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ABSTRACT

The present power system is confronted with a lot of impediments; ranging from
reliability problems, faults and voltage inconsistency among others, which originate from
the recent sudden increase in demand of electrical power globally. These problems
coupled high quality and reliable electrical power demand from the consumers necessitate
the utility companies and research groups to devise some techniques to improve the
reliability of the whole power system. Among the approaches developed recently, are the
turn-around advanced system improvement regarded as Smart Grid technology. The most
renown of these techniques applied to distribution system for its reliability improvement
are dynamic voltage restorers, fault locator schemes, fault passage indicators, fault current
limiters together with substation, distribution and feeder automation which are mainly
achieved through the use of power electronics devices. Among these devices, FACTS
devices proved to be the leading team. In this thesis, two of these devices; Distribution
Static Synchronous Compensator (D-STATCOM) and Dynamic Voltage Restorer (DVR)
are modelled and simulated using PSCAD/EMTDC software. Their ability in restoring
power quality when there is fault is tested and comparative analysis is carried out. The
thesis is extended to testing these devices’ capability in integrating photovoltaic system
to a utility grid. The impact of PSS on the devices’ respective DC link capacitors and
power exchanges (active and reactive) taking place between the devices and the AC
system is analyzed. This is due the fact that integrating disperse generation sources is one
of the important feature of Smart Grid.

Keywords: Smart Grid, Power Quality, D-STATCOM, DVR, PSS, PSCAD/EMTDC.
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0z

Diinya capinda elektrik gilic ihtiyac1 artmasindan dolayr giliniimiizdeki gii¢
sistemleri bircok problemler kars1 karsiyadir; giivenilirlik problemi, kisa devre arizalar
ve gerilim uyusmazlig1 gibi problemler bunlardan bazilaridir. Bu problemlerden dolay:
arastirmacilar ve elektrik sirketleri tiiketicilerin yiiksek kalitede giivenilir elektrik giicli
isteklerini karsilamak i¢in kullanilacak yeni teknikler bulmalar1 gerekmektedir. Son
zamanlarda gelistirilen yaklagimlar arasinda ileri sistem diizeltmesi olarak bilinen Akilli
Sebekeler teknolojisi sayilabilir. Dagitim sistemler i¢in en ¢ok kullanilan giivenilirlik
tyilestirme tekniklerden dinamik gerilim diizeltici, ariza arama planlari, ariza gecis
gostergesi, akim ariza sinirlayicilari ile transformator, dagitim ve besleyicilerin
otomasyonu ki bunlar genellikle gii¢ elektronigi cihazlarinin kullanimiyla elde edilir. Bu
cihazlardan Esnek AC Iletim (FACTS) cihazlari en iyi ¢6ziim oldugu ispatlanmistir. Bu
caligmada cihazlardan ikisi; Dagitik Statik Senkron Diizenleyici (D-STATCOM) ve
Dinamik Gerilim Restoratér (DVR)’ii PSCAD/EMTDC yazilim1 kullanarak modellendi
ve benzetimi yapildi. Bunlarin ariza olmasi durumunda gii¢ kalitesini geri getirebilme
kabiliyetleri test edildi ve bu cihazlarin karsilastirmali analizi ger¢eklestirildi. Bu tez, bu
cihazlarin fotovoltaik sistem ile sebekeye baglanmasi Kkabiliyetinin testi ile
genisletilmistir. Cihazlar ve AC sistemi arasindaki aktif ve reaktif giic degisiminin
fotovoltaik sisteme etkileri incelenmistir. Sebekeye dagitilan iiretimi kaynaklarini
entegresi Akilli Sebekelerin 6nemli 6zelliklerden biridir.

Anahtar Kelimeler: Akilli Sebeke, Gii¢ Kalitesi, D-STATCOM, DVR, Fotovoltaik
Sistem, PSCAD/EMTDC.
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CHAPTER ONE

INTRODUCTION

1.1 PREAMBLE

Sequel to the sudden boost in technological innovations and rapid hike in the world
population, high quality and reliable electrical power (in particular) demand has
significantly increased recently which is roughly estimated to double by next decade [1].
This impediment has exert a heavy burden on the present traditional power systems
leading to so many power quality problems; voltage inconstancy, frequency fluctuations,
poor reliability caused as result of overloading the transmission and distribution lines
thereby forcing it to its crucial stability and thermal limits [2]. It is statistically established
that about 85 to 90% of these problems initiated from distribution systems [3]. These have
made operation and maintenance costs agonizingly high, therefore make it necessary for
the electric utilities to devise some measures for improving the system reliability. Among
the approaches employed are the installation of lightning arrestors, replacing overhead
bare conductors with insulated and underground cables or network expansion
(construction of new generating stations, transmission and distribution lines). This is not
economical, time consuming and environmentally unfriendly, and suffers authorization

problems as not all countries allows some [4-6].

Alternatively, some research groups, utility companies and government agencies
have envisioned transforming the existing traditional grid into an efficient, self-
controlled, sustainable and reliable power grid termed as Smart Grid [7]. This modernized
system is expected to encapsulate information, computational intelligence and two-way
cyber-secured communication technologies that allows both the consumers and the
suppliers (utility companies) to have control over the behavior of the network at large in

an automated style unlike the present one that gives only the suppliers such opportunity.



It is also expected to safely accommodate, in to the grid, Distributed Generation Sources
(DGS); both renewables and non-renewables like photovoltaic solar farms, wind turbines,
fuel cells and wave generators with aid of two-way power flow, sophisticated controls,
advanced electric storage system such flow batteries or flywheels, power electronic
devices and grid automation technologies. Smart grid technology responds to changes
anywhere in the grid, ranging from power generation, transmission, distribution down to
consumption by taking necessary actions automatically and communicates with both the
utility company and the customers about the situation. Among the key Smart Grid
technologies applied to distribution system for system reliability improvement are
dynamic voltage restorers, fault locator schemes, fault passage indicators, substation
automation, distribution automation, feeder automation and fault current limiters which

are mainly achieved through the use of power electronic devices. [8-12].

For Smart Grid to be fully materialized, fast and reliable controls are necessary
especially for power quality control and integrating DGS to the grid. Power electronics
under the umbrella of Flexible Alternating Currents Transmission Systems (FACTS) play
an important role in such applications [4]. They are the best option as fast-solid-state
switching devices driven by modern control algorithms are used, thereby ensuring fast,
precise and real-time controls for transient or dynamic stability of the power systems [3,
13]. Among these devices, Distribution Static Synchronous Compensator (DSTATCOM)
and Dynamic Voltage Restorer (DVR) play exceptionally important role in reactive
power compensation and voltage stability in distribution networks [14-18].

1.2 MOTIVATION

The need to transform the existing electrical power grid in to a smart one,
necessitates the evolution of Smart Grid. To actualize this, power electronic devices are
of paramount importance especially when it comes to power quality control, frequency
control and integration of Distributed Generation sources (DGS). Among these devices,
STATCOM and DVR have significant contribution to such applications, hence employed
for the research. Their efficiency, fast switching ability, coupled with the most efficient
modulation for their control, motivated and encouraged me to carry out the research.
Power System Computer Aided Design / Electromagnetic Transient for Direct Current
(PSCAD/EMTDC) software is used for all the simulations and testing during the research.



1.3 SCOPE/OBJECTIVE OF THE THESIS

The aim and objective of this thesis is to study various advantages and benefits that
can be derived from power electronic devices to improve and transform the existing
traditional distribution grid to Smart distribution Grid. The scope of the thesis extends to
modelling a smart test distribution network, in PSCAD/EMTDC environment, to
ascertain the contribution and effectiveness of these devices in handling two-way power
flow, which is one of the essential feature of Smart Grid. This network comprises of
distribution generation facilities (Photovoltaic), Custom Power devices (Distribution
Static Compensator, D-STATCOM and Dynamic Voltage Restorer, DVR, sensitive loads
and some balanced faults. These devices are separately tested to determine how effective

they are in improving system power quality with and without a photovoltaic system.

1.4 THESIS ORGANISATION

This report is categorically divided into five chapters. After this first introductory
chapter, Chapter 2 gives an overview of some Smart Grid technologies, FACTS devices
with their basic classifications and applications. The third chapter presents the modelling
and design techniques used to come up with the entire test system. Chapter 4 presents
simulations carried out together with the results obtained. While the last chapter

concludes the report, makes some recommendations and showcased the future work.



CHAPTER TWO

BACKGROUND

2.1 SMART GRID

Electrical grid is an interconnected network for delivering electricity right from
generating stations that produce the electrical power, high-voltage transmission lines that
carry the power from distant sources to demand centers, and distribution lines that connect

individual customers. Fig. 2.1 shows the main components of an electrical grid.
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Fig. 2.1: Electrical grid main components [19].

The existing power grid has lots of drawbacks; ranging from infrastructural
problems, management, security, operational and maintenance costs and the likes. These
necessitate the evolution of Smart Grid to solve these problems [7]. All aspect of the

present power system have to be upgraded to come up with the Smart Grid.



“Smart Grid is an efficient, self-controlled, sustainable and reliable electrical power grid
that encapsulates information, computational intelligence and two-way cyber-secured
communication technologies across the entire grid to enable more dynamic flows of
information and power thereby integrating the behaviors and actions of all users
connected to it; suppliers (utility companies), consumers and those that do both in an
automated style.” [10, 11].

The system is the state-of-the-art improvement of the existing power grid, as all
aspect of power system have to be improved. Power electronic devices are the leading
elements in this transformation especially in distribution networks. Fig. 2.2 shows some

components of Smart distribution Grid.
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Fig. 2.2: Some components of Smart distribution Grid [20].

European Technology Platform categorically conceptualized the notion of Smart Grid
(ETP Smart Grids 2010) on the following factors [10]:

Optimizing grid operation, use and infrastructure

Integrating large intermittent generation

>
>
» Information and communication technology
» Active distribution networks

>

New market places, users and energy efficiency

5



While the U.S. Energy Independence and Security Act (2007) emphasized on [11]:

> Full cyber-security, smart technologies and appliances

»  Timely consumer information and control

» Standards for communication and interoperability

The present traditional power grid is not fully equipped to accommodate intermittent

sources, as it has a single flow path for the power system. Smart Grid technology

introduce two-way or multiple channels for power flow and information. This will give

consumer the chance to produce electricity through DGS, and supply it to the grid.

However, sophisticated controls are needed due power quality distortions. Smart Grid

differs from present traditional grid based on many factors as summarized in Table 2.1.

