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Abstract

Distributed Generation (DG) technology especially renewable energy sources such as Wind Turbine
Generations (WTGSs), photovoltaic (PV) generations, energy storages etc. has played a vital role in the

modern power industry due to some environmental and some cost benefits. The important benefits of
renewable energy based DGs are reduced CO, emission, reduced operational cost as almost no fuel is used

for their operation and less transmission and distribution losses as these units are normally built near to the
load centers. This has also resulted in some operational challenges due to the unpredictable nature of such
power generation sources. Some of the operational challenges include voltage variations due to power
fluctuations coming from the DG units. On the other hand, it has also opened up some opportunities. One of
the opportunities is islanding operation of the distribution system with DG unit(s). Islanding is a situation
where electrical system becomes electrically isolated from the rest of the power network and yet continues to
be energized by the DG units connected to it.With the increased penetration of DG units, islanded operation
of the distribution network is used to improve the reliability of power supply if various issues regarding
islanding are properly tackled. Some of the serious issues with islanding are the Island Detection (ID),
voltage and the frequency control, load control and protection.

In this dissertation, some of the major technical issues such as voltage control in case of the wind speed and
solar irradiation fluctuations are tackled. The CIGRE Low Voltage (LV) network comprising two solar PV
generating units of 3 kW and 4 kW, one 5.5 kW fixed-pitch fix speed WTG and two battery units each
producing energy of 30kwh and 21kwh has been chosen for the study. The study of this network in the case
of transients such as short circuit faults has been made. The mitigation of symmetrical and unsymmetrical
voltage sags has also been addressed here. The components of the CIGRE network are modelled in
DIgSILENT power factory software 15.0 and the control system for PV and battery inverters have been
developed. Two Static Compensator (STATCOM) controllers have been developed for the PV units and two
Battery Energy Storage System (BESS) based STATCOM controllers have been developed for battery units.
The controllers are developed in such a way that they inject/absorb desired amount of the reactive power in
order to maintain the constancy of the voltage in the network.

Some of the protection related issues have also been addressed in this dissertation. The short circuit power of
a distribution system changes when it changes its states. Short circuit power also changes when some DG
units are disconnected. This may result in elongation of the fault clearing time of the protective devices and
might cause unnecessary operation of the protective devices. Therefore, the protection of the distribution
system has been developed which is accurate and satisfy the economic criteria as well. The protection of the
different components of the CIGRE distribution network has been presented in case of bi-directional flow of
the current. It is proposed that the protection of the entire CIGRE network is mainly developed by using

fuses due to economic reasons. The voltage based protection is also proposed somewhere in this network for



thecases when fuses are not enough to protect, such as in the case of islanding where the flow of the current
has the reverse direction. Over speed protection of the WTG in case of loss of grid due to symmetric and
asymmetric faults is also developed in this thesis. This is done by using a mechanical braking system in order
to stop the generator. The protection of PV and battery inverters is also presented in this study. The
protection of the inverters is made by using ultra-fast fuses. The issues of the protection of the solar PV
structure against over voltages in case of islanding from the main power grid are also described here. This is
achieved by using switch disconnection devices.

The issues of the voltage and the frequency control in case of islanding are addressed in this study and these
issues of voltage and frequency in islanded Micro Grid (MG) has been successfully tackled in this
dissertation. This is done by developing appropriate controllers. Initially islanding is detected by using an
Island Detection (ID) detection technique which is based on voltage phase angle difference between grid side
and DG side of the network. This is a more recent ID technique and has some advantages over other ID
detection techniques such as false detection in case of transient or over load conditions.

The development of controllers for all the DG units in the islanded MG is different as compared to the grid
connected mode. The controllers are developed in such a way that they ensure the constancy of the voltage
and the frequency of the entire islanded MG. In case of the grid connected mode, all of the inverter
controllers can either be developed in Power/Voltage (PV) mode or Active power/Reactive power (PQ)
mode. In case of islanding with several parallel inverters available in the network; one of the inverter
controllers must be developed to Voltage-Frequency(VF)mode; and the others in either PV or PQ modes.
The operation of the MG with several PV inverters and single VVF inverter is similar to the operation of MG
with a synchronous machine as slack bus. The VF inverter establishes the voltage and the frequency
references for the operation of all other PV/PQ inverters in the case when the MG islanded from the main
power grid. Acting as the voltage source, VF inverter is responsible for controlling the voltage and
frequency of the island MG. It injects or absorbs active and reactive powers if frequency or voltage in MG
decreases or increases respectively. It requires the significant amount of energy available in the power source
with very fast response. A VF control cannot be used for wind and solar power generations because they are
unpredictable and depend on the weather conditions (i.e. wind speed and solar irradiance). The VF controller
can be used for the inverters of the BESS system, especially the inverter of the bigger energy storage
capability. Therefore, when the operating mode of the CIGRE network changes from the grid connected to
the islanded mode, the control system should switch from the PV/PQ mode to VF mode for this unit. The
switching of the control system is based on the Island Detection (ID) technique.

Issues related to grid reconnection have also been described in this thesis. The DG control strategy needs to
be changed again when the islanded network is reconnected back to the transmission grid. Hence, grid
reconnection detection has been proposed to detect when the islanded distribution system is reconnected

back to the transmission grid. One of the grid reconnection detection techniques based on the



synchronization of the voltage, the frequency and phase angle between the distribution system and the
transmission grid has been proposed here.

The algorithms, models and methodologies developed during this research study have been tested in a
CIGRE low voltage distribution network. The simulation results show that they are able to correctly identify
the states of the distribution system in different operating conditions of the network, maintain the voltage
during stochastic generation changes, mitigate voltage dips in the different fault conditions, control voltage
and frequency during island mode. The simulation results show that the distribution system can survive for
long time (i.e. up to 45 minutes) in the islanded condition. The results also show the islanded distribution
system can successfully reconnect back to the transmission grid.

The research study shows that integration of renewable energy based DGs is a viable, cost effective and
environment friendly solution for the modern power network. The distribution network such as CIGRE
network and systems like that comprising wide variety of DGs can operate in stable, controlled, reliable and

secure manners.

Vi



Abstrakt

Distribueret Generations teknologi (DG) isar i form af vedvarende energikilder sasom vindmgller (WTGs),
solceller (PV), energilagre osv. spiller en afgarende rolle i det moderne el-system pa grund af deres miljg og
omkostningsmaessige fordele. De vigtige fordele ved vedvarende energikilder er reduceret CO, emission,
reducerede driftsomkostninger da der neesten ingen braendstof bruges til deres drift, samt mindre
transmissions-og distributionstab, da disse enheder normalt er bygget tat pa belastningscentrene. Dette har
resulteret i nogle driftsmaessige udfordringer pd grund af den uforudsigelige produktion fra sadanne
energikilder. Nogle af de driftsmassige udfordringer omfatter spandingsvariationer pa grund af
effektudsving fra DG enhederne. Pa den anden side har det ogsad abnet nogle muligheder. En af de
muligheder, er g- drift af distributionssystemet via de decentrale enheder. @-drift er en situation, hvor det
elektriske system bliver isoleret fra resten af el-nettet, og alligevel fortsatter med at veere forsynet via DG -
enheder tilsluttet til det. Med den ggede tilslutning af DG-enheder, kan g-drift af distributionsnettet anvendes
til at forbedre palideligheden i nettet, hvis forskellige problemer i forhold til g-driften takles korrekt. Nogle
af de alvorligste problemer med g-drift detektering af overgang til g-drift (ID), spaendings og frekvens
kontrol, last kontrol og beskyttelse.

I denne afhandling, er nogle af de vesentlige tekniske spargsmal sasom spandings kontrol ved vind- og
solindfalds fluktuationer. Et CIGRE lavspandings (LV) test netveerksmodel bestaende af to solcelleanlaeg pa
3 kW og 4 kW, en 5,5 kW fast pitch og fast hastigheds vindmglle og to batterilagre pa 30kWh og 21kWh er
valgt til undersggelsen. Der er ogsa foretaget analyser af dette netveark i tilfelde af transienter sasom
kortslutning fejl. Reducering af symmetriske og usymmetriske spandingsdyk er ogsa behandlet her.
Komponenterne i CIGRE nettet er modelleret i DIGSILENT Power Factory software 15.0 og kontrolsystemet
til PV og batteri konvertere er blevet udviklet. To statiske kompensatorer (Statcom) er blevet udviklet til PV
—enhederne og der er ogsa udviklet STATCOM styringer til de to energilagre (BESS). Regulatorerne er
udviklet pa en sadan made, at de injicerer / absorberer den gnskede maengde reaktive effekt med henblik pa

at opretholde konstant speending i nettet.

Der er ogsa set pa forskellige beskyttelsesrelaterede problemer i afhandlingen. Kortslutningseffekten a&ndrer
sig i distributionssystemet, nar dets status andres til g-drift. Kortslutningseffekten a&ndres ogsa nar nogle af
DG-enhederne afbrydes. Dette kan resultere i forleengelse af frakoblingstiden for beskyttelsesudstyret eller
kan forarsage ungdig aktivering afbeskyttelsesudstyret. Derfor er der udviklet en beskyttelse til
distributionssystemet, som er ngjagtig og opfylder de gkonomiske kriterier. Beskyttelsen af de forskellige
komponenter i CIGRE distributionsnet er blevet prasenteret i tilfelde af bi-direktional stram. Det foreslas, at
beskyttelsen af hele CIGRE netveerket primeert bliver udviklet ved hjelp af sikringer pa grund af gkonomiske

arsager. Det foreslas dog ogsa spanding baseret beskyttelse i de tilfeelde, hvor sikringer er ikke nok til at
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sikre beskyttelsen, sasom i tilfelde med g-drift hvor strammen lgber mod transmissionsnettet.
Overhastighedsbeskyttelse af WTG i tilfelde af frakobling fra nettet pa grund af symmetriske og
asymmetriske fejl er ogsa udviklet i denne afhandling. Dette geres ved hjelp af et mekanisk bremsesystem
for at stoppe generatoren. Beskyttelse af PV og batterikonverterne prasenteres ogsa i denne afhandling.
Beskyttelsen af konverterne er lavet ved hjalp af ultra- hurtige sikringer. Beskyttelsen af solcelleanleeggene
mod overspaending i tilfelde af g-drift er ogsa beskrevet her. Dette opnas ved hjelp af releenheder.
Spandings og frekvens kontrol i tilfelde af g-drift behandles ogsd med succes i denne afhandling. Dette
gares ved at udvikle egnede styringer. @-driften detekteres ved hjelp af en g-detekteringsenhed (ID), der er
baseret pa fasevinkelforskellen for spaedingen mellem netsiden og den isolerede side af nettet. Dette er en
nyere ID teknik der har nogle fordele frem for andre ID teknikker i forhold til falsk detektion i tilfaelde af

forbigaende eller overbelastningsforhold.

