DVR 2 Kp=0.2,Ki=10
PWM switching frequency 10KHz

Fig 7.11 and fig 7.12 represents the load voltages of feeder 1 and feeder 2 in the absence of IDVR.
Consider one feeder in the experimental set up in the absence of IDVR. The total resistance in
feeder before switch is open is 190Q. The current in the feeder 1 is 0.13A. Therefore, the load
voltage of feeder is 13V (0.13A*100Q) which can be observed in fig 7.11. The second feeder
voltage is also similar because the two feeders have same parameters ratings. The second feeder

voltage is 13V which can be observed in fig 7.12.

The load voltages of two feeders are dropped to 8V at 0.15S when switch is closed. After closing
switch the total resistance in each feeder is 140€Q2. Hence the current is 0.17A and the load voltage
is 0.17*50=8.9V. Hence a voltage sag is applied in both feeders at same time between 0.15s to 0.5
s. The load voltage in both feeders (fig 7.11 and fig 7.12) is observed to be restored to 13V, when
switch is open. The set value of IDVR to initiate compensation is 20.7V (90% of Vs=25V). The
compensation algorithm starts to compensate as the load voltage observed is 13V and 8V during

sag condition. .

In the presence of IDVR, the load voltages of both feeders are given in Fig 7.13 and Fig 7.14.
Whenever the load voltage is less than the compensation limit, the control system of IDVR senses
the voltage error and regulates the PWM logic to generate the gate signals to the voltage source
inverter. The inverter injects the necessary voltage into the system so that the voltage sag is
mitigated. As observed in fig 7.13 and fig 7.14, the load voltage in two feeders is maintained to

25V by the IDVR and the voltage sag between the intervals of 0.15 to 0. 5 seconds is compensated
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by the IDVR at same instance of time. Therefore the bidirectional voltage compensation with
IDVR is verified with the experimental results.

Hence considering experimental results, the IDVR can be utilized for mitigation of voltage sag

simultaneously in multiple feeders at same instance of time.
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AT .
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Fig. 7.9 Laboratory Prototype of IDVR system
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Fig. 7.11 Load Voltage of Feeder 1 in the absence of IDVR
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Fig. 7.12 Load Voltage of Feeder 2 in the absence of IDVR
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Fig. 7.13 Load Voltage of Feeder 1 in the presence of IDVR
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Fig. 7.14 Load Voltage of Feeder 2 in the presence of IDVR

7.5 Conclusion

This chapter proposes the concept of bidirectional compensation of IDVR. A test system
comprising of a two feeder IDVR system is considered. The voltage sag is applied in two feeders at
same instance and the effectiveness of IDVR in mitigating the voltage sag in both feeders at same
instance is verified with experimental setup. The experimental results are obtained by developing a
laboratory prototype model of IDVR. A control system for IDVR is developed for sensing the
voltage error and regulating the IDVR to inject the required voltage for the mitigation of voltage
sag. The experimental results have proven the efficient operation of IDVR in mitigating the voltage
sag in two feeder topology at same instance. Hence IDVR can be utilized for multi-level feeder

voltage compensation.
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Chapter 8

Conclusion

8.1 Conclusion

The electronic equipment loads are sensitive towards the power quality problems. Consequently the
power quality is playing a vital role in effective operation of sensitive loads. One of the major and
frequently occurring power quality problems is voltage sag/swell and harmonics. The optimal
solution for this is the Flexible AC Transmission Systems (FACTS) device known as Interline
Dynamic Voltage Restorer (IDVR). In this thesis, the IDVR is utilised to mitigate the voltage
sag/swell and harmonics in the distribution level of power systems. The inverter and DC link of
IDVR are modelled to get a controlled output from IDVR. Further, the IDVR is tested in various
configurations and applications of power system. The IDVR has proven its efficiency in mitigating

the voltage sag/swell in all the considered cases.

The major contribution of the research work is the implementation of bidirectional compensation of
IDVR. IDVR is the only D-FACTS device which has a capability of compensating simultaneous
voltage sag/swell in multiple feeders at same instance of time. Hence, bidirectional compensation of

IDVR is one of biggest advantage of IDVR.

The second major contribution of thesis work is represented in chapter 5. In this chapter the
performance of IDVR with CSI and VSI as its building blocks for mitigating voltage sag and
harmonics was compared. Voltage sag was created in three different ways; sudden switching of
load, with single phase to ground fault and double phase to ground fault. In all the three cases the
IDVR with either CSI or VSI as its building blocks was used to mitigate voltage sag and harmonics.
The results with VSI and CSI are compared in all the three cases. Based on the results obtained in

all the three cases, the performance of IDVR in mitigating voltage sag in all the three conditions
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with VSI or CSI was observed to be same. But, for THD the performance of IDVR with CSI as
building block was giving better result than IDVR with VSI. The individual magnitudes of

harmonics are decreased with CSI than VVSI due to the DC link inductance of CSI.

The real time application of IDVR, is IDVR designed for a specific application to mitigate power
quality problems in an existing real time load. The electrical load of BITS Pilani Hyderabad
Campus is considered as real time load, where the sensitive loads that are effected with the voltage
sag/swell are identified. It is observed that the IDVR is able to maintain the voltage to the rated
value effectively. Therefore the IDVR is helpful in solving the problems of voltage sag/swell in the
considered real time load and with the IDVR, multiple voltage sags/swells are mitigated at same

time, thereby protecting the sensitive loads from the voltage disturbances.

With the insight of the simulation results a prototype model of IDVR is developed. The experiment
on laboratory prototype model of IDVR with the two feeder power system has been developed
using DSPACE 1103. A test system comprising of a two feeder IDVR system is considered. The
voltage sag is applied in two feeders at same instance and the effectiveness of IDVR in mitigating
the voltage sag in both feeders at same instance was verified with experimental setup on a small
scale rating. The experimental results have established the efficient operation of IDVR in mitigating

the voltage sag in two feeder topology at same instance.

Over all the IDVR is the economical and optimal device for mitigating the voltage sag/swell in the
distribution system. IDVR suits well to mitigate multiple voltage sags in various distribution

feeders.

8.2 Future Work

The research on IDVR can be extended further in the level of voltage sag compensation. The first
recommendation for future work in the thesis is extension of voltage sag compensation to multi-
level i.e. more than two feeders. In total thesis work the voltage sag compensation was only
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experimented to only two feeders. The performance of IDVR in mitigating voltage sag can be
experimented with more than two feeders. With multi-level compensation, utilization of IDVR for
voltage sag compensation can be justified in a better way:.

The experimental prototype of IDVR is developed to substantiate the effectiveness of the IDVR in
improving the voltage profile during the case of simultaneous voltage sag in different feeders. Due
to technical constraints the voltage source level is scaled down to 25V for each feeder. The future
scope of research is to scale up the voltage level to 230V for single phase and 415V for three phase
IDVR system. The prototype results can be analyzed in a better way by connecting the IDVR to a
power system simulator. The power system simulator resembles the generation, transmission and
distribution of a power system. If the IDVR is connected to the distribution side of power system
simulator, the results obtained will justify the voltage compensation ability of IDVR in a more

practical manner.
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