Table 2.1: Difference between existing conventional grid and future Smart Grid [10]

Factors Existing Conventional Future Smart Grid
Grid
Voltage Control | EM excitation control of | Achieved through digital power

generators and  manual

reactive power control

electronic devices control of

reactive power

Communication | Unidirectional path  for | Multidirectional path for
and Power flow | Information and power flow | Information and power flow
Generation Centralized Distributed and robust
Sensing No or less sensors Sensors throughout the system.
Monitoring and | Manually monitored and | Computerized monitoring and

Troubleshooting

restored

self-healing

Costs Expensive operational and | Cheaper due to automation in
maintenance costs control and DGs as an alternative

for generation
Customer Less customer choices and Interactively, end-users  are

Participation

participation

involved in the system operations

Environment

Unfriendly because of the

emission; heat, burnt

carbonized products

Friendly due to the introduction of
DGs that gradually decarbonize
the electricity




2.1.1 Components of Smart Grid

According to the National Energy Technology Laboratory, the components of

Smart Grid are summarized as, but not restricted to [9]:

» Advanced system infrastructure; comprising of transmission and distribution
networks, power electronics devices (converters, power flow controllers and
compensators), plug-in hybrid electric vehicles and distributed generation sources.

» Advanced and smart control components; to ensure high power quality, advanced
Supervisory Control and Data Acquisition (SCADA) systems, intelligent control
systems, long and short term weather forecasting, automation in failure detection
and self-healing.

» Integrated communications; comprising of digital wireless communication,
Broadband over Power Line (BPL) and hybrid power coax.

» Sensing and measurement; including advanced protection systems, wireless,

intelligent system sensors and Advanced Metering Infrastructure (AMI).

Smart grid, if fully optimized, will not only revolutionize the existing power grid in
terms of efficiency, bursting electricity market, consumer participation, monitoring, but
will perfectly integrate intermittent generation sources into the grid and can self-heal itself
from voltage instability and reactive power problems.

Self-healing
Enable high penetration of consumer
intermittent generationsources participation
High quality S| Nna rt G rld Resist attack
power

Functions B

ét' . Accommodate
ptimize generation options |

assets

Enable electricity
market

Fig. 2.3: Functions of Smart Grids [20]



To fully establish Smart Grid, power electronic devices, under the umbrella of
Flexible Alternating Current Transmission System (FACTYS), are very essential especially
in power quality improvement, two-way power flow application and integration of

alternative energy sources.

This thesis focused on power quality improvement that can be achieved with aid of

these devices giving less emphasis on the communication aspect of Smart Grid.

2.1.2 Distributed Generation as an Important Feature of Smart Grid

As part of the provisions of Smart Grid to meet the demand of the consumers with
a quality and uniterrupted power supply, Distributed Generation facilities are necessary
to improve the generation capability and enhance scheduling of the load. It gives
consumer the room to sell power to the utility during peak hours and supply himself at
the same time, depending on the capacity of the DG. Integrating these systems to the grid
causes lots of problem which includes distorting the power quality and causing difficuties
in control through voltage and frequency mismatches. However with aid of power
electronic converters and compensators, all the these problems can easily be contained.

They are grouped based on the type of fuel used [8].

» Renewable Energy Sources; Photovoltaics, Wind, Tidal or HEP.

» Non-Renewable; Microturbines, fuel cells, reciprocating engines are based on gas.

Among these DGS, Grid-tied Photovoltaic Solar System (PSS) is choosen and
modeled to study its impact to the grid, together with its interaction with FACTS devices

in realising Smart Grid.

2.1.2.1 Photovoltaic Solar System

Photovoltaic Solar System (PSS) has wide range of generation capacity ranging
from hundreds of MW like in Perovo Ukraine (100MW), Solana Generation Plant, Gila
Bend (280MW) and Topaz solar farm (550MW) in USA to small domestic rooftop
systems generating few kW [21].



It can be off-grid type; which is not integrated to the grid, or grid-tied system that
Is connected to the local utility network and can therefore supply power back to the grid
through the distribution panel [22].

PSS simply comprises of the solar cells array as the source, DC-DC converter,
storage system, DC-AC inverter, filter and distribution panel (in the case of grid-tied) and

coupling transformer (typically step-up) as shown in Fig 2.4.

_;-—‘_:—_
Solar ‘ W E I'l i'
Radiations Loads
el 9
A

DC-DC Converter DC-AC Inverter LCL Filter

DC - . Distribution
‘DC Panel
For MPPT Remove any riffles or
application. distortions in the

Coupling
converted power Transformer
PV-Cells Battery
Array Storage

System

AC Grid

Fig. 2.4: Schematic representation of PSS

The cells receive the solar energy (photons) which energize the charge carriers in
the cell thereby generating electron-hole pairs or simply the current. The DC-DC
converter employed for Maximum Power Point Tracking (MPPT) maintain the generated
power at the MPP. The storage system, mostly comprising of batteries, stores excess
energy when the generation exceeds the local demand (in the case of off-grid PSS). This
DC voltage is then inverted to AC having same the frequency as the utility [23]. This is
achieved with aid of DC-AC inverter after which the riffles and some distortions are
removed from the supply through a filter. The coupling transformer steps up the voltage
to the grid level and provides a galvanic isolation between the PV and the AC grid [22].

Due to the widely available renewable and sustainable energy source, photovoltaic
solar systems have witnessed rapid penetration exponentially in the world market and

electrical grid in the last decade.

Fig. 2.5 shows global evolution of PV annual installations from 2000-2012. It can
be deduced that European countries patronize PV more than other countries in the world.
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Fig. 2.5: Global evolution of PV annual installations from 2000-2012 [24]

2.2 POWER QUALITY ASPECTS

The fundamental purpose of electrical power system is to efficiently convert energy
from one of the naturally existing forms; chemical in natural gas, tidal in waves, potential
in waterfall, solar from sun radiation among others, to electrical form and transform it to

the consumption centres. While doing so, the system is expected to [2]:

» Adjust to continually changing load demand for both active and reactive power
» Be environmentally and economically friendly
» Meet certain mininum standards in respect to:

¢ Voltage Stability

¢ Real and reactive power quality

e Frequency constancy

e Level of reliability

10



2.2.1 Voltage Stability

Simply defined as the “ability of a power system to maintain steady acceptable
voltage levels at all buses in the system under normal operating conditions and after being
subjected to a disturbance thereby meeting its reactive power demand” [2]. The main
voltage stability problems encountered in the present power system are [25]:

2.2.1.1 Voltage Sag (Dip): Is defined as “a decrease of root mean square (rms) voltage
from 0.1 to 0.9 per unit, for a duration of 0.5 cycle to 1 minute”. It is believed to be the
utmost problem of power quality. It is mainly caused by fault, overloading or starting large
induction motors. Fig. 2.6 shows voltage waveform during a balanced sagging. Sagging is

similar to brown-out, but the latter takes longer time in the range of minutes or even hours.

2.2.1.2 Voltage Swell: Is defined by IEEE 1159 as “increase of root mean square (rms)
voltage from 1.1 to 1.8 per unit, for a duration of 0.5 cycle to 1 minute”. It is also referred
as “momentary overvoltage”, not as common as voltage sagging and mainly caused as
result of switching large capacitive loads or de-energizing very large loads. It is depicted
in Fig. 2.6.

VolageWaveform show ing (a) SAGGING (b) SWELLING (c) NTERRUPTION

100- ® \oltage Wavefarns
+¢ | Normal (b) Swelling
': 0 | (a) Sagging ' (c) Interruption
> 55- ' ’
: R
& 2 |
= o
S 1-
-100-
Time 180 180 20 220 24 200 280 200 120

Fig. 2.6: Voltage waveform during balanced swelling, sagging and interruption
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2.2.1.3 Voltage Interruption: Is simply the reduction of rms voltage by at least 0.9 p.u
within a duration of less than one minute. They are mostly caused by excessive
overloading, faults due to accidents, components mal-functions or scheduled downtime
(planned). This is depicted in Fig. 2.6.

2.2.1.4 Voltage imbalance (Asymmetry): Is a variation in voltage magnitude or phase
angle in a 3-phase system, mainly caused by incorrect distribution of single phase loads.

Fig 2.7 shows the voltage waveform with varying magnitudes and phase angle.

Voltage Waveform showing imbalance in one of the phases

= Voltage Waveforms
150 - Voltage Waveforms

1.00 1
0.50 +
0.00

-0.50

Voltage (kV)

-1.00

150 4
Time ... 1.20 1.30 1.40 1.50 1.60

Fig. 2.7: Voltage waveform with varying magnitude in one of the phases

The aforementioned problems and (most likely more) are mostly caused by [2];

Inappropriate locations of FACTS controllers

High reactive power consumption at heavy loads
Occurrence of contingencies

Inverse operation of On-Load Tap-Changer

Locating voltage sources faraway from the load centers

Poor coordination between multiple FACTS controllers

vV V V V V VYV V

Variation in transmitting reactive power to heavy or sensitive loads
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2.2.2 Maximum Power Transfer and Control

Referring to Fig. 2.8 that depicts the power flow between two arbitrary buses in a system.

Es/6s Vr/6r

Y Y Y\
Pr+jQr
Bus1 Bus2
Fig.
2.8: Real and reactive power transfer between two buses [4]
The real power transferred from bus 1 to 2;
Pr = 228 sin(6s — 6p) (2.1)

XL

Where Es, Vg, 65 and 6y are the voltages and phases of bus 1 and 2 respectively. X, is the

transmission line reactance having negligible resistance and capacitance. Fig. 2.9 depicts

the power-angle characteristic curve, obtained from Equation (2.1) by keeping the E;ﬂ
L

term constant. This shows that the maximum power is transferred at the phase shift of %

-
-l

o S o
A (o)} (0] =

=
N

Real power transfer to Bus 2 (pu)

0 1 i i 1 i 1 i A
0 20 40 60 80 100 120 140 160 180
Phase shift between the angles of the two buses (degrees)

Fig. 2.9: Power-angle curve of a transmission line [4]

13



The complex power transferred from bus 1 to 2;

S12=Pr +jQg
Es—V
Ii; = SXL . (2.3)

l12, Pr and Qr are the current and power flowing from bus 1 to 2 respectively.
S12 ={|Es|? = |Es||Vgl£ (65 — 6g)}(G + jB) (2.4)

For a lossless transmission line, the conductance G = 0. The real part of Equation (2.4)

shows the real power received at bus 2, while the imaginary shows the reactive power.
Pr = |Es||Vg| Bsin(6s — 6g) (2.5)
Qr = |ES|ZB — B|Es||Vg| cos(8s — Or) (2.6)

Simplifying for V in Equation 2.5 gives the P-V (nose) curve (Equation 2.7) that is used

to determine the stability of a system with respect to real power and voltage.