Udviklingen af styringerne for alle DG enhederne i g-drift nettet (mikronettet (MG)) er anderledes i forhold
til net-tilsluttet tilstand. Regulatorerne er udviklet pa en sadan made, at de sikrer konstant spanding og
frekvens i g-drift nettet. | tilfeelde af net-tilsluttede forhold, kan alle de konverterne enten udvikles til Stram /
Spanding (PV) drift eller Aktiv effekt / Reaktiv effekt (PQ) drift. | tilfelde af g-ddrift med flere parallelle
konvertere til radighed i nettet, skal en af de konverterstyringerne udvikles til speending - frekvens (VF) drift,
og de andre til enten PV eller PQ drift. Driften af MG med flere PV konvertere og en enkelt VVF inverter
svarer til driften af et MG med en synkron maskine. VVF- konverteren fastleegger spandings- og
frekvensreferencer til drift af alle andre PV / PQ invertere i det tilfeelde, hvor MG er isoleret fra hovednettet.
Fungerende som spandingskilden, er VF konverteren ansvarlig for at styre spaendingen og frekvensen i
mikro-nettet. Det forsyner eller absorberer aktiv og reaktiv effekt hvis henholdsvis frekvensen eller
spendingen i mikro-nettet falder eller stiger. Det kreever en betydelig meangde energi til radighed i
strgmkilden og med meget hurtig respons. En VF styring kan ikke anvendes ved vind-og solenergi kilderne
fordi deres produktion er uforudsigelige og afhanger af vejrforholdene (dvs. vindhastighed og
solindstraling). VF-styringerne kan bruges til konverterne i BESS systemet, iser konverteren for den starste
lagerkapacitet. Nar driftsformen af for CIGRE-net-modellen @ndres fra net-tilsluttet til g-drift skal
styresystemet derfor skifte fra PV / PQ tilstand til VF tilstand for denne enhed. Dette skift i styresystemet er

Baseret pa g-driftsdetekteringen.

Forhold omkring net-gentilslutning er ogsa beskrevet i denne afhandling. DG styringsstrategien skal igen
andres nar mikro-nettet igen tilsluttes transmissionsnettet. Derfor er der lavet en genindkoblings procedure
til at registrere, nar g-drifts distributionssystemer kan genindkobles til transmissionsnettet. Denne
genindkoblingsprocedure er baseret pa synkronisering af spanding, frekvens og fasevinkel mellem

distributionssystemet og transmissionsnettet.
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De algoritmer, modeller og metoder, der er udviklet i lgbet af dette studie er blevet testet i et CIGRE
lavspeaendings distributionsnet. Simuleringen viser, at de er i stand til korrekt at identificere status for
distributionssystemet i forskellige driftsbetingelser, kan vedligeholde spandingen under stokastiske
produktionsforhold, kan minimere spandingsfald under forskellige fejltilstande, og kan styre spsnding og
frekvens under g -drift. Simuleringsresultaterne viser, at distributionssystemet kan overleve i lang tid (dvs.
op til 45 minutter) i g-drift situation. Resultaterne viser ogsa at g-drift distributionssystemet med held kan

genindkoble til transmissionsnettet.

Forskningen viser at integration af vedvarende energi baseret kilder er en levedygtig, omkostningseffektiv og
miljgvenlig lgsning for den moderne el-nettet. Distributionsnet sdsom CIGRE netvaerket og systemer som
det, bestadende af en bred vifte af distribuerede energikilder, kan operere i stabile, kontrollerede, palidelige og

pa sikre mader.
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Chapter 1

Introduction

Central Generation (CG) is the electric power production by central power plants that provide bulk power.
Most of these generating plants use fossil, hydro and nuclear fuels etc. to produce power. The generation of
power using CG technologies requires huge investment and running cost and large infrastructure. These
generating units have many environmental impacts as well. These generating units require large transmission
lines to deliver power to the customers which are one of the drawbacks because of heavy line losses [1].

Due to environment concerns and world wise increase in oil prices, the new trend in the modern power
industry is towards renewable energy based Distributed Generation (DG). DG is small generating power
plants which are built near the load center. DG sources include small-scale, environment friendly
technologies (i.e. Photovoltaic, Wind power, Energy storage etc.). As an example, Edison’s Pearl Steam
Power Plant supplied 500 customers with electricity in downtown New York in 1882 [2]. DG technology
especially renewable energy sources have played a vital role in the modern power industry due to some
environmental and cost benefits. The important benefits of renewable DG are reduced CO, emission,
reduced operational cost as almost no fuel is used for their operation and less transmission and distribution
losses as these units are normally built near to the load centers [3], [4]. Distributed Generation can be also
used as standby/back up power to improve availability and reliability of the power system in case of
islanding [5].

1.1Background and Motivation

The widespread need for an increasing power demand has increased the need for better economies of scale
[6]. The best way to promote the economies of the scale is to use localized DGs. The amount of the power
lost is less because electricity is produced nearby the load centers. In 2009, renewable energy holds one-
fourth of the total global installed power capacity and it has supplied 18% of the global electricity supply [7].
Many countries have set there ambitious targets to promote renewable electricity. In the European Union
(EV), goals are set for 35% of electricity generation from the renewable sources in 2020 and one-third of the
electricity are estimated to be produced from the wind energy [8]. The wind power is one of the fastest
growing renewable energy technologies, especially in the offshore sector. Apart from large scale hydro and
offshore wind farms, most of the renewable energy sources are DG. Hence, the increase in share of
renewable generation can be treated as an increase in the penetration of distributed generation [9]. Recent
studies have shown that the difference in the cost of electricity production between large and small scale
generation has been reduced to 30% in 2000 from 60% in 1960 [9]. This is mainly due to the advancement in
technologies like wind turbines, micro hydro, gas turbines, fuel cells and photovoltaic together with new

innovation in power electronics. Fig. 1.1shows the share of the renewable power producing units in the total



electricity generation in Europe and Denmark [10] in the recent years. The share of electricity generated
from renewable sources in the total electricity consumption in Europe has increased from 13.4% in 1998 to
16.7% in 2008. In Denmark, this share of renewable sources has increased significantly from 11.7% in 1998
to 28.7% in 2008.
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Fig. 1.1 The share of renewable sources in total electricity generation [10]

In fact, many distribution systems around the world have a significant penetration of DG. In United States,
the capacity of DG resources has increased from 9579MW in 2004 to 22636MW in 2008 [11]. In the U.K,
installed capacity of DG has grown from 1.2 GW in 1993/4 to over 12 GW in 2008 [12]. Denmark has
experienced a vast growth in distributed generation since the late 1980s. Two kinds of DG technology
mainly wind turbines and small gas turbines based combined heat and power plants are used in Denmark.
About one half of the electricity production capacity in west Denmark is equally dominated by these two
types of DG units [13]. Denmark has always promoted renewable energy and decentralized generation as a
part of its liberal energy policy and has also set targets for integrating more renewable energy in the years
ahead. A 30% share of renewable energy is targeted in the Danish energy supply by 2020 [14], [15].

The European Union has set a target of 20% energy from the renewable sources by 2020. The electricity
generation from the renewable source based DG isexpected to rise to about 1,280 TWh/yr in 2030 from 490
TWh/yr in 2005 and the share ofthe electricity generation in the gross total electricity generation to increase
from about 15% to approximately 26% during the same timeframe[16]. A considerable portion of these
renewable source based generating units will be smallgenerating units connected to distribution systems.
However, the increase in the popularity of DG isnot only due to environmental concerns but also due to
various other benefits.



The overall cost of power production by using DG units is low as compared to the conventional power
plants. According to the International Energy Agency (IEA), such kind of the production could result in cost
savings in the transmission and the distribution of about 30% of the electricity costs [17]. A significant
penetration of DGs has opened the doors for the operation of the distribution system in islanding in order to
improve the reliability. DG units can be used to deliver the active and the reactive power in case of islanding
in order to control the voltage and the frequency of the islanded distribution network.DGs can also be used to
deliver the power at the time of peak loads when the electricity prices are high which might be helpful to
reduce the electricity cost of the customers [18].

The major focus is on the DG units such as small WTG, photovoltaics and energy storages in this research

study. The basics of each type of DG units are described below:

1.1.1 Basics of the Wind Energy Generations

Wind energy is clean and sustainable. It is one of the fastest growing renewable energy resources. The term
wind power describes the process by which the wind energy is converted into the electricity. The conversion
of kinetic energy of the wind energy involves aerodynamics, mechanical system, electrical systems and

power system. A wind turbine is an electromechanical device which converts kinetic energy from wind into

electrical energy [19], [20]. The turbine power P is given by the following equation:

Pr=1/2%p*C o m*R®FVS L (1.1)

Where, p is the air density, R is the turbine rotor radius; V is the wind velocity and C, is the power
coefficient. According to equation 1 the turbine power is directly proportional to the cube root of wind
velocity.

Installed wind power capacity has been progressively growing over the last two decades. Fig. 1.2 shows the
growth the installed wind power capacity world wise as of 2012 [21]. Installed global wind power capacity
has been increased from approximately 6.1 GW in 1996 to 283 GW by 2012 as shown in fig. 1.2. Fig. 1.3
shows the cumulative installed wind capacity of the wind power in top ten countries of the world as of and
2012 [21].

Wind turbines are available in a variety of sizes and power ratings. Small wind turbines from few kilowatts
are used for residential or commercial purposes and large turbine are used for the industrial purposes. The
evolution in the wind turbine size can be clearly depicted in fig. 1.4. It can been seen in fig. 1.4 that the wind
turbine available in early 1980 was that with 50 kW power rating and 15 m rotor diameter. The wind turbines

can be found today up to 7.5 MW with a rotor diameter of 126 m.
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Fig. 1.2 Global annual and cumulative installed wind power capacity [21]
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Wind turbines can be classified into fixed-speed and variable speed turbines [22]. The fixed speed wind
turbines operate at almost constant speed of the rotor whereas variable speed wind turbines rotate at a wide
range of the speeds. The squirrel cage induction generator can be used for the fixed-speed wind turbines
whereas Doubly Fed Induction Generator (DFIG) or Permanent Magnates Synchronous Generators (PMSG)
can be used for variable speed wind turbines. The main advantages of variable speed wind turbines over the
fixed-speed wind turbines are the good controllability of power as pitch angle controller is used to regulate
the power output in case of wind variations, improved power quality and reduced mechanical stresses [23].
The main disadvantages are the increased cost and more power losses because of inclusion of a power
converter. As this study is about large scale integration of small sized DG units; the fixed-speed wind turbine

is used for this study.

1.1.2 Basics of Photovoltaic Generation

Photovoltaic (PV) generation system is becoming quite famous among sustainable generations due to many
advantages such as no fuel cost, no pollution, no noise and less maintenance requirement. PV cells are
composed of semi-conductor devices which converts solar energy directly into electrical energy. In simple
words, a PV cell can be explained as a two terminal device that conducts like a diode in dark and produce
photo voltage when illuminated by light. This voltage drives the current through an external circuit and

thereby produces power [24].

The installed PV power in 2009 was 6.4 GW which is equivalent to approximately one-sixth of the installed
wind power. The forecast for 2014 is 30 GW for PV, close to the 28.7 GW for Wind Power (WP) forecast 6
years ago (for 2008) [25]. The worldwide PV power has reached to 100 GW by the end of year 2011 as
shown in fig. 1.5 [21].
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Fig. 1.5 PV power installed worldwide by 2011 [21].



Today, there are several PV parks installed in Spain, Germany and Portugal. The Penetration of PV power is
quite low but it is estimated by European Photovoltaic Industry Association (EPIA) that it could be as high
as of 20% in 2020.

An ideal PV cell represented as an ideal dc-current source connected in parallel with a diode is shown in fig.
1.6. The current source represents the current generated by PV cell as a result of photons falling on its
surface. This current is dependent on the amount of solar irradiation. In the absence of light, the PV cell
behaves like a diode.