Vel? = L _Bon g [IEs _Pa (P y gy 2] @)

Where B is the susceptance of the line and g is the tangent of the power angle. Fig. 2.10

shows the P-V curve at various power factors.

VR IEg 091lag 0951lag 1.0 0.95lead 0.9 lead power factor

1.0

0.8 | 7 \

0.6 } 4
04rF
Note: Pg,,,, is the maximum power
02+ transfer at unity power factor
0.0 ‘ . - y * ’ - ; PR/PRMAX

00 02 04 06 08 10 12 14 1.6

Fig. 2.10: P-V curve at various power factors [4]
The operating points above the dashed lines is in the voltage stable operation and is

critically stable if is operating along the locus of critical locus point. While below the
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critical operating point, the system is unstable which may lead to system breakdown. Fig.
2.11 shows the Qr-Vr curve at bus 2 obtained from Equation 2.6.

QR/PRMAX

1.00  Note: Pg,,,, is the maximum power
transfer at unity power factor

Locus of critical points

-0.25

-0.50 - T . . : - Vi /Eg
00 02 04 06 08 10 12 14

Fig. 2.11: Q-V curve showing the critical stability point [4]

Voltage stability limit is reached at the critical point where the % reaches zero. The

R
system is completely unstable where the gradient of the curve is negative (left of the locus
of critical points) and is stable at the right side of the locus. However, stable operation can
be achieved at the left side of the locus (unstable region) through the effective use of

reactive power compensation techniques with FACTS devices [4].

2.3 OVERVIEW OF FACTS DEVICES

FACTS devices are defined as "a power electronic based system and other static
equipment that provide control of one or more AC transmission system and increase the

capacity of power transfer.” [25].

Due to the complexities of power transmission and distribution networks especially
when coupled with DGs, the use of fast switching high-power electronics is inevitable to
enhance the system’s reliability, robustness and maintainability [4]. This is in addition to

providing enabling environment for DGs integration to the grid.
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There are so many types of these devices, even though some are modernized to
improved their switching capability and power handling capacity. Before installing these

devices, three main factors are to be considered [5]:

» The type of the device
» The (power handling) capacity required

» Suitable location to optimize the device performance

2.3.1 Benefits of FACTS Devices for Power Quality

Employing these devices in either distribution or transmission system will effectively [4]:

» Optimize system operation by reducing power losses and improving voltage profile

> Increase the system’s reliability and availability by overcoming problems of
dynamic voltage fluctuations; voltage sags and swells.

» Enabling the system to fully utilize the existing T and D assets.

» Improve the dynamic and transient grid stability and reduction of loop flows.

» Correct power quality problems ranging from pf correction, harmonic distortion
reduction, phase angle control and limitation of fault currents among others.

> Integrate renewable and distributed generation sources to their storage and the grid.

2.3.2 Classification of Power Electronic Devices

Whether employed for distribution system; referred to as custom power devices or in

transmission, FACTS devices can be classified based on many factors [4, 13]:

» Configuration or connection style to the network

Depending on their connection type to the network, FACTS can also be categorized as:
e Series FACTS devices
e Shunt FACTS devices
e Combined Series-Series FACTS devices
e Combined Shunt-Shunt FACTS devices
e Combined Shunt-Series FACTS devices

16



» Switching properties

FACTS can also be grouped based on the nature of the semi-conductor devices used:

e First Generation or conventional FACTS devices works like passive elements
using impedance or tap changing transformer monitored by a gate controlled
Thyristor or Silicon Controlled Rectifier (SCR).

e Second Generation or Converter based FACTS devices using VSC-based
control, having the ability to generate active power and exchange reactive

power with the system. They have faster response time of about 1-2 cycles.

Tables below summarize these groupings with some application areas of these devices.

Table 2.2: Classification of major FACTS (First Generation) devices [4, 13]

DEVICE CONNECTION APPLICATION AREA
First Generation Devices
Thyristor Control Limitation of fault current, Oscillation
Series Capacitor Series damping, sub-synchronous resonance
Compensation mitigation, voltage stability and Power
(TCSC). flow control.

Static VAR Shunt Reactive Power (VAR) compensation,
Compensator (SVC) Power oscillation damping, voltage
Thyristor Controlled Combined stability and control.

Phase Angle Shunt-Series
Regulator (TCPAR)

Thyristor Controlled Muffling of oscillation and transitory,

Voltage Regulator Shunt reactive power (VAR) compensation,

(TCVR) voltage stability and control, active
power (VAR) control.
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Table 2.3: Classification of major FACTS (Second Generation) devices [3-6]

Second Generation Devices

(Distribution) Static

Voltage stability and control,

Synchronous Compensator|  Shunt power oscillation  damping,
(STATCOM) reactive power compensation.
Dynamic Voltage Restorer Voltage and power flow control,
Single |/ Static Series Synchronous|  Series reactive power compensation,
Converter Compensator: oscillation damping, mitigation
(DVR/SSSC) of sub synchronous resonance.
Combined | Voltage and power flow control,
Unified Power Flow Shunt- | reactive power compensation,
Controller (UPFC) Series muffling of oscillation, limitation
of fault currents.
Inter-line Power Flow | Combined | Multi-line power flow, voltage
Controller (IPFC) series- | control and stability, mitigation
Multi- series of sub-synchronous resonance,
Converter Generalized Unified | Combined | reactive power compensation,
Power Flow Controller shunt- power oscillation damping.
(GUPFC) series
Combined | Real power transfer, reactive
Back-to-back STATCOM | Shunt- | power compensation, voltage
Shunt stability, muffling of oscillation.

2.3.3 Distribution STATCOM (D-STATCOM) Review

D-STATCOM is a VSC based, shunt power electronics device capable of

mitigating voltage transients, eliminating line current harmonics as well as reactive power

compensation by injecting current into the distribution system thereby exchanging real

and reactive power with the system. It is perceived to be the advanced version of SVC,

with faster response, modular and requiring less space and have interfacing capability

with storage systems [4, 17]. Mostly, it is installed between the supply bus and the

sensitive load at point of common coupling (PCC). In its basic configuration, it has a DC
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link comprising of an energy storage, Voltage Source Converter (VSC), coupling

transformer and controller as shown in Fig 2.12.

VSsC

Coupling o
V. <0 Transformer bC
I

‘7 @V, = ! T Storaay

— Storage

Distribution Bus
- ] P
- S

Sensitive
Load Y
DSTATCOM

Fig. 2.12: D-STATCOM building block [15]

The coupling transformer in Y-Y configuration, the supply bus voltage, Vs and the

DSTATCOM output voltage V; has, respectively, the following instantaneous values:

Veg = V2V sinwt

Vep = V2 Vg sin(wt — 27/3) (2.8)
Vse = V2 Vg sin(wt + 27/5)

Vig = gnmaVD sin(wt + §)

Vip = gnmaVD sin(wt + § — 2”/3) .(2.9)
Vie = gnmaVD sin(wt + 6 + 27T/3)

Vb, n and m, are the DC voltage across the capacitor, coupling transformer turns ratio and
PWM amplitude modulation ratio respectively. The frequency and the phase angle of the
three phase output voltage of the VSC solely depends on the gate pulse pattern [14].

By suitable adjustment of the phase angle and magnitude of STATCOM’s output
voltage (which proportional to the DC link voltage) and the AC voltage, real and reactive
power exchange occurring between the system and the STATCOM at the point of
common coupling (PCC) can be controlled as depicted in Equation (2.10 and 2.11).

Real; P= %sins (2.10)

L
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2
Reactive: Q = % - % cosé (2.11)
L L

Where the voltage across the coupling transformer; Vs = Vise + Vioad (2.12)

It is therefore operated in both capacitive and inductive mode as shown in Fig. 2.13 [14].

Vi Vius Pvsc Vi Vvsc Vhous
7
(a) Capacitive Mode (b) Inductive Mode
AN A
vsc T v
I k) Vbus 7 Vbus
i —>- > . >
o 5
Y Ve Vvsc
(c) Active Power Discharge (d) Active Power Absorption

Fig. 2.13: Vector representation of operating modes at fundamental frequency [14]

Table 2.4 summarizes the exchange of power flow path with respect to Vvsc, Vibus and 9.

TABLE 2.4: Power flow exchange between DSTATCOM and the AC system [14]

Voltage Power Exchange Modes/Functions
Relation
DSTATCOM <« ACSYSTEM
|Vvsc| > |Vbus| Q - Capacitive
|Vvsc| < |Vbus| — Q Inductive
6<0 P — Active power
absorption.
6>0 — P Active power
discharge.
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The VSC (which can be 6- pulse, 12- pulse, 24- pulse or even higher quasi multi-
pulse) converts the DC voltage in the DC link into three-phase AC output voltages, which
are then coalesced to the network via the reactance of the coupling transformer [4]. PWM-
based control scheme generates the switching signals that control the valves of the power

electronic device used in the VSC. This is explained in the next section of this chapter.
2.3.4 Dynamic Voltage Restorer (DVR) Review

DVR have similar configuration as DSTATCOM but its coupling transformer is
connected in series with the main AC system as shown in Fig 2.14 below. It is commonly
used for voltage regulation (as in this thesis), harmonics level suppression and improving
the power quality with conventional real and reactive power control [16, 26].

<o
Distribution Bypass Switch

AC supply Bus I
R EEE— ) i ‘—‘ load V. feemone
I_ Zo I —" Em— L |Sen51tlv3|PL+JQL

DVR * Loads
Coupling |_\AM

Transformer VsC

J
Vi<é] . D
—— Energy

‘ - Storage

(" Controller

Y

DVR

Fig 2.14: DVR building block [15]

The DC energy storage is responsible for energy storage in DC form. Many devices,
with different energy efficiencies, can be used as energy storage mechanism. These
include Superconducting Magnetic Energy Storage (SMES)-90%, Fly wheel — 80 %,
Compressed air — 80% and lead acid batteries — 75 % [27]. These can be grouped as

constant DC link voltage systems.
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In some applications, the DC link is re-enforced with a fuel cell [28], wind farm,
photovoltaic solar system [22], or a hybridized system of these distributed sources. These
are referred as variable DC link voltage systems. Certain configuration exist in such a
way that the DVR takes its input power from the main grid through a step-down

transformer. This eliminate the DC link capacitor application as presented in [16].

Storage capacity and the discharging period are the main factors under
consideration in determining the best mechanism. Table 2.5 categorizes the application

area of energy storage system with respect to their storage ability and discharging time.

Table 2.5: Energy storage applications based on storage capacity and discharge time [18]

Application Storage Capacity Discharge Period
Power grid leveling 11MJ - 201GJ Few seconds- few Days
Power quality 0.11 - 11MJ Few seconds
Custom power devices 0.11 - 11MJ Few cycles

The size of the capacitor and the corresponding DC source depend on the

application and power requirement (voltage level) of the system [16, 27].

2.3.4.1 Voltage Sag/Swell calculation

For a balanced loading system, the currents through load 1 and 2 in Fig 2.15 are

equal. Faults or connecting heavy load to one feeder will alter the system’s symmetry.

r,:{

Xa Feeder 1 ‘ » Load1

I I, ’ Sag / Swell
|\}—®J\ﬂf\ X,
Xb  Feeder 2

_—
L Fault | Load2

Fig. 2.15: Voltage sag / swell calculation schematics [26]
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Under normal operation condition, the supply current, I;

I, = I; + I, (Kirchhoff’s Current Law, KCL)

Vs Vs
= Yoz Pz (213)
Vi=1 X, +Z;) (2.14)
V, =1L (X, +Z,) (2.15)

When an open-circuit fault occurs on feeder 2 or a sensitive inductive load is suddenly
connected, high current (open circuit current, I,) tends to flow through feeder 1, thereby

increasing its voltage. Equation (2.14) will become;
The voltage rise, 1,(X, + Z,) is referred as voltage swell or momentary over-voltage [9].

In the case of short-circuit fault or connecting heavy capacitive load to feeder 2,
more current is drawn by that feeder, thereby reducing feeder 1’s current by short circuit

current, I hence decrease in voltage. Equation (2.15) will now become;
Vi= (U —I)Xq + Zy) (2.17)

This decrease in voltage, I,(X, + Z;) is referred as voltage sag or dip [26].

2.3.4.2 Series Voltage Injection

DVR operates by injecting converted AC voltage (Vpy ) in series (in phase or 180°
out of phase) with the grid voltage V;, thereby maintaining the load voltage at the desired

reference level. Referring to Fig. 2.15, with Thevenin’s equivalent circuit of the system.
Ztn = Ren +JjXen (2.18)
VS + VDVR = VL + ZthIL (219)

It generates reactive power needed while the energy storage supply the active power.

I, = DLrje ;LjQL ;
Spvr = Vpyrll (Complex power injected) (2.20)
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Sinusoidal PWM-Based Voltage Source Converter

In both D-STATCOM and DVR control scheme, Sinusoidal Pulse Width
Modulation (SPWM) based Voltage Source Converter (VSC) is used. There are many
types of VSC depending on the number of levels or pulses; 6-pulse, 12-pulse, 24-pulse,
48-pulse, quisi-pulse and higher number of levels. As its basic application, VSC converts

DC voltage to AC form just like an inverter.

Three phase, six pulse, two-level VSC (which is used in this thesis) consist of six
power electronic valves; comprising of switching devices and anti-parallel diode with
some snubber circuits. There are three arms that initiate the generation of three phase
voltage of the VSC as shown in Fig 2.16, with each arm having two switching devices

that are designed not to turn ON or OFF simultaneously.

/
Power Electronic
Switch.

O A
DC Voltage < Am T o B AC Voltage
Input Arm 2 c Output
—O

Arm 3

AR AR R

Fig. 2.16: Three phase 6-pulse voltage source converter [26]

Even though, many types of modulation exist like Pulse Amplitude Modulation,
Pulse Position Modulation, Inverted Sine Pulse Width Modulation (ISPWM) and Space
Vector PWM [9], in literature, however, SPMW proved to be the most efficient as it give
the devices ability of independent control of real and reactive power, less power loss and
fast response [17]. SPWM involves the superimposing a sinusoidal modulating signal
(reference) on to a high frequency triangular (carrier) signal as depicted in Fig. 2.17. The
instantaneous intersections between these two signals determine the switching pattern of

the width-modulated pulses, V, [14].
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Fig. 2.17: SPWM with modulation index of 0.8 [14]
The ratio of these signals’ amplitude and frequency called amplitude modulation index,
m, and frequency modulation ratio, m, defined in Equations (2.21) and (2.22)

respectively, play an important role in the operation of the VSC [18].

Asin
mg, = E (221)
ms = ]’?—n =3k (k € 2N + 1) (2.22)

Agin » Ariy fsin @nd fi; are amplitudes and frequencies of the modulating and carrier

signal respectively. Table 2.6 summarizes the implication of this modulation indices.

Table 2.6: Implication of modulation indices on SPWM based VVSC [14, 18]

Indices Modulation Consequences

0<m, <1 Linear The output, V, is a linear function of m, and the VSC

Modulation. | dc input, hence is the desired region of operation.

mg, > 1 Over The output no longer possess that linearity, and

Modulation. | causes the carrier signal to undergo phase reversal.

ms = 3k It is advisable or rather necessary to choose large
(k€2N +1) carrier frequency (mostly in the range of 2-15 kHz)
and odd triple multiple of the modulating frequency.
This significantly minimalize the harmonics content

and prevent high frequency components to prevail.
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CHAPTER THREE

SYSTEM DESIGN AND MODELLING

Among the requirements in power system point of view to achieve Smart Grid, two

important features are demonstrated in the test system. These are:

» Power quality control.

> Integration of distributed generation to the electrical utility grid.

The model presented in this thesis to demonstrate the aforementioned applications of
FACTS devices comprises of three important distinct models, together with their
respective controls:

» FACTS Controllers; Distribution Static Synchronous Compensator (D-
STATCOM) and Dynamic Voltage Restorer or Static Series Synchronous
Compensator (DVR/SSSC).

» Distributed Generation; Photovoltaic Solar System (PSS) is selected due to its

ubiquity.

IEEE1547 standard of regulating sensitive load voltage within +5% of the nominal
value is abided in all the modeling and simulation discussed in this thesis.

PSCAD/EMTDC software is used for the modelling and simulation of the system.

3.1 PSCAD/EMTDC SOFTWARE

Power System Computer Aided Design / Electromagnetic Transient including
Direct Current (PSCAD/EMTDC) is a time domain software used for examining the
behavior of electrical power systems, first developed in 1976 by Manitoba HVDC
Research Centre. There similar simulation tools to PSCAD, like RSCAD and Simulink
SimPowerSystems. RSCAD is the fastest compared to Simulink SimPowerSystems

which gets slower with higher number of system components in a circuit design.
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However, RSCAD is very expensive and memory consuming [22]. To compromise

between the speed and the cost, PSCAD proved to be the best option, especially if its
interfacing capability with MATLAB/SIMULINK is considered in addition.

PSCAD/EMTDC provides a graphical user interface, just like MATLAB/SIMULINK,
with full library of typical and advanced components, numerous control tools and

modules for some specific devices, allows the user to analyze, design and model systems

in various configurations. Among the important components in PSCAD are:

>

Sources: - Three and single phase AC and DC sources with internal and external
control ability, Multiple Harmonic Current source and PV source with its controls.
Passive Elements: - Fixed and variable resistors, inductors and capacitors. Single
line to three phase splitter, ground, resistive, capacitive and inductive loads etc.
Breakers and Faults: - Single and three phase circuit breakers. Balanced and
unbalanced three phase fault with its Time Fault Logic.

Power Electronics/ FACTS/ HVDC: - Diode, GTO, IGBT, Thyristor, Transistor,
Static Var Compensator (SVC), Interpolated Firing Pulses Generator, 6-pulse
HVDC System, 6-pulse Bridge, TSC/ TRC among others.

Power Transformers: - Single and 3-phase transformers with variable windings.
Machines: - Induction and Synchronous Machines, Steam and Hydro Governors,
Power System Stabilizers, Turbine Control, DC machine, Permanent Magnet
Machine, Wind Energy Source, DC, AC and static exciter models.

Logic Circuits: - Multi-input Logic Gates, flip-flops, shift register and multiplexer.
Meters: - Ammeters, Voltmeters, Multi-meter, Real and Reactive Power Meter,

single and three phase RMS meters and On-line Frequency Scanner.

Simulations can be carried out in frequency domain if it’s interfaced with SIMULINK.

3.2 D-STATCOM DESIGN REQUIREMENTS

As discussed in the previous chapter, D-STATCOM has three main components, namely;

>

Energy Storage System (ESS)

» Voltage Source Converter and its controller

>

Coupling Transformer
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Design procedures and some reasonable assumptions that gives good results, are
used to model some components in order to come up with the complete model of the D-

STATCOM. Default values of some components in the PSCAD library are used also.

3.2.1 Energy Storage System

The ESS comprises of a capacitor which aid the power exchange between the AC
system and the D-STATCOM. Some design assumptions are made prior to choosing the
capacitor type. Its voltage, V. depends on the PCC voltage, V; as shown in Equation (3.1)

and must be greater than the AC bus voltage for proper operation of the VSC [18].

3v3
Vie= — Vs (3-1)

T

V.. DC voltage across the capacitor.
V;: Distribution bus AC voltage (at PCC).

For an 11.0 kV distribution system, with unity modulation index, the DC voltage is;

3v3

Ve = ==X 11 =189 kV

The value of the capacitor Cqc used is obtained using the relation shown in below [36].

Vs AILT
(decmax_vdzc)

Cic = 3 (3.2)

Vaemax = Pre-set upper limit of the DC link capacitor: is the maximum voltage across the
capacitor, resulting from the power exchanges taking place between the D-STATCOM
and the AC system sequel to load variation. Its difference with capacitor voltage, V. is

chosen not to exceed 17% of the DC capacitor voltage.

Al = Step down of load current: is the difference between the load current before and

during fault or sensitive loads. It is chosen not to exceed + 10% of the load current.

At the D-STATCOM side, with coupling transformer of turns ratio 33/6.5kV.

AL = 2 x1.98=10.05 A
6.5

T is the period of the supply, given by;

28



For a 60Hz distribution system, T= 16.667ms.
Vs = 11.0kV, Vg = 18.19KV, Vgcmax = 32.15kV and AlL = 10.05A

11 x 10.05 X 1.667 x 1073

=7.89 X 107*F
(32.122 - 18.192%)

Cac = 3

Hence 800uF capacitor is chosen for the DC link energy storage as depicted in Fig. 3.1.