Fig. 1.6 Equivalent circuit of an ideal PV cell [24]

As the power output of PV cell is DC, a Voltage Source Converter (VSC) is used to converter DC power into
AC power. PV inverters operate in a certain range of voltages. If voltage goes beyond limits, it will stop its
operation [26].The inverter is used to regulate the AC and DC-link voltages of the network and this is done
by developing a suitable control system for the specified PV inverter. The development of the control system
for PV inverters will be described later in the text. Most inverters of PV systems include isolation
transformer wheregalvanic separates the AC and DC circuits [27]. The current trend in the modern power
system is towards the use of the transformer-less PV inverters. The advantages of the transformer-less
inverter over the inverters using transformers include improved efficiency (i.e. 2% more efficient than with
the inverters using transformers), low weight and low cost [28]. The transformer-less PV inverters are used

for the PV generating units in this research.

1.1.3 Basics of Energy Storage System

The power output of Renewable Energy Source (RES) based DGs is difficult to predict due to their
intermittent nature. These fluctuations in the power might result in variations of the network voltage and the
frequency because of the imbalances between the power generations and the load consumption. It is very
important for any power system, including stand-alone systems to maintain power quality at the specified
levels. The restoration of the voltage and the frequency in the network are the most important in this regard.
In order to maintain the voltage and the frequency within the prescribed limits, a popular technique is the

utilization of the Energy Storage System (ESS). The storage devices are used for the regulation of the power



networks and enable the penetration of DG units both in the grid connected or stand-alone systems and
ensure the increased penetration of DGs. The ESS can store surplus power produced in the grid and can
release the energy into the electricity grid in the case of generation deficit. This property of ES systems can
smoothen the short term as well as long-term variations in the power caused by DG units and could also
provide PQ control functions and behaves like power system balancing and reserve units. Fig. 1.7 presents
comparison of various electricity storage technologies based their power ratings and storage duration [29].
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Fig. 1.7 Comparison of electricity storage technologies based on rated power and storage duration [29]

The Pumped Hydro Storage (PHS) and Compressed Air Energy Storage (CAES) are large-scale storage
technologies in terms of power and energy capacity. The flow batteries like vanadium redox and zinc-
bromide have the characteristics of longer storage duration compared to the typical electro-chemical

batteries. However, this technology has some disadvantages such as high capital and the running cost [30].

The storage technology based on the battery principles are used in this research. The lead acid batteries are
the most mature technology among the electrochemical batteries. Some of the largest battery storage plants
installed include 20 MW, 14MWh (lead acid) at Puerto Rico, and a 27 MW, 6.75MWh (nickel cadmium) at
Alaska are used for the spinning reserve, voltage and frequency control applications [30], [31]. Compared to
these batteries, the Lithium-ion batteries have dominating characteristics because of higher storage efficiency

and high storage capacity [32].



1.2 Problem Statement

Power Quality (PQ) is one of the main objectives of the power system. It is the aim of the utilities to
continuously deliver the power to the customers at the constant voltage and constant frequency. The
intermittent and uncontrolled nature of the renewable energy sources cause problems with the quality of the
power. This quality related problems include disturbances in the voltage, oscillations in power flow through
the lines etc. The disturbance in the voltage can cause the disconnection of the sensitive equipment and may
lead to huge economical loss due to the damaged products. Most of DGs such as Wind power, Photovoltaic
etc. employ VSCs for their operation. The inverters are very sensitive to voltage disturbances. A disturbance
in the voltage can cause disconnection of the inverters from the grid that leads to the loss of energy. Due to
this reason the role of Custom Power Controllers (i.e. the power electronics based controllers used in
distribution network) is increasing day by day. Some of the issues concerning DG have been discussed in
[33-35].

The DGs can have a transient effect on the voltage level. Let’s take the example of the WTG working as DG
unit. The WTG produces power when the turbine is rotating at nominal wind speed. The WTG stops
producing the power in the case when wind speed exceeds the cut out speed. The grid sees this sudden loss
of power as a transient effect on the voltage which might leads to voltage sag. Voltage Sag (VS) defined by
IEEE standards 1159-1995 is the reduction in the value of RMS voltage between 0.1 to 0.9 p.u at the power
frequency with the duration from 0.5 cycles to 1 min; this represents one of the most important causes of
poor power quality [36]. The modern power industry comprises Voltage Source Converter (VSC) based
equipments which are very sensitive to voltage sags/swells. Sag or swells in the voltage may cause tripping
of such sensitive equipments which can cause damage to the production of plants. This may lead to huge
economical loss.

Voltage unbalance is also one of PQ related problem. Voltage in power system; can be unbalanced due to the
several reasons. One of the major reasons of the voltage unbalance is an uneven distribution of single phase
loads that draw unbalanced currents from the system [37], [38]. These unbalance currents will create unequal
heating in each of the phases which creates unbalance heating in cables and other parts of the network, which
might reduce the life time of the cables and other components [39], [40]. Another reason for voltage
unbalance is due to unbalanced faults. The unbalance in the voltage due to this reason is severe. A recent
survey about PQ problems based on interviews and web based submission, conducted over a two-year period
in 8 European countries has been presented in [41]. The cost of wastage due to poor PQ has been presented
in this survey report.

The significant penetration of DG units presents complexity in the protection of the power network due to bi-
directional flow of the current and different short circuit power. The protection of the network with DGs in
modern power network is challenge for the protection engineers. The study about the protection of the

network in the case of DGs is presented in literature [42-45].



The availability of DGs is a favorable condition to operate the distribution network in islanding.Apart from
the improved reliability, islanding operation can be helpful to improve the overall security in the distribution
network. As for the customers, the main benefit of islanding is the reduction of voltage sags and interruptions
from the outages which appears in the distribution and the transmission systems. It was common practice in
power network to shut down all DG units once the distribution system is islanded. IEEE-1547-2003
standards requires islanding to be detected and DG be disconnected within 2 seconds [46]. Similarly, IEC
61727 also require islanding detection and DG disconnection at most within 2 seconds [47].With the
sufficient availability of the DG penetration in many distribution networks, the practice of disconnecting DG
units after islanding is no longer anobvious solution.

The overall object of this study is to model and analyze the CIGRE LV distribution network with the large
scale integration of DG units including small WTG, PV units, batteries etc. This is done in order to operate
the distribution grid in the stable and the controlled manners meeting the load requirements both in grid
connected and islanded mode. The hypothesis of this research study is given below:

» Itis necessary to control the voltage of the distribution network by injecting or absorbing the reactive
power in stationary, transient and islanded conditions.

» The control of the reactive power is needed to achieve the maximum power transfer capabilities of
the power generating units, reduce line losses and to improve the power factor of the DG units in the
CIGRE network.

» It is also desirable to mitigate the voltage sags (i.e. balanced and unbalanced) and the problems of
voltage unbalance in the CIGRE network.

» The control of active power is achieved by matching load-generation balance in CIGRE network by
using DG units in the grid connected and islanded conditions. It is needed for the control of the
network frequency.

» The protection of the different components and the equipments in any network is the prime
requirement of the modern power industry. The issues concerning with the protection of different
components of the CIGRE network including inverters, the power generating units, cables, bus bars
etc. needs to be investigated in order to operate the network in the secured manners.

» Islanding is used to improve the reliability of the power networks. The main problems concerning
islanding such as island detection, the voltage and frequency control needs to be tackled.

» Although islanding improves the reliability of the power networks, however the reliability in case of
the grid connected conditions is more than islanding. Due to this reason, it is essential to reconnect

the islanded distribution system with the transmission grid.

The problems of the PQ due to the integration of DG units such as voltage/power fluctuations, voltage

unbalance, voltage sags (i.e. balanced and unbalanced), issues related to the protection of the distribution



network has been addressed in this dissertation. The solution for such kind of PQ related problems have been
presented and some of the controllers have been developed in order to tackle such kinds of the problem. The
issues related to islanded operation of the distribution system in case of DGs penetration have also been
presented in this study.

1.3 Research Objectives

As described in the previous section that PQ of the distribution network is affected with large scale
integration of DG units and also by some of the transient conditions. Apart from the PQ problems DG creates
problems with protection of the network. Therefore, the overall objective of this research is to monitor and
control such kinds of the issues. The whole research is divided into different case studies and simulations are
performed using DIgSILENT power factory software version 15.0. The main objectives of this research
study are as follows:

1. To develop control techniques which can be helpful to tackle problems of voltage fluctuations due to
the stochastic nature of DGs in the grid connected mode.

2. To develop control strategies which can be helpful to mitigate the problems of voltage sags (i.e.
balanced and unbalanced) and voltage unbalance.

3. To solve problems with over current protection of the distribution system and to develop the
protection in different parts of the network by ensuring the correct operation of the protection
devices in both the directions (i.e. grid side and DG side).

4. To develop an effective state detection technique which should correctly identify when the
distribution system is islanding (i.e. Islanding detection) and when distribution system is reconnected
(i.e. Grid reconnection detection).

5. To develop a control strategy which ensure the correct transition between different modes of the
operation and to ensure the constancy of the voltage and the frequency within the PQ limits in an

islanded distribution system.

1.4 Project limitations
The limitations of this research study are as follows:

1. This study is only limited to investigate the behavior of the CIGRE network with a significant
penetration of the DG units and other protection issues in the same network. The similar research
study and the methodologies can be implemented in many other distribution networks comprising
large share of renewable energy based DG units.

2. This study is only performed at 400 V systems, the issues related to the DGs at the MV are not

considered.
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The models have been developed in DIGSILENT power factory software version 15.0 and many of
the standard models available in DIGSILENT have been used.

A DC-current source model available in DIgSILENT power factory software is used to represent the
solar PV generating unit. The detailed model of PV units showing temperature effects and solar
tracking effects has not been developed.

An infinite DC-voltage source model available in DIGSILENT power factory software is used to
represent battery energy storage system. The characteristics of battery charger ratings are not
accounted in the battery storage model in this study.

The grid is considered to be strong in this study.

The financial issues related to the network protection and island detection have not been covered in

this research.

1.5Main contributions of the thesis

The main contributions of the thesis are summarized below:

1.

10.

Modeling of the CIGRE low voltage network together with the control system for PV solar
generating units based on the STATCOM principles.The purpose of the PV-STATCOM controller is
to regulate AC and DC-link voltages in distribution network.

A methodology to compensate the voltage and the power disturbances in the distribution network
due to uncontrolled and intermittent nature of DGs.

Astudy about mitigation of symmetric voltage sags.

A study about mitigation of asymmetric voltage sags and voltage unbalances.

Development of protection system for the distribution network against symmetric and asymmetric
faults.

Amethodology to control the voltage of the CIGRE low voltage test network for the grid connected
and islanded system.

A methodology to control the frequency of the CIGRE low voltage test network for the islanded
system.

The methodology to control the voltage and the frequency of the islanded MG in case of load step
changes and the sudden loss of the generating units.

A methodology to study about the reconnection detection

A study about the grid reconnection and synchronization of the two systems (i.e. Transmission and

the distribution system)
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1.6 Outline of the thesis

The PhD contains seven chapters and two appendixes. It is organized as follows:

Chapter 1: Introduction

This chapter presents the evaluation of the DG markets. The basics of some renewable energy based DG
units used in the CIGRE network (i.e. WTG, PVs, energy storages etc.) together with the grid integration
issues have been described in this chapter. The objectives, scopes, limitations and main contribution of the

study are also presented in this chapter.

Chapter 2:Modeling of CIGRE Low Voltage Distribution Network and the development of
appropriate controllers for grid connected applications

The CIGRE LV distribution network comprising DG units has been used as a test network for this study. The
different components of the CIGRE network are introduced in this chapter. The modeling of the all
components of the CIGRE network has been performed in this chapter. This chapter also describes the

development of appropriate controllers concerning the DG units in the CIGRE network.