800.0 [uF] %—'

Fig. 3.1: PSCAD model of DC link capacitor with a multi-meter

3.2.2 Voltage Source Converter
6-pulse VSC is used for the purpose of this thesis, even though higher number of

pulses like 12, 18, 24, 48, 84 and 92 pulses exist, but present a lot of design complexities.

6-pulse VSC uses 2 switching devices per phase, as shown in Fig. 3.2.

Switching Devices (IGET)
= H with RC Snubber Circuir.
J’ Zg‘@h @h REdh
Ty , T, =,
g

g g3 1
3 . A
E S AC Volrage
=1
o o/ B Queput of the
- VSC
g = c
g

Riphy Riphy Ridh

L

Fig. 3.2: PSCAD model of six-pulse voltage source converter

There are many types of power switching devices; Gate Turn-off Thyristor (GTO),
Insulated-gate Bipolar Junction Transistor (IGBT), Metal Oxide Semi-conductor Field-
Effect Transistor (MOSFET), and MOS Controlled Thyristor (MCT) among others, but
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IGBT proved to have higher current handling capacity, voltage ratings and smaller ON-
state voltage drop than the rest of the devices [18]. Hence IGBT, coupled with RC-
snubber circuit as shown in Fig 3.3, are chosen. The RC snubber are introduced to
minimize switching losses by altering the switching trajectory, while the shunt diode is
used to lock the unfiltered output pulses of the VSC after switching and provide path for
inductive current whenever the IGBTS in the same arm are turn off [4].

Shunt —~— RC
Diode £\ Snubber %2
Circuit 2

g1 Switching Signal

Fig. 3.3: IGBT, shunt diode and RC snubber circuit

Default values of the IGBT data and that of the snubber circuit model in PSCAD,
shown in Fig 3.4, are used for the design and simulation.

F — B
[peswitch] Power electronic switch @
-

Thyristor ON Resistance W
Thyrister OFF Resistance IW
Forward Voltage Drop W
Forward Breakover Voltage IW
Reverse Withstand Voltage IW I

|

Minimum Extinction Time W
Snubber Resistance IW
Snubber Capacitance IW
Protected against Forward Breakover? No =

oK | Cancel ‘ Help... ‘

Fig. 3.4: IGBT and RC snubber circuit data (default) in PSCAD
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3.2.3 Sinusoidal Pulse Width Modulation (SPWM)

To generate the suitable firing pulses that governs the operation of the VSC,
Sinusoidal Pulse Width Modulation (SPWM) is selected. This is due its little power
consumption while in operation and mainly used for high power application which make
it versatile and common in modern converter design [14, 18]. SPWM presented in this

thesis sub-categorize in to:

Voltage control
Modulation signal generation

Carrier signal generation

YV V VYV V

Firing pulses generation

3.2.3.1 Voltage Control

To preserve a constant voltage magnitude at the PCC, the voltage control system
shown in Fig. 3.5, measures the r.m.s voltage, V., p.u at the PCC and compare it with a
reference voltage signal (1.0 pu is chosen) thereby establishing an error signal.
Proportional-Integral (P1) controller process this error signal and generates a required

phase shift, § which will lessen the error.

Pl controller
== == .
Voltage Reference (pu) - - Proportional
gain and
Integral time
Pl controller | ! cognstant
Refvoltage = 'H' FPgain  Tconst
Vref
—1.5
- FS ﬂ
- = Q W 1+58T1 N # I -
|: o 2 C_TME A 182 67.29578 phaseshift >
—o n
1 Pl control parameters —
Tconst Pgain Radians to Degree
Vpu o Max -1 -2 conversion
- Fs - rs
o1 —F -
LPF blocks high frequency E ¥ | E ¥
input components =1_0 "o
0.1 1.14

Fig. 3.5: Voltage control circuitry

The PI controller proportional gain and integral time constant are adjusted to

optimum value in order to obtain accurate switching pulses.
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3.2.3.2 Modulation Signal Generation

Fig. 3.6 shows the circuit used to generates the sinusoidal signal. Linear ramp
outputs are obtained from the six pulse Phase Locked Loop (PLL) that varies from

0° to 2w rad. These outputs are then shifted by the PI output angle, § and 7T/6 shift.

Sin

Array

= Va

6
Shift:
PLL i
Vncb W Six heE]‘@Y jntin-sh} 3 signalon
FPulse 6 sh 8 2
5 Ve 3 .
WAC signalof
N 3
haseshi o sin
T -
30.0 F &

Array

Fig. 3.6: Sinusoidal waveform generator

Unity amplitude modulation index, ma is chosen to ensure linear modulation. The

gains of the PLL are also adjusted to obtain their optimal values shown in Fig 3.7.

g ~
[tvekta] Phase-Locked Loop @
- PLL Catrol
Proportional gain GpPLL GpPLL GiPLL
) — 100 — 1000
Integral gain GiPLL P P
P A P A
[ Basze Volts 100.0 [V] ( el —
Base Freguency S(freq) E v 5 v
gl Mumber of outputs n=1 = E E
Angle input’output mode —0 —0
Deqrees -
60 500
Offset angle to PLL (rad/deg as per Pmode} |gg
PLL Shadows err for t= TREL 0.05
Delta ramps lead or lag Wye ramps lead
|
|
oK | Cancel | Help... | o o
—_———— . e GpPLL GiPLL

Fig. 3.7: PLL proportional and integral gain values in PSCAD

3.2.3.3 Carrier Signal Generation

High frequency carrier signal (Triangular wave) is obtained from the circuit shown
in Fig. 3.8. The frequency modulation ratio of 39 is chosen (m; = 39). With modulating
signal frequency, f;, = 60Hz, the carrier signal frequency is f;,; = 60 X 39 =

2.34 kHz. It is taken high enough to reduce the level of harmonics.
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Fig. 3.8: Triangular wave generation

3.2.3.4 Firing pulses generation

Finally, the sinusoidal signal (signal-ON and signal-OFF) and the carrier signal
(Trisignal-ON and Trisignal-OFF) obtained from the circuits depicted in Fig. 3.7 and Fig.
3.8 respectively, are feed in to Interpolated Firing Pulse Generator shown in Fig. 3.9, to
obtain the required firing pulses (g1, g2 ..., g6).

TIVE > —— —D—

L
L B
signgI-ON —QAH @) g32
Tﬁsiggalm?fN(3)+ %3
signaOI-OFF —§7H (@) %4
TﬁsignOaIGF?SFES)+ %5
e %

Fig. 3.9: Interpolated firing pulse generator

These firing pulses with different switching pattern triggers the IGBTs used in the
volatage source converter, via the gates. It is designed in such away that two IGBTs on
the same leg (like IGBT2 and IGBT5) do not turn ON or OFF simulteneously.
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3.2.4 Coupling Transformer

Careful considerations are taken to achieve suitable real and reactive power
exchanges between the DSTATCOM and the AC system via the reactance of the coupling
transformer. A 3-phase, 33/6.5, 5SMVA, Y — A connected transformer shown in Fig. 3.10
is chosen for the purpose of coupling the device to the network (in shunt) and

transforming its voltage level at PCC to align with that of the network.

33[?O P\g\.gA][kv] A som A
A2 o
c| 33Kv” c
6.5 [kV]
0 =+

Fig. 3.10: PSCAD model of coupling tranformer (a) Single line (b) Three phase view

It is modelled with a leakage reactance of 15% to minimize the flux leakage in the
model. Y — A connection is to maximize the output voltage of the DSTATCOM. The

parametric data of the transformer is shown in Fig. 3.11 below.

- [xfmr-3p2w] 3 Phase 2 Winding Transformer ﬁ

h
Transformer Name ,m
3 Phase Transformer Mva ,W
Base operation freguency W
Winding #1 Type Y -
Winding #2 Type m
Delta Lags or Leads m
Positive sequence leakage reactance 0.15 [pu]
ldeal Transformer Model Mo -
Mo load losses W
Copper losses W
Tap changer on winding m
Graphics Display IW
Dizplay Details? Yes -~

Cancel Help... "

LS =

Fig. 3.11: Coupling transformer parameters on PSCAD
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Having the DC link, VSC with its SPWM control and the coupling transformer well
modeled, the complete model of the DSTATCOM is shown in Fig. 3.12.

J&Jf%“‘
Storage =]
Device T

| voltage | PWM
Vims ghift shift
B Control Contral

Vrms
Kodule Module

Voltage Source Converter

RMS meter to
h measure Vms for the
emor signal
o atHy g
a3
=
A i #)#
L@ | AC supply bus (grid)
=4 i Ir

3
Ty
e g
5 5 2) Caoupling Transformer at
© 96 a4 PCC

"

[4n] ooos

p|

Fig. 3.12: Complete PSCAD model of 6-pulse D-STATCOM

3.3 DVR DESIGN REQUIREMENTS

As discussed in the previous chapter, DVR has similar configuration with D-
STATCOM, with the latter being connected in shunt mode with the main AC network
and the former in series via the reactance of coupling transformers. Similarly, DVR has

some basic components which build up the complete DVR model. These components are:

Energy Storage System
Voltage Source Converter and its controller

Voltage Injection Transformer

YV V V V

By-pass Switches

Design decisions are discussed prior to coming up with complete model of the device.

3.3.1 Energy Storage System

Among the important features to consider while modelling ESS is not only prompt
response ability of the system to sudden load variation but also prolonged voltage support
when the disturbance persist. In that case, ESS of DVR often consists of a battery that

gives active power support to the VSC.
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In most cases, DVR is operated at medium voltage level, hence 15kV DC input
voltage is chosen for the purpose of modelling. This falls within the typical and commonly
DVR-installed systems voltage ratings of 11kV to 63kV [16]. Since DVR is one of the
custom power devices, the energy storage within the range of 0.11MJ to 11MJ should be
chosen, as describe in Table 2.5 in the previous chapter. Hence 0.22MJ is chosen as the
energy stored. With the DC link voltage, V;.40» Chosen to be 15kV, the DC link
capacitance can be evaluated using Equation 3.4.

c= 2

- 2
Vac

.(3.4)

_2%0.22 x 10

5007 = 22.45mF

Hence 2250uF capacitor is chosen as DC link capacitor and ideal DC voltage source

modelled the battery as shown in Fig. 3.13.

| @
2250.0 [uF] @J

Fig. 3.13: DVR energy storage on PSCAD
3.3.2 Sinusoidal Pulse Width Modulation of DVR’s VSC

Unlike in D-STATCOM’s VSC where some circuits are modelled to generate the
individual signals; modulating and carrier signal, the VSC modelled in DVR employs the
use of discrete component in the PSCAD library to generate the carrier signal and the
sinusoidal modulating signal. These signals are then super-imposed with one another to

generate the required switching pulses for the IGBTS.