Chapter 3:The behavior of Distribution grid with DG integration under stationary, dynamic

and transient conditions and voltage control

The uncontrolled nature of the DG units causes the problems with the network voltages and creates the
oscillations in the power output of the DGs. This chapter presents the methodology to control the voltage and
the oscillations in the power output of the DG units due to stochastic changes in weather. The faults in power
system networks create problems of voltage sags. The study about the CIGRE network in the transient
conditions and mitigation of voltages sags (i.e. balanced and unbalanced) and voltage unbalances have been

also performed in this chapter.

Chapter 4:Short circuit protection of CIGRE Low Voltage Distribution Network

When a distribution system changes states from a grid connected condition to an islanded condition or vice
versa, there is a significant difference in the fault power. This chapter presents the protection of the CIGRE
network against three phase and single phase to ground fault. This study includes the protection of cables,

bus bars, loads, inverters, DG units etc. The study about the over speed protection of the WTG in case of loss

12



of grid due to the faults is also presented in this chapter. This chapter presents some of the problems
concerning the protection of the network by using current based protection devices such as fuses and
proposes the voltage based protection is this network in some conditions when current based protection
devices fail to operate and causes large delay in their operation.

Chapter 5:1sland operation of distribution grid with Distributed Generations

The problems concerning islanding such as islanding detection, voltage and the frequency control has been
solved in this chapter. The development of the controller which works in island mode is described here. The
control of the voltage and the frequency in the islanded MG in case of the step load changes and the sudden
loss of DG unit(s) have been also presented in this chapter.

Chapter 6: Grid Reconnection

This chapter presents some criteriato reconnect energized islanded distribution system back to the
transmission grid. Agrid reconnection detection based on the synchronization of the voltage, frequency and
phase angles of the two systems has been also presented in this chapter.

Chapter 7: Conclusions and future work

Some conclusions have been presented in this chapter. The contributions of this research study have been
also presented here. This chapter proposes some of the works which can be done in the future with reference
to the work presented in this research.

Appendix A

It presents data for the different components of the CIGRE test distribution system such as cables, inverters,
WTG, etc. and it’s concerning models. Some of the data concerning protection devices which are used to

protect the different components of the CIGRE network are also presented.

Appendix B

The inverse time current characteristics of some fuses uses in the CIGRE network are presented with the help

of figure in this appendix.
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Chapter 2

Modeling of CIGRE Low Voltage Distribution Network and the development of

appropriate controllers for grid connected applications

2.1. Introduction to the CIGRE low voltage distribution network

A test distribution network set up by CIGRE comprising Wind Turbine Generator (WTG), PV solar
generation units and energy storages devices has been chosen for this study. The single line diagram of this
distribution system is shown in fig. 2.1.

Footates —> load
oo — bus
20kV RO
A400 kVA

>\

6%
04kV 1
L Rl

R2
Sa=1kVA R11

Sa=2kVA R3
Sc=2.7kV A'—l— ’
pf=0285 RI2 RI3  Rl4
R4 [} [} - —_—
S,=48kVA l \\_lnd I u_rh-mc
Sg=64kVA RE — IG 3-ph 5.5 kW
Sc=8kVA¥T] RS ‘_I_a
pf=0385 ’ RA Batteries R19
SRSl
@_4 =>«‘| K=l it S\=4.8kVA
° RD Inverter S = 6.4 kV
Photovoltaic S —35KVA Sa= 6. A
4kW R7 gt Ml Sc=8kVA
P =S pf=085
RS
S,a=16kVA
Sa=32kVA .
Se=2.7kVA
Sc=4kVA RS ?/._ =
pf=0.85 F o
E——k"' 4 — == Z_ ﬂ“ Batteries
Photov wlt_m rc RI10 Inverter
otovoltaic $ . e LS
3 kW Stax 25 kVA
pf=0.85

Fig.2.1 CIGRE distribution system test network [48]

In this network, there are two PV solar generation units of 3kW and 4kW connected at bus RC and RD,
respectively. There is one fixed-pitch fixed speed wind turbine generator of 5.5 kW connected at bus R19.
The power factor of the WTG is 0.91 and a capacitor bank is used to operate this machine at unity power
factor.There are two batteries 30 kwWh and 21 kWh, employing VSCs of 35 kVA and 25 kVA, both operating
at the power factor of 0.85 and connected at bus RA and at bus RB respectively. All these DG units are
integrated into the main power grid through a 0.4MVA, 20/0.4kV delta-star-grounded three-phase
distribution transformer. Unbalanced loads are aggregated at the 0.4 kV voltage levels and are connected at
bus RC, RD, RE, R11 and bus R17. The power is delivered to the loads by distribution cables. The detailed

data concerning cables is given in table Al in appendix A. The short circuit power of the main power grid is
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considered 500 MVA and is assumed to be strong grid in this study. The CIGRE report has also provided
daily load profile pattern of the distribution network [48] as shown in fig. 2.2. The profile shown in fig. 2.2 is
for the residential, industrial and the commercial loads but the network under this research as shown in fig.
2.1 only uses the residential load profile.
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60

40

Apparent power, S (% of max)

0 4 8 12 16 20 24
Tme, ¢ (h)

Fig.2.2 The daily load profile pattern of the distribution network [48]

Two inverters named VSC1 and VSC2 are used for the battery applications whereas other two VSC3 and
VSC4 are used for PV applications. The power and voltage ratings of the inverters used in the network are
shown in table. A2 in appendix A. The inverters mentioned in table A2 are used to provide the active and the
reactive powers in order to control the voltage and the frequency at the same time. The power ratings of
VSC3 and VSC4 used for the PV applications are chosen bit higher than the PV power because they have to
counteract problems of the voltage at their AC terminals during fluctuations of the solar irradiance and are

also responsible to provide compensation against voltage sags.

2.2 Modeling of the CIGRE network grid and its components

The CIGRE network is modeled in DIgSILENT power factory software package version 15.0 by using built-
in and DIgSILENT Simulation Language (DSL) models. The built-in models are available in the
DIgSILENT library and the DSL models are developed based on mathematical equations. The modeling of
some of the electrical components of the CIGRE network such as transformer, grid, cables, bus bars, loads
etc. is simple and further details can be found in the literature [49]. The standard built-in models available in
DIgSILENT library are used to model the above mentioned components and are therefore not described here.
Adetailed description about modeling of the DG units such as the WTG, PV units, Battery Energy Storage
System (BESS) together with the development of appropriate control system is presented in this chapter. The
modeling of the stochastic nature of DG units as well as the modeling of load fluctuations is also described

here.
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2.3 Modeling of Wind Turbine

The primary components of the WTG for modelling purpose are the turbine rotor (prime mover), a shaft and
gearbox unit and an electric generator. During implementation of the wind turbine generator model in
DIgSILENT, different built-in models are used for the WTG components, e.g. generator and capacitor. The
procedures of modeling the WTG are available in various literatures [49-51]. The WTG is modeled
according to [52] as a fixed pitch and fixed speed wind turbine in this case. The simplified block diagram of
the fixed-speed fixed pitch WT model is shown in fig. 2.3.

Generator Speed

Y

Wind speed PWT
—_—

Turbine Model K > Shaft Model > Generator Model
Pwind

Y

Shaft Speed

Fig. 2.3 The simplified block diagram of WT model

The wind speed is the input to the turbine model as shown in fig. 2.3. It uses wind speed and produces the
output signal Pwind (i.e. the power available in the wind) and is given by the equation 1.1. It is input to the

shaft model which generates the aerodynamic torque in the shaft and thereby produces Py, (i.e. power from
wind turbine to the generator or the mechanical power). The aerodynamic torque T,,; generated by wind and

the mechanical power P, obtained at the output of the shaft are given by equation 2.1 and 2.2 respectively.

1 R?V3
Trotz_t Cp [PTl' 2 ] (21)

Wro

Wgen
Pyr=25mT, 2.2)

Where, w,,; is rotor speed, wgen is the generator speed and T is the mechanical torque on the low speed
shaft of the machine.

The generator is used to convert the mechanical power into electrical power. The built-in model of the
squirrel cage induction machine is used to represent the model of the generator in this study. The data
concerning the electrical model of the squirrel cage induction generator is presented in table A3 in appendix
A.
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The stochastic wind speed can be modelled by using a measurement file, and use it as input for fig. 2.3. In
DIgSILENT, a measurement file ‘ElmFile’ is used for the modeling of stochastic wind speed. A
measurement file takes the data from the given ‘text file’ and delivers its value as a stochastic wind speed to
the turbine model.

The variations in the wind speed modelled for 12 hours are shown in fig. 2.4. The wind speed data of 1%
January 2009 for East Denmark given by DTU wind energy has been used here.
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Fig. 2.4 Wind variations during 1st of January 2009 for East Denmark for 12 hours [53]

2.4 Modeling of PV Generator System

As the power output of the PV is current dependent, the solar cell can be modelled as a dc-current source
[54]. Since the power output of the PV cell is DC, a VSC is used to convert DC power into AC power. The
built-in model of a PWM AC/DC converter is used for the VSC in this study. Fig. 2.5 shows the equivalent
circuit of the PWM inverter model representing the self- commutated voltage source converter. The circuit is
built with valves with turn-off capability (Two dashes), which are usually realized by Gate Turn-Off
thyristors (GTOs) or Insulated Gate Bipolar Transistors (IGBTS) [55].

C RS ana

— U

Dc

\/

—0

Fig. 2.5 Equivalent circuit of PWM inverter model [55]
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The advantage of GTO thyristors is that it can handle more power than IGBTs. The disadvantages of a GTO
inverter is that the inverter requires very complicated circuits to control its valves and that it has lower
efficiency [56]. As this study is carried out for low power applications, IGBT is used here.

The DC-link capacitor is shown with a redsymbolwith the red color in the PWM inverter model in fig. 2.5
which means that this component is not part of this model [55]. The built-in model for the DC capacitor
available in DIgGSILENT library is used in this regard. The purpose of DC-link capacitor is to provide
temporary injection or absorption of the active power in order to control the DC-link voltage of the inverter

and thereby the power output of PV units.

2.4.1 Development of the control system for PV-STATCOM

The PV solar units used in this network are operated as STATCOMs and thereby named PV-STATCOM.
The controller of the PV-STATCOM is used to regulate the AC and DC-link voltages of the distribution
network. Such kind of controller is being developed in the university lab of Sarnia, Canada for a 10 kW PV
system [57]. A cascade controller is used for the control of the VSC. It is comprised of an outer controller
and an inner controller [58]. The selection of the outer controllers depends on the application. Here,
STATCOM controllers for the PV applications are used for the voltage regulation. The block diagram of the
cascade controller comprising outer controller and an inner controller for this application is shown in fig. 2.6.

UDC _ref

UDC_Meas id_ref
Outer ‘ Inner current .-
UAC ref controllers controllers Switching signals to the
= inverter

i

|

UAC_Meas

|

iq_ref

Fig. 2.6 Cascade controller for PV-STATCOM system

The cascade controllershown in fig. 2.6comprises outer controllers (i.e. one for AC and the other for DC
voltage) and the inner current controllers (i.e. one for the d component and other for the g component of the
current). The purpose of the outer controllers is to the regulate AC and the DC-link voltages of the VSC. The
block diagram of the voltage controller which works as an outer controller is shown in fig. 2.7. This
controller compares measured and reference values of the DC-link voltage and sends the error signal ‘dUDC’
to the PI controller which makes the error signal equal to zero [59] and thereby generates active current
reference ‘id_ref” as shown in fig. 2.7.