3.3.2.1 Carrier Signal Generation

As in the previous case, triangular carrier signal with high frequency, which lies in
the desired range of 2-15 kHz for switching power systems, is used for the purpose of this
modulation. Fig. 3.14 (a) shows the PSCAD model of the triangular signal generator.
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[signalgen] Signal Generator fw Interpolation Ié]
|'Jcr'fig:L.rati:r' J
Frequency of Signal 5000.0 [Hz]
Initial Phase of Signal 0.0 [deg]
Signal type: Triangle -
Duty cycle 50 [%]
/:C Maximum output level 1
L . Minimum output level 1
CarrierSig
Interpolation Compatibility
O
. . '
CarrierSig
) ©
oK | Cancel | Help... |
@) (b) &

Fig. 3.14: PSCAD model of triangular signal generator and its configuration data

High frequency of 6kH is chosen to minimize the level of harmonics from intruding
the VSC. Default value of the generator duty cycle of 50% as it is in the PSCAD library
is used, and luckily give a remarkable results. The signal’s maximum and minimum

default levels are 1 and -1 respectively as shown in Fig. 3.14 (b).

3.3.2.2 Modulating Signal Generation

Three sinusoidal wave generators are used to generate the 3-phase modulating
signals as shown in Fig. 3.15. This approach gives room for specifying the magnitude,
phase angle and frequency of each phase. This is useful in correcting unbalance faults.

Phase Shift Signal Generator

theta

i
Magnitude ) L~
ma Mag/lim CtrlA D
Freq For Phase A

Frequency

Freq

Fig. 3.15: Sinusoidal modulating signal generation for single Phase (A)

The main advantage of this modulation is that, the magnitude of these sinusoids can
be varied to have an unbalanced VSC output if desired. In this thesis, balanced output is

chosen, hence equal magnitude and frequency are given to all the three sinusoidal waves
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as shown in the phasor representation of Fig. 3.16 below. The phases are then spaced by

angle of 27T/3 rad (120°), as depicted in Equation 3.5.

Phase A (At phase shift of 8)

Phase C (At phase shift of § — 240°) * Phase B (At phase shift of 8 — 120%)

Fig. 3.16: Phasor representation of three phase voltages spaced by 120° degrees

V, = Asin(wt + 0)
Vy = Asin(wt + 6 — 27/5) (3.5)
V. = Asin(wt + 6 + 27T/3)

Where A, 6 and w are the magnitude, phase angle and frequency of three sinusoidal
modulating signals. With the magnitude, A = 1, the circuitry below modeled Equation

3.5, which provides the required sinusoids for the three phases.

3
theta Phas
_10 o Sin Phase A
Magnitﬁde(pu) ma ma Mag ModSignalA
'Y Freq
60.0 @
Frequency freq  freg
‘H: ::' -120.0
Phase Shift
Vref Pl Controller
i
Ref. Votage (pu) — :
ase
5P [ Wodsignais
req

Vms

Phase Shift
Measuredrms . Phase C

voltage at PCC Mod ignalC
Freq

Fig. 3.17: Three phase modulating signal generation
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The phase shift, theta is obtained by processing an error obtained by comparing the
measured r.m.s voltage at the PCC with a reference signal. The reference signal is chosen
to be 1.0 p.u, thus, the voltage at the PCC is to be maintained at 1.0 p.u approximately.

These signals are then fed into a comparator for the purpose of superimposing the
modulating signal on the carrier signal as shown in Fig. 3.18. This will in turn generate
pulses for each phase as shown in Fig. 3.19. As earlier mentioned, two IGBTs on the same
leg (like IGBT2 and 5) do not turn ON or OFF simulteneously, hence gating pulse of a
given IGBT is inverted to obtain the gating pulse of the other IGBT on the same leg.

Modulating Signal (Phase A) and Carrier Signal

T

Fig. 3.18: Phase-A modulating signal superimposed on the carrier signal

ModSignalA : P gdwri @

B./Compar-
ator 4I>CEQW4

‘m CarrierSig For comparing the Carrier

and Modulating signals

ModSignalB A o gdwr3 4@

B.|Compar-
ator 4* >O_egdvr6

ModSignalC A s gdurs 4@

B./Com par-
ator 4| >0—di“2

Fig. 3.19: DVR-VSC firing pulses generation
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3.3.3 Series Injection Transformer

Three single-phase transformers are used to connect the DVR to the network, through
which the three phase voltage produced by the VSC can be injected. They also provide
the DVR an ability to operate in stand-by mode or boost / injection mode [29]. It is in
stand-by mode when there is no any interruption in the network, hence DVR injects no
voltage. In this mode, low-voltage winding is shorted through the converter. But when
there any disturbance in the network, the DVR injects series voltage through the reactance
of the transformer, hence operated in boost or injection mode. A three single-phase
transformers shown in Fig. 3.20, each rated as 33/14, 7.5MVA, Y — A connected with the

leakage reactance of 15% are used as the DVR’s injection transformers.

< BRKI r 5o |
/—.—‘ By-pass Switches. [xfmr-2w] Single Phase 2 Winding Transfomer
} =
Lo . < BRK2
Dissbucion B e To sensiie -
(AC Voltage < BRK3 Load Transt WA
Source) ’—l—‘ JETEEE 7.5 [WMWA]
‘ ‘ Base operation frequency 50.0 [Hz]
Leakage reactance 0.10 [pu]
a a Three Single-Phase -
O - < o No load |
v “ Injection Transformers. 0 lnad psses 0.0 [pu]
1 Copper lpsses 0.0 [pu]
ldeal transformer model No -
Tap changer on winding None -
Graphics Display Circles -

To Voltage Source 1’ oK | Cancel | Help... m
(a) Converter (b) —

Fig. 3.20: PSCAD model of three single-phase DVR injection transformers

3.3.4 By-Pass Switches

Three single phase breakers, BRK1, 2 and 3 shown in Fig. 3.20 with very high OPEN
resistance and very low CLOSED resistance of 1MQ and 0.005Q (default values in
PSCAD library) respectively, are used for isolating the DVR if the current on the load
side surpasses an acceptable limit due to a short circuit on the load or large inrush current
[30]. Fig. 3.21 below shows the complete PSCAD model of 6-pulse, two-level DVR.
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Fig. 3.21: Complete PSCAD model of 6-pulse DVR

3.4 PHOTOVOLTAIC SOLAR SYSTEM

To demonstrate the behavior of distributed generation source (one important feature
of Smart Grid), a photovoltaic solar system is modeled. IEEE 1547.3 is abided while
modeling the PSS. The scope of this thesis does not go in details about the PV system
model concerning issues like Maximum Power Point Tracking (MPPT), Harmonic
Distortion Analysis etc. Five major building components of PSS are modeled prior to

finalizing the complete model. These includes;

» Solar Cell Array (As the source)
» DC link Capacitor
» Inverter and Filter

» Coupling Transformer
3.4.1 Solar Cell Array

PV module with some default parameters in the PSCAD library, developed by
A. D. Rajapakse, is used as the solar cell array. While some parameters are altered to
obtain better results. It is modeled to give a rated output voltage of 270V and the power
of 1.0MW as in data sheet. The input parameters to this array are the temperature and the

solar radiation as shown in Fig. 3.22.
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Fig. 3.22: Solar Panel with its Parametric Control Panel

The array is made up of a 45 parallel strings each of 50 modules serially connected
as summarized in Fig. 3.23, making a total of 1550 modules each consisting of 108 cells
as PSCAD defaults. These are chosen to obtain the desired output power and voltage
level. The simulation is carried out at Standard Test Conditions (STC) in which the system
is tested under the irradiance intensity of 1000 W/m?, AM1.5 solar reference spectrum
and cell temperature of 298K (25°C) [22]. Under this condition, each module is designed
to generate 650W approximately, hence 1550 modules are needed to generate 1.0 MW.

ol [master:photovoltaic_source] id="707587665' @ o5 [master:phetovoltaic_source] id="707587665" @ 3
|PV array parameters A |P‘u' cell parameters v
@z A & B3 A 7
A ED RN K
4 General 4 General
P array name {optional) PYMelksah Effective area per cell 0.01
Mumber of modules connected in series per array 50 Series resistance per cell 0.02
Number of module strings in parallel per array 3 Shunt resistance per cell 1000
Mumber of cells connected in series per module 108 Dindeidealityfactor 1.5
Number of cell stringsin parallel per module 4 Band gap energy 1.103
Reference iradiation 1000 Saturation current at referance conditions per ¢ le-12[ka] | |
Reference cell temperature 25 Short circuit current at reference conditions per 0.0025%ka] | |
Graphics Display ndustry Temperature coefficient of photo current 0.001
General General
| ok | | Cancel | Help... | ok | | Cancel ‘ | Help... |

Fig. 3.23: Photovoltaic array and cell parameters on PSCAD

3.4.2 DC Link Capacitor

To minimize the ripples in the output voltage or rather power of the solar panel, a
capacitor is placed between the solar panel and the inverter. It serves as sink and source
every half cycle to help create a balance of power on the DC bus, hence it can be seen as

an energy storage. It also generates reactive power in the absence of compensators.
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In this thesis, 15.0 mF capacitor is used for such application. This capacitive value
Is not a calculated, but is obtained by trying several values with which the selected one

present the best or at least a good result.

3.4.3 Inverter Design

3-phase, 2-level inverter shown in Fig. 3.24, is modeled to convert the generated
DC power from the solar panel to AC. This is necessary in order to match the frequency
and the voltage type to the utility grid (in the case of grid connected type). The output of
the inverter is then connected to the grid via the filter and the coupling transformer.

Generated DC
Voltage from the Three Phase Inverted

Solar Panel AC Voltage

sfy  SBh  SE
gpv2 gpve gpvd

Fig 3.24: PSCAD model of three phase inverter for PSS

Default data values of the IGBTS, snubber circuits and the clamping diodes as
consigned in the PSCAD library are used in this model. In order to provide the necessary
gating signals of the switching devices, simple PWM is used. It begin by generating the

modulating and triangular carrier signal shown in Fig. 3.25 below.
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Fig. 3.25: Modulating and triangular carrier signal generation

The modulating signal and triangular carrier signals generated are then applied to
the interpolated firing pulse generator in the pattern depicted in Fig. 3.26, to generate the

gate switching signals.