It also compares measured and reference voltages at the AC side of the VSC and sends error signal ‘dUAC’
to the PI controller responsible for the AC voltage control. This PI controller generates the reactive current

reference (ig_ref) and decides the injection or the absorption of the reactive power.
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Fig. 2.7 The AC and DC-link voltage controllers of STATCOM

The inner current controller in general is faster than the outer controller and uses two Pl controllers
responsible for controlling the respective active and reactive currents. The block diagram of current
controller is displayed in fig. 2.8. The working principle of this controller is follows:

» Three phase grid currents are measured at a certain point

» The three phase currents are transformed from the three-phase coordinate system to the fixed af-
coordinate system and then to the rotating dg-coordinate system. The transformation angle is
required to transform the quantities from the fixed ap-coordinate to the dg coordinate system. This
transformation angle is obtained by using a Phase Lock Loop (PLL) [58]. With the chosen PLL
[58], the d-component of the current vector becomes the active current component (d-current) and
g-component becomes reactive current component (g-current).

» The d and g components of the currents are compared with the reference value of the currents
obtained from the outer controllers

» Two PI controllers one for the d component and other for the g component of the current are used.
The difference of the d component and g components of the currents are sent to the respective Pl
controllers. The PI controllers calculate the voltage references for d and component of the voltage
(i.e. ud_ref and ug_ref in fig. 2.8).

» The dq components of the voltage are then transformed into ofi-coordinate and then into the three-
phase coordinate system.

» The three phase voltages are sent to the PWM block which calculates the duty-cycle [56] in the
PWM block and sends the switching pulses the VSC valves.
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Fig. 2.8 The block diagram of the current controller [58]

2.5 Modeling of Battery Energy Storage System

The storage battery is a group of one or more electrochemical cells connected in series or parallel in order to
stabilize the electrical distribution system. The Battery Energy Storage System (BESS) is incorporated with
STATCOM named as BESS-STATCOM or E-STATCOM, which has both active and reactive power
controllability. Most of the methods used for battery modelling are complex and time consuming [60-64].
The need for an accurate and complete battery model is dependent on the field of its application. A wide
range of battery models are used for simulation studies in various literatures like mathematical, electrical or
electrochemical models [65].

Electrochemical models are the most accurate and mainly used to optimize the physical design aspects of
batteries and characterize the fundamental mechanisms of power generation. However, they are complex and
time consuming [60]. Mathematical models use stochastic approaches or empirical equations which can
predict efficiency and capacity. However, these models are often inaccurate (5-20% error) and have no direct
relation between model parameters and the voltage-current characteristics of the batteries [61], [62]. The most
commonly used method for representing batteries in circuit simulations are the electrical models. The
Thevenin-based model is the most generally used electric-circuit based representation of a battery in
published research works [63], [64]. This model consists of an ideal voltage source in series with an internal
resistance and a parallel RC network. The drawback of this model is an inaccurate estimation of the battery
State Of Charge (SOC). The model in [66] discusses a typical thevenin model which can provide accurate
battery SOC.

The BESS-STATCOM in this work is modeled using a thevenin equivalent representation of the Lithium ion
battery and is shown in Fig. 2.9 [67], [32]. The thevenin-based model is the most generally used electric
circuit based representation of a battery in the published research works [67], [32]. This model consists of an

ideal voltage source in series with an internal resistance and a parallel RC network.The specification of a
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single cell of lithium ion battery shown in table A4 in appendix A is taken from [68]. The built-in model of
an infinite DC voltage source is used for the modeling of the BESS in DIgSILENT power factory software
version 15.0 [69].

Rseries Rtransient

AA"AY aA%" ;

Il
+ H
WdelSoc) Ctran

Ibatt

negh,

Fig. 2.9. Electrical model of the Lithium ion battery [67], [32]

In order to obtain desired amount of power output from the batteryl, 170 cells have been connected in series
and 6 cells in parallel. The total capacity of batteryl in this study is 42 Ah (i.e. 7 Ah* number of parallel
connected cells). The maximum and minimum voltage of the battery is 714 V (i.e. 4.2* number of series
connected cells) and 425 V (i.e. 2.5* number of series connected cells) respectively.

As the power output of the battery is DC, an inverter is used to convert DC power into AC power. The same

model of PWM inverter which is shown in fig. 2.5is used in this case as well.

2.5.1Development of the control system for BESS-STATCOM

In order to control the voltage at the Point of Common Coupling (PCC), reactive power and charge/discharge
rate of the battery, it is necessary to develop its controller. The block diagram of the control system of battery
storage is shown in Fig. 2.10.

Cascade Controller

Outer Controller

P_meas
P_ref
-
PQ/PV Inner Current >
Q meas/V_meas ! Controller id_ref » Controller Switching Signals
Q ref/V_ref _ iq_ref
et >
socC Battery Model |

Controller

Fig. 2.10 The block diagram of control system for BES system
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The control system of the BES system shown in fig. 2.10 is a cascade controller employing outer and inner
current controllers. The outer controller can either be a PQ or PV depending upon the application. If it is
desirable to control the active and reactive power of the network, BES can use a PQ controller as the outer
controller. On the other hand, if the requirement is to control the active power and voltage at the PCC then a
PV controller is used instead of PQ. The PQ/PV controller which works as the outer controller is shown in
fig. 2.11. This controller compares measured and reference values of the active power and sends the error
signal ‘dP’ to the PI controller.The PI controller receiving ‘dP’ and ‘SOC’ as its inputs is designed in such a
way that if there is mismatch between measured and reference active powers, the Pl controller should
generate the missing signal ‘D’ in order to make the error signal equal to zero [59] and if the state of charge
of battery is outside of the limits of 20% or 95%, the output signal ‘D’ of the controller should be zero. This
is in order to avoid damage of the battery and to preserve battery life and thus, the SOC is limited within 20-
95% [32]. The limits (i.e. B_max and B_min) have been set in this PI controller in order to model the battery
for obtaining the desired amount of the power. The output ‘D’ of the PI controller is sent to the charge
controller block as shown in fig. 2.11 which controls the current in and out of the battery and decides it’s
charging and discharging rate.

It also compares measured and reference values of the reactive power or the voltage at the point of
connection and sends error signal ‘dQ/dU’ to another PI controller. This PI controller generates the reactive
current reference ‘igq_ref’in order to control the flow of the reactive power through the lines or decides the
injection or the absorption of the reactive power for the voltage restoration.

B max i_max

P_meas - dp id*
—_— = 3
- Control id ref
Kp+1/sT D | Charge iq* priovity LT o
P_ref Controller > Selector
SOC

B_min B_maxl

Q_meas/U_meas - dQ/dU

> Kp+1/sT iq_ref _
Q ref/U_ref

/

B_minl

Fig. 2.11 PQ/PV controller of BES system

The share of the active and the reactive power from the PQ/PV controller is according to the equation 2.3
and equation 2.4 and depends on if the control system has been given the voltage control or the reactive

control priority and is decided by the control priority selector block as shown in fig. 2.11.
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id_ref:\/ i_max2 -ig_ref T (Voltage control priority)..........coceeevveenennennnnn.. (2.3)

iq_ref=\/ i_max2 -id_ref 2 (Reactive power control priority)..............oceveueninnn.n. (2.4)

Where i_max lies between +-1 p.u. The control system of the battery inverter producing id_ref according to
equation 2.3 is said to have the voltage control priority. If the inverter delivers 1 p.u of the reactive power
then according to equation 2.3, the inverter has no more active power to inject (i.e. id_ref=0). A battery is
said to be charged at its maximum rate if the control system follows equation 2.4. According to equation 2.4
if the inverter delivers 1 p.u of the active power, the inverter has no more reactive power. The inverter in this
case operates in the reactive power control mode.

These currents references (i.e. id_ref and ig_ref) are the inputs to the current controller which decides the
duty cycle for the switches used in the converter. The details of the current controller are described in section
2.4.1.

The battery controller block is also added in fig. 2.10. This block receives the active current reference (i.e.
id_ref) from the current controller at its input and integrates it in order to get the State of Charge (SOC). The
signal SOC is sent to the control block employing PI controller as shown in fig. 2.11 which in turn decides
the amount of id_ref according to the value of SOC. This block makes the id_ref equal to zero if the SOC of
the battery is either 20% or 95% [32]. The battery control block is shown in fig. 2.12 and the values of the
parameters used in this control block are shown in table A5 in appendix A.
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Fig. 2.12 The block diagram of the battery control model
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The current in or out of the PQ/PV controller (i.e. id_ref) is integrated in order to give a relative charge ‘Ch’
which when added or subtracted (based on charging or discharging mode) to the initial charge ‘ Ch;’ in

ampere-hours, and gives the total charge ‘ChT’ of a battery as shown in equation2.5.
imax
ChT=Chi+[ “(lpee)dt  (25)

This quantity is further normalized to the battery capacity so that the state of charge lies between 20 and

95%. A lookup table is used for finding battery state of charge from open circuit voltage. The resultant

battery voltage (V,,;) iS obtained by combining series resistance voltage drop ( V) and equivalent

transient voltage response ( Vy.sient ) With the open circuit voltage (V) as seen in equation 2.6.

Vbatt =VOC +Vseries +Vtransient (2'6)

To get the power output (P, ) of battery, the battery current (1,,,) and the battery resultant voltage (V)

is multiplied as seen in equation 2.7.

Poatt =lbatt “Vbatt (2.7)

2.6 Modeling of load fluctuations according to CIGRE network data

The different unbalanced loads are used at the different busses in the CIGRE network as shown in fig. 2.1.
The built-in model of three-phase loads available in DIGSILENT library as shown in fig. 2.13 is used to
represent the load model in DIgSILENT.

Terminal

R111Cub_2

—>

s

Fig. 2.13 The built-in model of three-phase constant impedance load connected at bus R11
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To model three-phase unbalanced loads according to the CIGRE network data, it is necessary to develop a
DSL model. The dynamic model with input definitions for General load is shown in fig. 2.15 [70]. As shown
in fig. 2.14, the load model has Pext (Active power) and Qext (Reactive power) as its inputs.

Pext

Qext

Fig. 2.14 Input definitions of General Load model [70]

The Pext and Qext only work for single-phase loads. Therefore, to model three-phase unbalanced load, 3
monophasic loads are used and each load is controlled through Pext and Qext separately. Fig. 2.15 shows 3
monophasic loads representing phase_a, phase_b and phase_c connected at the bus. The technology of the
load is defined as 1-phase at the Basic Bata tab for the load type in DIGSILENT software.

T

v vV

-Phase_a - - ‘Phase_Db - - -Phase_c -

Fig. 2.15 Three monophasic load representation in DIgSILENT

The measurement file (EImFile) is used for modeling of the three-phase unbalanced loads according to the
CIGRE load profile as shown in fig. 2.2. The measurement file is used to measure active and reactive power
data from the file [71] and sends the corresponding signals to load model. The composite frame model for
the modeling of load fluctuations is shown in fig. 2.16. It can be seen in fig. 2.16 that the active and the

reactive power of the load are defined by the measurement file.
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Fig. 2.16 The composite frame for modeling the general load [71]

Hence, all components of the CIGRE network have been modeled in DIgSILENT. The whole test
distribution network modeled in DIGSILENT is shown in fig. 2.17.
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Fig. 2.17 The whole model of the CIGRE model developed in DIgSILENT power factory software

2.7 Summary

The different components are the CIGRE low voltage distribution network have been introduced and
modeled in this chapter. The modeling of the CIGRE network is done in DIGSILENT power factory software
version 15.0. The modeling of the WTG and wind fluctuations has been investigated in detail. The
development of STATCOM controllers for PV applications hasalso been presented here. Finally, the control

system of BESS-STATCOM together with SOC representation has also been developed in this chapter.
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Chapter 3

The behavior of Distribution grid with DG integration under stationary,

dynamic and transient conditions and the voltage control

3.1 Introduction

The integration of Distribution Generation (DG) units into today’s distribution grid is increasing rapidly. The
main promotion in their familiarity is because of favorable environment effects and some cost benefits [3],
[4] etc. Since, the generation of these units is not constant due to their intermittent and uncontrolled nature;
they present problems with the quality of the power. The quality related problems include the disturbances in
the network voltage, oscillations in the power flow through the line, voltage sags/swells etc. The disturbance
in the voltage might cause disconnection of sensitive equipments available in the power network which leads
to huge economical loss. The bad quality of the voltage also results in damaged products inthe specific
industries.