InvsigA H InvCarnerSig H InvsigB H ImCarrnerSig InvsigC H InvCarnerSig H

OFF OFF OFF OFF OFF OFF

InvCarrersig L InvsigA L InvCarmierSig L InvsigB L InvCarriersig L InvsigC L

o3 H a——— H a———3 H o———3 H o———3 H L L
InvCarrierSig InvsigA InvCarierSig InwsigB InvCarrierSig InvsigC

ON ON ON ON OM ON

o3 L e——— L L o | o3 L e L
InvsigA InvCarrerSig InvsigB ImCarrierSig InvsigC InvCarnerSig

] o ke I || Mg

pa—s RIS RS/t e ] R

Fig. 3.26: Firing pulses generation for PSS on PSCAD

3.4.4 Filter Design

To improve the quality of the voltage and current generated by the PSS before
injecting it to the grid, simple first order low pass L-C filter is designed for this purpose.
It is also used extract the fundamental component and mitigate the higher frequency

content as in [39]. 85uF inductor and 1.0mF capacitor are used as the filter components.
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Filter 1.5 [MVA]
0.27 [kV]/ 11 [KV] Coupling
Transformer
atPCC

Fig. 3.27: Single line diagram of filter component and transformer on PSCAD

3.4.5 Coupling Transformer

To step up the voltage to the nominal value of the grid and provide a galvanic
isolation between the PV system and the AC network, a three phase, two-winding, step-
up transformer is used. The peak generation of the PSS determine the transformer ratings,
taking the reactive power generated by the DC link capacitor and the inverter into
consideration. Hence the power rating of the transformer should be more than that of the

PSS generation to suppress such effects.

An ideal, 1.5 MW, 60Hz, Y — A transformer with a transformation ratio of 270V /
11kV is used. This is chosen by taking the inverters output voltage of 270kV and the
utility grid voltage of 11kV to which the PSS is to be coupled. The Y — connected primary
winding is grounded and connected to the inverter, while A — connected secondary

winding is linked to the grid, as shown in Fig. 3.27.

After modeling the individual units that build up the system, the complete model of
the PSS is shown in Fig. 3.28. Simple model is used since the goal of this study can be

accomplished without other complex modelling structures like MPPT and THD.
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-0 Temperature
25
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Fig. 3.28 Complete grid-tied PSS in PSCAD
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CHAPTER FOUR

SIMULATIONS AND RESULTS

To demonstrate the capabilities and contributions of these two devices modeled; D-
STATCOM and DVR towards achieving Smart Grid, two important tests are carried out
on the individual devices. Two important features of Smart Grid are considered for these

tests, thus:

» Power Quality Control through voltage stability
» Integration of Dispersed Generation Sources

4.1 TEST ON D-STATCOM

Three distinct tests are carried out on D-STATCOM to ascertain its effectiveness, namely:

» Voltage Sag Mitigation
» Voltage Swell Alleviation
» Grid-tied PSS power control

4.1.1 Voltage Sag Mitigation Using D-STATCOM

The test system comprises of 2-bus distribution system subjected to sensitive load
variation and some three phase balanced faults. These sensitive loads (comprising of
resistive and inductive loads) cause the system’s voltage to change (decreases) thereby
effecting its stability and that of the power quality. The D-STATCOM is later connected
with a view of alleviating these problems through the exchange of real and reactive power
between the device and the AC system at the point of common coupling, PCC. The circuit
diagram illustrated in Fig. 4.1 shows the test system used to demonstrate the ability of D-

STATCOM in alleviating voltage sags (dips).
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Fig. 4.1: D-STATCOM voltage sag mitigation test system

The system’s parameters are tabulated in Table 4.1.

Table 4.1: Test System Parameters

Frequency.

Parameter Value
System Voltage. 11.00 kV
60Hz

Sensitive Load

(1.2MW + j0.75MV AR)/Phase

Load Power Factor 0.85 Lagging
Fault Impedance (53.033 +0.5264)Q
2.50 Seconds

Overall Simulation Time
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Two set of simulations are carried out; the first test is carried out without the D-
STATCOM by opening switch A. In addition to that;

(@ An inductive load shown in Fig 4.1, is connected by closing Switch B within a
simulation period, t; of 0.5 < t; < 1.00sec. This causes the voltage to drop by almost
20% of the nominal voltage as shown in Fig. 4.2 below. This clearly shows a voltage sag

or a dip. Line impedance has already dropped the voltage to virtually 8%.

(b) A balanced three-phase fault is introduced at 1.5sec which lasted for additional
0.50sec. It has similar effect as the sensitive inductive load described in (a) above, by
decreasing the voltage level by roughly 19% of the reference voltage magnitude. This is
to demonstrate two main sources of voltage sag, that is sudden connection of a sensitive

load and fault which can likewise be an unbalance fault.
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T _- RN S Voltage
1.00 4
0.90
0.80
a 0.70 4
T 0.60
E =u
E 0.50 4
= 0.40 4
m
g 0.30
0.20
0.10
0.00 4
Time(s) g gg 0.25 0.50 0.75 1.00 125 180 175 2.00 295 2 50
Load Voltage without D-STATCOM
_ m | pad Votage w thout D-STATCOM
1]
on
m
=
[=]
=
=
m
o
a
Time(s)

Fig. 4.2: Load voltage without the D-STATCOM
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While the second simulation is carried out with the D-STATCOM by closing switch
A to ascertain its effectiveness. The VSC generated three phase voltages during the
voltage dip restoring the load voltage to its nominal voltage of 1.0 p.u level by clearing

the sagging as shown in Fig. 4.3 and summarized in Table 4.2.

Load RMS Vdtage with and without D-STATCOM
= RMVS Voltage without D-STATCOM = R\VE Voltage with D-STATCOM

1.20 -
1.00 - - o,
=) 0.80 4
=
>
& 0.60
s
=
= 0.40
m
o
|
0.20
0.00 4

Tme(s) 000 025 050 075 100 125 150 175 200 225 250

Fig. 4.3: RMS Load voltages with and without the D-STATCOM

Table 4.2: Summary of voltage dips mitigation using D-STATCOM

Parameter Simulation Without With
Time (s) D-STATCOM D-STATCOM

Load RMS Voltage | Without voltage dips 0.921 1.000

(pu) 0.50 <t, <1.00 0.709 0.981

1.50 <t < 2.00 0.722 0.995

Load Instantaneous |Without voltage dips 10.131 11.00

Voltage (kV) 0.50 < t, < 1.00 7.799 10.791

1.50 <t; <2.00 7.942 10.945

These voltage corrections are within the +5% range of IEEE 1549 Standard of
voltage regulation. To clearly observe the load voltage waveform during the
compensation, a close-up view of the instantaneous load voltage within a simulation

period of 0.45 <ts < 0.55sec is illustrated in Fig. 4.4.
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(a}) Load Voltage without D-STATCOM
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Fig. 4.4: Load voltage with and without D-STATCOM

The VSC generated these voltages by converting the DC voltage stored in the DC
link capacitor using the required firing pulses obtained from PWM, to trigger the IGBTS.
Curious observation show that, IGBTs on the same leg (arm) like IGBT 1 and 4 or 3 and
6, are not switched either ON or OFF simultaneously as desired. This implies that their
respective switching signals are exactly apposite of one another as shown below. Fig. 4.5

shows the pair of firing pulses of each arm of the VSC for clear comparison.
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(b) Firing pulses for triggering the IGBTSs on the first arm of the VSC (IGBT 3 and 6)
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IGBTs Firing pulses for the 3rd arm of the VSC

N0 nrir nr ] Il

0.00
- ; ; ; ; + ; ; :
Time(s)  gs500 0.550 0.600 0.650 0.700 0.750 0.800 0.850

(c) Firing pulses for triggering the IGBTs on the first arm of the VSC (IGBT 5 and 2)

Fig. 4.5: PWM gate switching signals of the IGBTs

Consequent to the power exchange between the D-STATCOM and the AC system,
the voltage across the DC link capacitor is not constant, as it continually been changing
magnitude to achieve shunt compensation in order to keep the load voltage constant. Fig.

4.6 shows the DC link voltage variation during this shunt compensation.

DCVoltage Variation with D-STATCOM during shunt compensation
= DC Voltage across the Capacitor

30.0
250 1
o~  200-
3
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Fig. 4.6: DC Voltage with the D-STATCOM connected
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4.1.2 Voltage Swell Mitigation Using D-STATCOM

To test the D-STATCOM'’s ability to alleviate voltage swelling, similar test system
presented in Fig 4.1 of section 4.1.1, is used. However, in this case, the load is replaced
with a load of 1.2MW — j2.25MV AR with a leading power of 0.65 as shown in Fig. 4.7,
to create a three phase balanced voltage swell. The fault is also remove as it has been

demonstrated above.

PHQ
1.2 [MW] /ph
-2.25 [MVAR] /ph

Fig. 4.7: Sensitive Load PSCAD model with leading power factor

Similarly, the system is primarily tested without the D-STATCOM and later
introduced. The sensitive load connected within the simulation period of 0.75 < ts <
1.75sec has exerted a capacitive sensitive load effect on the system voltage thereby

causing it to increase to virtually 21% as shown in Fig. 4.8.
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Fig. 4.8: Load Voltage before applying the D-STATCOM
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Later, the D-STATCOM is introduced and the system is tested for the second time
to ascertain its effectiveness. The device absorbed the reactive power and mitigate the
voltage swell, in so doing, restored the load voltage to its nominal voltage of 1.0 p.u level

as shown in Fig. 4.9 and summarized in Table 4.3.

Load Volage without and with D-STATCOM
. = RS Voltage wihout D-STATCOM = BiS Woltage with D-STATCOM

. F N

U:BU k 'I}_ s

Voltage (pu)

= Instantaneous “Volage With D-STATCOM

Voltage (kW)

Time(s) .o 025 050 075 1.00 125 150 175 2.00 235 250

Fig. 4.9: Load voltage after the D-STATCOM has been applied

Table 4.3: Summary of voltage swell alleviation using D-STATCOM

Parameter Simulation Without With
Time (s) D-STATCOM | D-STATCOM

RMS Voltage load | Without voltage swell 0.923 0.998

(pu) 0.75 < t, < 1.75 1.110 1.015

Instantaneous Load | Without voltage swell 10.153 10.978

Voltage (kV) 0.75 < t, < 1.75 12.210 11.165
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4.1.3 D-STATCOM Test for Power Quality on PSS

To ascertain the effectiveness of D-STATCOM in power quality control on
Photovoltaic Solar System (as Distributed Generation source), the test distribution system
illustrated in Fig. 4.10 is used.
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Ll
_ty +0.75 WMAR] /iph
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Fig. 4.10: D-STATCOM test system to improve PQ of PSS in PSCAD

Photovoltaic system’s output depends largely on solar irradiation and temperature.
Hence the simulation is carried out at Standard Test Conditions (STC) in which the
system is tested under the irradiance intensity of 1000 W/m?2, AM1.5 solar reference
spectrum and a cell temperature of 298K (25°C) which is expected to generate 1.0 MW
on 270kV voltage level. With aid of the 270V/11kV, the voltage is stepped up to the

system’s nominal voltage of 11kV.
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The system is tested to establish the PSS support to the DC link capacitor and hence
the real and reactive power exchange before, during and after the dip. Fig 4.11 shows the

voltage across the DC link capacitor with and without PV Support.