An increase or decrease in the voltage requires a desired amount of the reactive power to be absorbed or
injected to counteract the disturbances. The flow of the reactive power through the lines/cables reduces the
power transfer capability of the lines/cables and increases the flow of the current which leads to losses. It is
therefore, necessary to control the voltage and reactive power of the distribution network in order to ensure
stable operation of the system and operate the lines near to their safe thermal loadings. Custom power
devices can be used in this regard [72]. Customs power devices are the power electronics based devices such
as Dynamic Voltage Restorer (DVR), the Distribution Static Compensator (D-STATCOM) etc. The VSCisa
main component in these kinds of devices. Benefits of using VSCs are sinusoidal currents, controllable
reactive power to regulate power factor or bus-voltage level and independent control of active and reactive
power [58]. This study is done by using D-STATCOMSs and BESS-STATCOMSs. The control system for
these devices is described in chapter 2.

This chapter presents the introduction about the integration effects of DG units on power and the network
voltage. It should be noted that the integration of DG unit(s) into the grid is done by using a 0.4 MVA,
20kV/0.4 kV DyN transformer. The neutral of the transformer is grounded with low impedance, (i.e.
Z=(0.0032+j0.0128)Q2 in this research study.Section 3.2 presents the validation of the developed controller in
order to control the network voltage and damp the oscillations in the active power due to the variations in the
weather conditions. The brief discussion about the importance of reactive power is given in section 3.3. The
control strategy which is used to control the flow of the reactive power in the CIGRE network is described

here and the simulation results are presented in this section. The study about the behavior of CIGRE network
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in case of transient conditions is presented in section 3.4. The mitigation of voltage sags (balanced and
unbalanced) together with the mitigation of the voltage unbalance in the network is described in this section.

3.2 The control of the voltage and the power output of DG units in case of stochastic changes

in wind speed and the solar irradiance

The variations in the wind speed or fluctuations in solar irradiations have adverse effect on the voltage and
thereby power out of DG units. In order to verify the performance of the controllers used in the network,
simulation results are presented in the case of some events applied on the network.

At 30 s, the output power of the PV2 is reduced in order to simulate a reduction in the solar irradiation. The
power output of P2 in this case is shown in Fig. 3.1. Initially, PV2 is producing full power (i.e. 4 kW). Due
to clouds the power of the PV2 is reduced to 0.4 kW at 30 s. As the power output of PV2 decreases, the AC
and the DC voltagesat the terminals of PVV2 inverter (i.e. VSC4) also decreases as shown in fig. 3.2.
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Fig. 3.1 Power delivered by PV2
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Fig. 3.2 Voltages at the AC and DC terminals of PV2 inverter
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The AC and DC voltage controllers of the STATCOM controller developed as shown in fig. 2.7 are used to
control the voltages at the terminals of VSC2. The voltage at the AC terminals of VSC2 is controlled if the
desired amount of the reactive power is to be injected by the inverter. The reactive power produced by VSC2
is shown in fig. 3.3. It can be seen in fig. 3.3 that VSC2 deliver 14.6 kvar in the normal operating condition.
This reactive power in the normal operation is used to meet the reactive power load demands and other
minor disturbances due to load unbalances. When the voltage at its AC terminals decreases, it injects 18.13

kvar of reactive power in order to maintain the voltage to its pre-fault value.

20 T T T T T

Reactive Power (kvar)
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10 15 20 25 30 35 40 45 50
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Fig. 3.3 The reactive power produced by VSC2

The DC link capacitors connected at the DC side bus C and bus D as shown in fig. 2.17 are used to provide
temporary injection or absorption of the active power. The DC voltage controller responsible to control the
DC-link voltage of VSC2 compares the measured and reference values of voltage and sends error signal to
the PI controller. The PI controller makes a decision and sends a signal to the DC capacitor in order to
charge/discharge according to DC-link voltage variation. A DC-link capacitor provides temporary injection
of the active power when the DC-link voltage decreases and vice versa. It can be seen in fig. 3.2 that the
voltage controllers of the PV-STATCOM system have restored the voltages to their pre-fault values in very
short duration.

Next the controllers are to be verified with the wind power fluctuations, fluctuations in the power output of a
PV system and also load changes for the unbalanced loads. The 12 hours wind speed data of 1st January
2009 for East Denmark given by DTU wind energy is used, as shown in fig. 2.4 and the power output of a
PV system is assumed for a sunny day. The fluctuations in the power output of the WTG and PV2 for 12

hours is shown in Fig. 3.4.
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Fig. 3.4. The power output of PV2 and the WTG

The load variations for all three phases for 12 hours at bus D is shown in Fig. 3.5.The load demand is met by
the WTG, PV system and the grid. The power delivered by the grid to meet the load demand and to charge
the batteries is shown in Fig. 3.6. Initially the grid is delivering more power in order to charge the batteries
together with the load demand and when both the batteries are fully charged it delivers less power as shown
in Fig. 3.6.The fluctuations in the power delivered by the WTG, PV2 and the grid cause the problems with
the network voltage. The fluctuations in the voltage are shown in Fig. 3.7. The first peak in the voltage is due
to the power delivered by the grid to charge the batteries in minimized by the control system; the second and
third peak is due to the fluctuations in the power output of PV2. In all the cases, the control system is able to
maintain the voltage in the desired range within very short duration. The control of the voltage in other parts
of the network is done by using the other relative controllers available there in the same way. The further
details about the voltage control in other parts of the network are not described in this section and are
presented in section 3.4.
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Fig. 3.5. The 12 hours fluctuations in the three phases load at Bus D
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Fig.3.7. Voltage at bus D

The charging of the batteries can be done slower or faster by using different Charging rates (C rates). The
PQ/PV controller developed as shown in fig. 2.11 uses the charge controlling block. This block controls the
flow of the current and charges batteries at different C rates. The plot of currents flowing from the grid
through cable R8-RA to charge the batteryl at 1 C and % C rates is shown in Fig. 3.8. The flow of current

from the grid reduces to zero when battery is charged up to the specified limits as shown in Fig. 3.8.
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Fig.3.8. Currents to charge batteryl at two different C rates

The plots for the battery SOC at two different rates (i.e. 1 C and % C rates) are shown in Fig. 3.9. The grid is
delivering 43 A to charge the batteryl which is connected at bus RA at 1 C rate. In this condition battery is
charging faster. The battery is drawing half of the rated current at %2 C rate and is charging slowly. The
battery takes longer time to charge it up to the desired limit in this case as shown in Fig. 3.9.
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Fig.3.9 Sate of charge (SOC) of the battery at the two different rates

3.3 Reactive power control in the CIGRE network

The consumption of the reactive power in the distribution network together with DG units is stochastic in

nature. The uncertain variation in the flow of the reactive power causes variations in the voltage at PCC. It
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also reduces the power factor and the efficiency and affects the real power production capability of the
generating unit(s). It is therefore desirable to control reactive power in order to ensure the proper operation
of the distribution system to prevent damages such as overheating of generating units and cables, to reduce
the power losses, improve power factor and increase the active power transfer capability of the system.

The PQ controller shown in fig. 2.11 is used in this regard. The purpose of this controller is to maximize the
active power by controlling the reactive power of the network equal to zero. This is done by setting the
parameter Q_ref=0 in the control block shown in fig. 2.11.The reactive power flowing through the cable R8-
RA in this case is shown in fig. 3.10.
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Fig. 3.10 The Reactive power through line R8-RA

This figure shows the developed controller has successfully controlled the reactive power through the
line/cable equal to zero. The flow of the reactive in other parts of the network can be controlled in the same

way.

3.4 Study of the CIGRE network in case of the transient conditions

The transient study of the network is performed by applying a short circuit faults (i.e. 3-phase or single-phase
to ground faults) in the different parts of the network.A huge amount of the current normally flows towards
the faulted point wherethe voltage is reduced or zero due to the fault. This reduction of the voltage on the
faulted point causes the voltage sags in different parts of the network. VVoltage sags are undesirable in the
power system and presents adverse effects the power system equipments. The study about the effects of
voltage sags on different components of the CIGRE network together with the study about the mitigation of

the symmetrical and the asymmetrical voltage sags ispresented in this section.
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3.4.1 Study of the network in case of 3-phase short circuit faults

This study is performed by using a 3-phase fault at bus RO (i.e. Medium Voltage ‘MV”’ bus) of the CIGRE
Network with different values of fault impedances in order to see the effectiveness of the developed
controller with respect to the depth of the voltage sags. The effect of the voltage sags on different

components of the CIGRE network (i.e. the WTG and the loads) is studied in this section.
For the first case a three phase fault with fault impedance of 1 Q (Z; =1 Q) is applied at time t=5 s on bus

RO and is cleared after 150 ms. The voltage on the faulted phases decreases as shown in fig. 3.11. It can be
seen in fig. 3.11 that voltage on this bus decreases to 0.72 p.u (i.e. it is voltage sag of 28%). This kind of
fault also causes voltage sag in different parts of the CIGRE network. The voltage on bus RA, RB, RC, RD,
RE, R11 and bus R17 without compensation is shown in fig. 3.12. The depth of the voltage sag on different
buses depends on the amount of current delivered by the grid and DG units and the network impedances
between the fault and the current sources. The behavior of different components of CIGRE network during

voltage sag is different and is described below.
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Fig. 3.11 Voltage on bus RO in case of a three phase fault with a fault impedance of 1 Q
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Fig. 3.12 Voltage sags on the different parts of the network in case of a three phase fault with fault

impedance of 1 Q. The labels refer to voltages at the actual bus numbers
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3.4.1.1 The effect of voltage sags on the WTG

The behavior of the wind turbine generator in case of voltage sag depends on its technology. The 5.5 kW
squirrel cage induction generator used for this study is a fixed pitch and fixed speed WTG and is connected
at bus RE where a voltage sag has appeared. In the case of a squirrel cage induction generator, there is a
decrease in active power supplied to the grid due to the voltage sag. Similarly, the reactive power consumed
by the machine is reduced due tothe demagnetization of the generator. The severity of demagnetization
depends of the depth of sag. When the faultis cleared the induction generator absorbs reactive power from
the grid for its magnetization [73], [74]. The active and the reactive power of the WTG are shown in fig.

3.13. A minus sign shows the magnetization of the induction generator and plus sign for the demagnetization
in the simulation result of fig. 3.13.
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Fig. 3.13 The active and the reactive power of the WTG in case of a three phase fault with fault impedance
of 1 Q.

Further, themechanical torque of the machine is considered to be constant at the constant wind speed and the
voltage sag causes a reduction in the electrical torque which increases the speed of the generator [74]. Fig.
3.14 shows the mechanical and the electrical torques of the wind turbine generator.
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Fig. 3.14 The mechanical and the electrical torques of the WTG in case of a three phases fault with fault

impedance of 1 Q.