DC Voltage Across the DC link Capacitor with and without PV supoort
m DC Voltage without PSS Support m DC Voltage with PSS Support

30.0 \\M'

25.0

g 20.0 _-jh\«
&
8 10.0

50 1

0.0 -

Time(s) 000 025 050 0.75 1.00 1.25 1.50 1.75 2.00 225 2.50

Fig. 4.11: Voltage across the DC link Capacitor with and without PV Support

Supporting the DC link capacitor has enormous consequence on the real and reactive
power exchange between the D-STATCOM and the system. This is depicted in Fig. 4.12.
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Fig. 4.12: Real and reactive power flow across the D-STATCOM with and without PSS
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It can be deduced that installing PSS supports the DC link capacitor voltage by 9kV
averagely, thereby reducing the active and reactive power exchanges between the D-
STATCOM and the AC system by 260kW and 0.6MVA on average.

4.2 TESTS ON DVR

Similarly, three different tests are carried out on DVR to observe its usefulness in power

quality control, namely:

» Voltage Sag Alleviation
» Voltage Swell Mitigation
» Grid-tied PSS Power Control

4.2.1 Voltage Sag Alleviation Using DVR

To test the DVR’s ability in alleviating voltage dips, a test system comprising of 2-
bus distribution system subjected to a three phase balanced fault is modeled. The timed
three phase balanced fault shown in Fig. 4.13, caused the system’s voltage to decrease

thereby effecting its stability and that of the power quality.

Fful]Timed Fat Logic 5x5) Ipf] Three Phase Fault —
-
|Ecnfiguraticn J e
Fault ON Resistance 0.01 [ohm]
Time to Apply Fautt 0.75[8] A Fault OFF Resistance W
Duration of Fault 10 Logic Z
Repeat? o v T’Tr?]l’lelé B
FAULTS ?
0K | Cancel ‘ Help.. ‘ LABC-> ’—IOK cancel | ep.. |
@ Timed Fault Logic (b) Balanced Fault (c) Fault ON and OFF Resistances

Fig. 4.13: Balanced Three Phase Fault with its Timing Control and Resistances

Fig. 4.14 shows the test system of the DVVR with a total simulation period of 2.50 sec.
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Fig. 4.14: Complete DVR Test System for Load Voltage Sag Protection

The Fault with very large ON and negligible OFF resistances of 1.0MQ and 0.01Q
respectively, is switched ON with aid of Timed Control Logic at a simulation period, t
of 0.75sec and lasted for additional 1.00 sec (0.75< t, <1.75sec). This caused the voltage
to decrease by roughly below 0.75pu of the system voltage as shown in Fig 4.15.
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Fig. 4.15: RMS and instantaneous voltage without DVR under sagging effect

This has virtually similar effect of an inductive load, as it decreases the system voltage.
The DVR is later connected via the coupling transformer which restores the system’s
voltage by injecting a voltage in series in phase with the load at the point of common

coupling, PCC.
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= RWS Voltage

= RMS Voltage without DVR

= nsiantanecus Voltage With DVR

1.20

1.10

1.00

0.90

0.80

0.70

0.60 1

0.50

0.40

0.30

(nd) aBejon peo]

0.20

0.10

0.00 -

15.0

250

225

2.00

175

1.50

125

1.00

075

0.50

0.25

0.00

Time(s)

ol (or) aBeyjop,

Fig 4.16 RMS and instantaneous voltage with and without DVR.

Because of the simulation time of 2.50sec and the frequency of the supply voltage, 60Hz,

the waveform in Fig. 4.16 appear to be somehow clustered together. Hence, to clearly

observe these waveforms, a close up view of the voltage before and after introducing the

DVR within 6 periods is shown in Fig 4.17.
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Close Upview of Instantaneous Voltage waveform Without and With DVR.
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Fig. 4.17: Close up view of the voltage waveform without and with the DVR

These clearly demonstrate how capable DVR is, in mitigating voltage dips
whenever there is fault or sudden connection of a sensitive inductive load. This is well

within the acceptable 5% of the system voltage, as summarized in Table 4.4.

Table 4.4: Summary of voltage sag alleviation using DVR

Parameter Simulation Time (s) Without DVR With DVR
RMS Voltage load | Without voltage sag 0.942 0.992
(pu) 0.75 <t; <1.75 0.745 0.985
Instantaneous Load| Without voltage sag 10.175 10.912
Voltage (kV) 0.75 <t; <1.75 8.195 10.835

4.2.2 VVoltage Swell Mitigation Using DVR

DVR plays an important role in mitigating voltage swell by injecting a series

voltage which is 180° out of phase to the load voltage. In so doing, it suppress the
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swelling in the load voltage and restore it to normal rated value of 1.0 per unit. To
demonstrate this, a test system depicted in Fig 4.14 is used. However, the fault that causes
the sag is replaced with a sensitive capacitive load of 1.05 MW — j1.95 MVAR. The
sudden connection of capacitive load causes the voltage to swell and effect the power
quality henceforth unless the issue is brought under control. It caused the voltage to

increase to more than 12% of the rated value as shown in Fig. 4.18.
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Fig. 4.18: RMS and instantaneous voltage without DVR under swelling effect

The system is simulated for a second time with the DVR connected with aid of the
by-pass switches; BRK1, BRK2 and BRK3. The DVR injects a three phase series
compensation voltage which is almost 180° out of phase to the load voltage in order to

restore it to normality.
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Load Voltage without and with the DWVR
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Fig. 4.19: RMS and instantaneous voltage with and without DVR under swelling effect

These visibly demonstrate DVR’s ability in mitigating voltage swelling whenever
there is a fault or sudden connection of the sensitive capacitive load. However, the quality
of the power is slightly distorted due to the series reactance of the coupling transformer.

This is summarized in Table 4.5.

Table 4.5: Summary of voltage swell mitigation using DVR

Parameter Simulation Time (s) | Without DVR With DVR
RMS Voltage load | Without voltage swell 0.935 0.995
(pu) 0.75 <t; <1.75 1.102 1.011
Instantaneous Load | Without voltage swell 10.935 10.945
Voltage (kV) 0.75 <t; <1.75 12.122 11.121
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This series compensation is achieved through real and reactive power exchanges
between the load and the DVR as described in section 2.3.4. Fig. 4.20 below shows the

exchanges of real and reactive power while compensating the voltage swell.
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Fig. 4.20: Real and reactive power exchanges between the load and the DVR

4.2.3 DVR Test for Power Quality on PSS

Introducing PSS to the system increases the power handling capacity of the DVR,
however distorting the quality of the voltage. But the DVR restores the voltage quality
even if there is fault along the line as previously discussed. Fig. 4.21 shows the test
system used to observe the PSS support to the DC link capacitor of the DVR, hence the

real and reactive power flow to and from the system.
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Fig. 4.21: DVR test system for integrating PSS to the Grid in PSCAD

The test system comprises of a grid module, a sensitive load of 0.8 MW — j1.2 MV A, the
PSS and the DVR with their respective controls. It is simulated first with the sensitive
load connected within a simulation period of 0.75 <ts < 1.75sec whose effect is to increase
the voltage at the PCC. The DVR alleviate this voltage instability as described in Section
4.2.2. However, the DC voltage across the DC link is siphoned out, hence PSS is
introduced. The system is simulated for the second time, it has been observed that the DC

voltage is improved by roughly 9.5kV from the PSS as shown in Fig. 4.22.
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Fig. 4.22: DVR DC link voltage with and without PSS support

Integrating the PSS do not only support the DC link, but improve the real and reactive
power flow between the DVR and the AC system as shown in Fig. 4.23.
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Fig. 4.23: Active and reactive power flow across the DVR with and without PSS

It can be deduced that introducing the PSS improved the active and reactive power flow
by 450kV and 720kV A respectively.
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS.

The present power system need a state-of-the-art transformation due to the sudden
hike in demand of the electrical power. Smart Grid is presented as a solution to almost all
the problems in power systems, as all aspect of the system is improved ranging from

generation, transmission, distribution, utilization and communication systems.

To achieve this state-of-the-art system, be it on Transmission or Distribution level,
power electronic devices are of great and inevitable importance due to the fast-solid-state
switching devices driven by modern control algorithms used. They are employed for
power quality applications, enhancing two-way power flow and coupling DGs to the grid

among others.

Among these devices used in the distribution system (called Custom Power
Devices), D-STATCOM and DVR have shown significant performance especially for
voltage stability, integrating DGS, active and reactive power compensation. The PWM-
based control implemented to control the valves of the IGBTs of the VSC used in this
thesis is among the best if not the best. They are modeled and simulated to demonstrate
their capabilities in mitigating voltage instability and integrating disperse generation

sources.

It has been established from the results obtained that DSTATCOM mitigated
voltage dips and restores the system voltage much better than the DVR. However, DVR
alleviates voltage swell much better than D-STATCOM. This is due to the shunt
compensation whose coupling transformer’s reactance exert less effect on the system
voltage. In fact, it has been helpful in filtering some ripples and suppressing some
harmonics. This is why filter design for the D-STATCOM and DVR is not included

within the scope of this thesis.
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Moreover, it can be deduced from the tests carried out when the PSS is connected that,
integrating DGs in to utility grid improves the power and the voltage, however distorting its

quality. With aid of power electronic devices, these distortions can be corrected.

FUTURE WORK:

Many contributions are needed to change the entire conventional grid into Smart Gird.
These includes data acquisition, communication, automation and improving the generation,
transmission and distribution system of the network. It is should be, as part of future work of
this thesis, to include data acquisition and communication gadgets in the presented networks.
Then transient stability, harmonics distortions studies and power flow analysis should be

carried out.

Modeling of more sophisticated devices like Back-to-back STATCOM and UPFC,
more DGs facilities like wind farms, fuel cell will also be part of the future plan of the thesis.
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