The current of the WTG increase up to 3.7 times the nominal value during the initial start of voltage sag for a
short duration and then it becomes less than its nominal current as shown in fig. 3.15 [75]. The short duration
peak in the current gives the short duration peak in the electrical torque and the active power output of the
WTG as shown in fig.3.14 and fig. 3.13 respectively. This initial peak in the electrical torque of the machine
reduces the speed of generator at the initial instant as shown in fig. 3.16.
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Fig. 3.15 The current of the WTGin case of a three phase fault with fault impedance of 1 Q.
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Fig. 3.16 The speed of the WTGin case of a three phase fault with fault impedance of 1 Q.

If the over speed protection of the wind turbine limit is reached, the WTG has to be disconnected from the
grid and stopped. This situation leads to an interruption of the production.

3.4.1.2 The effect of voltage sags on the loads

Unbalanced loads are connected at bus RC, RD, R1land bus R17 of the CIGRE network as shown in fig.
2.18. Any deviation in the voltage adversely affects them. A sag in the voltage reduces the illuminating
intensity of lighting loads. The effects of voltage sag are different for the different loads. The adverse effects
of the voltage sag on the sensitive house hold loads have been described in [76].

The currents in each phase of loads on bus RC and bus RD are shown in fig. 3.17 and fig. 3.18 respectively.
In normal operating conditions different phases of the load carry different currents as they are unbalanced.

The current in all phases decreases due to a voltage sag on the connected bus as shown in these figures.
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Fig. 3.17 The currents in three phases of the load on bus RC in case of a three phase fault with fault

impedance of 1 Q.
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Fig. 3.18 The currents in three phases of the load on bus RD in case of a three phase fault with fault

impedance of 1 Q.

3.4.1.3 The effects of the voltage sagson the power output of PV units

The voltage sag on the AC terminals of the PV inverters causes a reduction in its DC-link voltage which in
turn decreases the power output of the PV units. Hence, voltage sag is undesirable and it must be
compensated as soon as possible.The simulations results are not presented in this section. Further details

above this can be read in section 3.4.1.3.

3.4.1.4 Mitigation of symmetric voltage sags by using STATCOM Controllers

When STATCOM is used in distribution systems it can protect the distribution networks against voltage sags
by injecting the required amount of reactive power. According to EN 50160 standards the voltage tolerance
limit in the low voltage Danish distribution networks is +-10% [77].

Four D-STATCOMs, with proper controllers are employed at bus RA, RB, RC and bus RD. Two of them are
used for PV applications and are only injecting/absorbing reactive power and injecting active power. The
other two are equipped with batteries in order to inject/absorb both active and reactive powers. These
controllers are responsible for the voltage stabilization of the whole CIGRE network together with the
external grid. Each D-STATCOM controller comprises two outer and two inner Pl controllers and are
detailed described in chapter 2 of this thesis. The outer controllers of the PV inverters are responsible for
maintaining the AC and DC-link voltages. The inverters of the two BESS-STATCOMSs are named VSCL1 and
VSC2 and are connected at bus RA and RB respectively. The inverters of the two PV STATCOMs are
named VSC3 and VSC4 and are connected at bus RC and RD respectively.

The voltage in the network is restored back to the permissible limits by the injection/absorption of the

reactive power by the controllers during a fault. All four controllers participate in the compensation of the
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voltage sag.If the voltage of the bus is greater than the voltage of an inverter connected on that bus, the
reactive power is absorbed by the inverter and vice versa [78].The contribution of the reactive power from
the different converters (i.e. VSC1, VSC2, VSC3 and VSC4) is according to their rated power. The power
and voltage ratings of the inverters used in the network are shown in table A2 in appendix A.

The voltages on the AC and DC sides of bus RC and bus RD are shown in fig. 3.19. It can be seen in this
figure that the DC-link voltages of VSC3 and VSC4 decrease because of voltage sag which has appeared at
the time equal to t=5 s. A decrease in these voltages cause the power outputs of PV1 and PV2 delivered to
the DC terminals of the respective inverters to decrease as shown in fig. 3.20. It can be seen in fig. 3.20 that
PV1 and PV2 are producing the rated powers (i.e. 3 kW and 4 kW) respectively in the normal operating
conditions (i.e. full sunny day) which decrease when voltage sag appears att=5s.
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fault with fault impedance of 1 Q.
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The DC voltage controller of the respective D-STATCOM as shown in fig. 2.7is used to control the DC-link
voltage and thereby the power output of the PV units. It can be seen in fig. 3.19 and fig. 3.20 that the DC
voltage controllers have controlled the DC-link voltages and maintained the power outputs of PV1 and PV2
at its pre-fault value in a short duration.

When the fault is cleared after 150 ms, the DC-link voltages as shown in fig. 3.19 increase at that time. The
increase in the DC-link voltages at the time of short circuit clear is because of the short time availability of
active power injection by the DC-link capacitors until they fully return to charging mode. This peak in DC-
link voltage causes the active power output of these units to increase as shown in fig. 3.20. When the DC-
link voltages are brought back to nominal values, the productions of these units come to the nominal value
again.

The AC voltages in different parts of the network are controlled by the continuous monitoring of the reactive
power. The voltage controllers of PV-STATCOMs have been developed in this regard. The control system of
the batteries should operate in PV mode. The control systems of all the inverters measure the voltages at its
PCC, compare it with the reference values of the voltage and inject/absorb the desired amount of the reactive
power. The reactive powers injected by the battery inverters (i.e. VSC1 and VSC2) when their respective
controllers charge them at full charging rates and the reactive power delivered by the PV inverters (i.e. VSC3

and VSC4) are shown in fig. 3.21 and fig. 3.22 respectively.
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Fig. 3.21 The reactive power injected by VSC1 and VSC2 in case of a three phase fault with fault

impedance of 1 Q.
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Fig. 3.22 The reactive power injected by VSC3 and VSC4 in case of a three phase fault with fault

impedance of 1 Q.

As shown in fig. 3.21, VSC1 and VSC2 deliver small amounts of reactive power during the steady state
conditions but injectmaximum amount of the reactive power during voltage sag. It can be seen in fig. 3.22
that VSC3 and VSC4 are injecting nearly full amount of the reactive power in the normal operating
conditions. The injection of the reactive power in the normal operating conditions is because of the line
voltage drops and the other load unbalances in the network. The reactive power deliveredby these controllers
is even not enough to restore the voltage onthese buses up to 1 p.u during steady state operation because
inverters do not have availability of the reactive to return it to 1 p.u.When the voltage sag appears at t=5 s,
the controllers do nothave enough reactive power to compensate for it and hencethe distribution system
operates in under voltage condition. Since reactive power is a function of the voltage; therefore, the decrease

in the voltage reduces the amount of the reactive power (Q=VISing) produced by the inverters as shown in

fig. 3.22.

The voltage on bus RA, RB, RC, RD, RE, R11 and bus R17 in this case is shown in fig. 3.23. It can be seen
in this figure thatall the controllers in the CIGRE test network are not able tocompensate the voltage sag up

to a desirable operating limits.

41



1 T T T T T '\7 r7 T
s
0.95} 1
—A
—B
C
0.9} i
D
E 211
[ L -
E 0.85 R17
S
0.8r y
0.75r K .
O? 1 1 1 1 1 1 1 1 I
47 48 49 5 5.1 52 53 54 55 56
Time [sec]

Fig. 3.23 The Voltage on different parts of network with compensationin case of a three phase fault

with fault impedance of 1 Q.

The voltage profile in the entire parts of the CIGRE can be improved if batteries are charged at slow rates
rather than full charging rates. The batteries when charged at full rates draw more currents than the case
when they are charging slowly. The slow charging rates gives less voltage drops across the lines. The plots
of the current drawn by both the batteries from the grid for two different charging rates (i.e. 1 C rate and 1/10
C rate) flowing through line R8-RA and R10-RB is shown in fig. 3.24 and fig. 3.25 respectively.

It can be seen in fig. 3.24 and fig. 3.25 that both batteries carry different amount the currents at the different
charging rates during normal operating conditions. The batteries are charged slowly when current flows
according to 1/10th rate. The current flowing through these lines increases when the short circuit fault occurs
at t=5 s in the network. The increase in the current through these lines during a fault at a slower charging rate
is less as compared to a faster one and gives less voltage drop across the lines. The voltages on bus RA, RB,
RC, RD, RE, R11 and bus R17 in this case is shown in fig. 3.26. It can be seen in fig. 3.26 that the voltage in
the different parts of low voltage CIGRE network have been improved a little but the existing controllers are

still unable to compensate the voltage sags of this depth up to the desired level.
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Fig. 3.25 The current through line R10-RB for two different charging rates of the batteries
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Alternately, a three phase fault with a fault impedance of 2 Q (i.e. Z¢ =2Q)) is applied at time equal t=5 s on
the bus RO instead. This is done in order to test the effectiveness of the controllers for less deep voltage sags
as compared to the previous case. The voltage on the bus RO and the voltage sag in the other parts of network

without using controllers are shown on fig. 3.27 and fig. 3.28 respectively.

1.02 T T T T T T

Voltage [p.u]

092}

091

0.88 1 L L | 1
4.8 4.9 5 51 52 53 54

Time [sec]

Fig. 3.27 The voltage on bus RO when the fault appears with 2Q fault impedance
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Fig. 3.28 The voltage on different parts of network when fault appears with 2Q fault impedance

The voltage on bus RO decreases to 0.88 p.u (i.e. voltage sag of 12%) inthis case as shown in fig. 3.27. The
sag depth in this case is shallow because of bigger fault impedance as compared to theprevious one. The

compensation in this case is made by the existing controllers in the same way as explained before. The
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voltage in the different parts of the network when the batteries are charged at full charging rates is shown in
fig. 3.29. It can be seen in this figure that the voltage in the network is improved but it is still less than the
power quality limits for Danish low voltage grids [77].
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Fig. 3.29 The voltage inthe different parts of network when batteries charged at full charging rate in case a 2

Q fault impedance

By using the method of slow charging of the batteries, the voltage in the network has been restored to the
permissible limits according to Danish standards as shown in fig. 3.30.
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Fig. 3.30 The voltage in the different parts of network when batteries charge at slow rate in case a 2 Q fault
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The D-STATCOM controller of battery2 and STATCOM controller of PV1 are delivering the reactive power
which is summed up at the same connection point (i.e. R10 as shown in fig. 2.18). This is the reason why the
voltage on the buses of these controllers (i.e. bus RB and Bus RC) is improved more than the other buses as
shown in fig. 3.30. The voltage on Bus RB during voltage sag is improved slightly better than the voltage on
bus RC because of the higher rating of the inverter (i.e. VSC2) used on this bus as compared to the inverter on
bus RC.

3.4.2 Study of the network in case of single phase to ground faults

The majority of faults in power system are single phase to ground faults [79], which leads to unbalanced
voltage sags in the network. Unbalanced or asymmetric fault involves all kinds of sequence quantities:
positive, negative and zero sequence, whereas voltage sags due to symmetric fault contains only positive

sequence quantities.

According to European standards, the percent Voltage Unbalance Factor (VUF) is defined by the ratio of the
negative sequence voltage to the positive sequence voltage [80-82]. According to IEEE Std. 1547.2-2008 the

voltage unbalance factor should be below “2% to 3%” in stationary conditions.

This study is performed by using single phase to ground fault at bus RO (i.e. Medium Voltage ‘MV’ bus) of
the CIGRE network with different values of fault impedances in order to see the effectiveness of the
developed controller with respect to the depth of the voltage sags. The study about the occurrence of both
unbalanced voltage sags and voltage unbalancesand its mitigation in the CIGRE network is presented in this
section. The discussion about the propagation of the unbalanced voltage sags from the primary of the

transformer to its secondary is also presented in this section.

3.4.2.1 Study of the network without using controllers in case of single phase to ground fault

To have a base study case, all the controllers have been disabled in order to study the impacts of unbalanced
loads and unbalanced faults on the voltage in different parts of the low voltage CIGRE network. The voltage
unbalance exists from the beginning of the simulation results due to the availability of unbalanced loads
which are connected to the network. Next, a single line to ground fault on phase A with a 0 Q fault
impedance is applied at time equal to t=2 s on the 20 kV Medium Voltage (i.e. R0) bus in order to simulate a
case of severe unbalance. The fault is cleared at 2.15 s. The magnitude and phase angles of the voltage in the

three phases at bus RO are shown in fig. 3.31 and fig. 3.32respectively.

It can be seen in fig. 3.31 that voltage in all three phases of bus RO are not exactly equal in magnitude but are
nearly the same during the normal operating conditions. This minor difference in the three phase voltages in
the normal operation is because of the minor load unbalances. At time equal to t=2 s, the voltage in the

affected phase becomes zero and the voltage in the other two phases remain nearly the same as shown in fig.
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3.31 The results shown in fig. 3.31 are matching with the references [83], [84]. With respect to the phase
angles, fig. 3.32 shows no changes in the voltage phase angles in the healthy phases whereas there is a
reasonable change in the voltage phase angle in the affected phase.
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Fig. 3.31 The voltage in three phases of bus RO for single phase to ground fault on phase A with Z¢ =0Q
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Fig. 3.32 The angles of three phase voltages on bus RO in case L-G fault on phase A with Z¢ =0Q

This kind of voltage sag on the primary side of the transformer creates unbalanced voltage sags in the other
parts of the network. Depending on the type of the faults on the primary of the transformer and the
transformer winding connections between the medium voltage and low voltage network, different types of
the voltage sags appears in DG side of the network. A detailed discussion about the influence of the

transformer winding connection on the propagation of voltage sags is presented in [83], [85]. The
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transformation of voltages from primary (i.e. delta) of the transformer to its secondary (i.e. star) in this study
is described with the help of fig. 3.33 [86].
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Fig. 3.33 The transformation of voltages from primary of DYN1 transformer to secondary [86].

In delta wye configuration of the transformer, the value of phase to neutral voltage on secondary (i.e. shown

with colored lines R, Y and B) is equal to that of the line voltage at the primary divided by 3 [87]. The line

to line primary voltages are given in equation 3.1.

Vg =Vp —Va
Ve =Ve Y (3.1)

Vac =Va—Vc

Putting the values of phase voltages with respect to their phase angles obtained from fig. 3.32 in equation

3.1, the line to line voltages on the primary of the transformer can be calculated.

a1 1900 _A_ _as0
Vba—1< 120~ -0< -84

Vb

The voltage Vpa ON the primary corresponds to the voltage in phase B on the secondary of the transformer

_ 0
a =1<-120

as shown in fig. 3.33 and is given by VoN :Vba/*ﬁ which is equal to 0.578<-120° p.u.

V,, =0.999 < 1209 —1< 1200

_ 0
VCb =1.723<90
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The voltage V) on the primary corresponds to the voltage in phase C on secondary of the transformer as
shown in fig. 3.33 and is given by V. =V, /3 which is equal to 0.999<90° p.u.

Vac =0-0.999 <1200
Vac =0.999 < —60°

The voltage V¢ on the primary corresponds to the voltage in phase A on the secondary of the transformer

as shown in fig. 3.33 and is given by V,_\; =Vac /Bwhich is equal to 0.578<-60° p.u.

Therefore, the voltage in the three phases of bus R1 is shown in fig. 3.34. At t=2 s, the voltage profile on this
bus changes as shown in Fig. 3.34. It can be seen that voltage in the three phases is nearly the same in the
normal conditions. This voltage profile of this bus changes at t= 2 s when the fault appears on bus RO and is
shown in fig. 3.34.

Fig. 3.34 depicts that there is voltage sag of 42.3 % in phase A and 42.4% in phase B on the bus R1. Phase C
on this bus is unaffected. A slight difference in voltage sag on phase A and B is due to the slight difference in
their loadings. The load on phase A is slightly less than the load on phase B on this bus, so the voltage sag on
phase B is slightly deeper than on phase A. When the fault is cleared after 150 ms, the voltage in all the
phases return to pre-fault values. The results shown in fig. 3.34 also match with [83], [85], [88].

The voltage in the different parts of the network in its three phases such as on bus RA, RB, and bus RC is
shown in fig. 3.35, 3.36 and fig. 3.37 respectively. Similar to fig. 3.34, there is mild unbalance in the
voltages in the normal operating conditions due to the unbalanced loads and severe unbalance due to the

unbalanced fault.
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Fig. 3.34 The voltage on bus R1 in case of single phase to ground fault with fault impedance of 0 Q (blue

line: phase A, green line: phase B, red line: phase C).

49



11 T T

09r .

0.8r .

Voltage (p.u)

0.7r .

06r .

16 1.7 18 1.9 2 21 22 23 24 25
Time (s)

Fig. 3.35 The voltage in three phases of bus RAIn case of single phase to ground fault with fault impedance

of 0 Q (blue line: phase A, green line: phase B, red line: phase C).
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Fig. 3.36 The voltage in three phases of bus RB in case of single phase to ground fault with fault impedance

of 0 Q (blue line: phase A, green line: phase B, red line: phase C).

50



0.9f

081

Valtage (p.u)

0.7

06

1.6 1.7 1.8 1.9 2 21 22 2.3 24 25
Time (s)

Fig. 3.37 The voltage in three phases of bus RC in case of single phase to ground fault with fault impedance

of 0 Q (blue line: phase A, green line: phase B, red line: phase C).

Table 3.1 shows the unbalance factor in different parts of CIGRE distribution network under mild and severe
unbalance. This table depicts that there are minor voltage unbalances in the different parts of the network in
the normal operating conditions due to the availability of unbalanced loads in the network and the severe
unbalances due to L-G fault.

Table 3.1. The voltage unbalance factors in the different parts of the network for normal and the
faulted conditions without compensation

%(VUF) in  normal

Bus No . . % (VUF) during fault
operating conditions

RA 0.45 49.64
RB 0.48 49.6

RC 0.5 49.59
RD 0.43 49.638
R11 0.31 49.66
R15 0.395 49.74
R17 0.55 49.55

3.4.2.2 Mitigation of unbalanced voltage sags and the voltage unbalances

Four STATCOM controllers are used in order to inject/absorb the desired amount of reactive power in each
of the phases in order to restore the voltage of different phases to permissible limits and mitigate the
problems of voltage unbalances. The reactive power injected/absorbed by all of the four VSCs in the three
phases of bus RA, RB, RC and bus RD are shown in fig. 3.38, 3.39, 3.40 and fig. 3.41 respectively.

51



N
[&,]

]
o
T
1

(

—_
o
T
1

N

o
T

Reactive power (kvar)
[8;]

N
o
T
1

-

-15 I 1 1 1 1
1.6 1.7 1.8 1.9 2 2.1 22 23 2.4 25

Time (s)

Fig. 3.38 The reactive power of VSC1 in its three phasesin case of single phase to ground fault with fault

impedance of 0 Q (blue line: phase A, green line: phase B, red line: phase C).
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Fig. 3.39 The reactive power of VSC2 in its three phasesin case of single phase to ground fault with fault

impedance of 0 Q (blue line: phase A, green line: phase B, red line: phase C).
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Fig. 3.40 The reactive power of VSC3 in its three phasesin case of single phase to ground fault with fault
impedance of 0 Q (blue line: phase A, green line: phase B, red line: phase C).

The reactive power is injected in the different phases of bus RA, RB, RC and bus RD in the normal operating
conditions in order to reduce the unbalance factor as shown in fig. 3.38, 3.39, 3.40 and fig. 3.41 respectively.
It can be seen in fig. 3.38 and fig. 3.39 that VSC1 and VSC2 deliver small amounts of reactive power during
steady state condition but inject/absorb maximum amount of reactive power during the unbalanced voltage
sag. Since two phases (i.e. phase A and phase B) have voltage sags in the network buses therefore all of the
inverters are injecting reactive power in these two phases at t=2 s as shown in fig. 3.38, 3.39, 3.40 and fig.
3.41.
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Fig. 3.41 The reactive power of VSC4 in its three phasesin case of single phase to ground fault with fault

impedance of 0 Q(blue line: phase A, green line: phase B, red line: phase C).
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The reactive power injected by all of the inverters in phase B is a little bit higher than phase A because
voltage sag in phase B is a little deeper than in phase A in all of the branches. Phase C in all branches of the
network has not voltage sag so in general there should be no injection of the reactive power by the inverters
in this phase. But the purpose of the controllers developed for this study is not only to mitigate voltage sag
but also to compensate against voltage unbalances in the network. Due to this reason reactive power is
absorbed in phase C in order to reduce the unbalance factor.

There is an increase in the flow of the currents delivered by the inverters of the DG units used in the network
at the time of the short circuit. This rise of the current is controlled by using current limiters in the control
system of the respective inverter so the IGBTs may not damage against over currents. The peaks in the
reactive powers of VSC1 and VSC2 in each of the phase as shown in fig. 3.38 and fig. 3.39 are due to this
phenomenon.

The injection of the reactive by VSC3 and VSC4 as shown in fig. 3.40 and fig. 3.41 is done in the same way
as described in section 3.4.1.4. The inverters inject/absorb reactive according to the value of the voltage
measured at their points of connection. The reason for the decrease of the reactive in some of the phases of
these inverters is the same as explained in section 3.4.1.4. The peaks in the reactive power in fig. 3.40 and
fig. 3.41 at the beginning and at the end of voltage sag are due to the charging and discharging of DC-link
capacitors in order to maintain the constancy of DC-link voltages of the PV inverters.

The new value of voltage in each of the phases in per unit in the different parts on the network after using
compensation and the voltage unbalance factors in the normal and the fault periods are shown in table 3.2.
This result shows that the controllers to some extent have mitigated the voltage sags in the different phases
and have improved the unbalance factors.The unbalance factors in the fault conditions are still not within an
acceptable range.The voltages in phase A and phase B are also not improved up to the acceptable limits [77]
because the converters do not have enough reactive power capacity to mitigate voltage sags and the voltage

unbalances of such big depth.

Table3.2. The voltage in three phases in different parts of the network and voltage unbalanced factors
for the normal and the single phase fault conditions with compensation

VOLTAGE IN NORMAL CONDITIONS  %UF IN VOLTAGE DURING FAULTS %UF
Bus No. NORMAL DURING
A B C OPERATI A B C FAULT
ON
RA 1.007 0.9986 0.9949 0.299 0.69 0.54 0.912 33.2
RB 1.0066 0.9991 0.9956 0.32 0.691 0.545 0.9087 32.4
RC 1.0078 0.9982 0.994 0.34 0.68 0.55 0.91 32.55
RD 1.0061 0.9977 0.9936 0.299 0.654 0.56 0.926 35.5
R11 1.0045 0.9976 0.9945 0.22 0.61 0.579 0.95 40.2
R15 1.0052 0.996 0.9904 0.295 0.626 0.57 0.939 38.3
R17 1.0077 0.9992 0.992 0.39 0.67 0.56 0.914 33.33
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To figure out the limit of the converters in relation to the voltage sag depth for the mitigation of voltage sag,
a single phase to ground fault on phase A at the bus RO with a fault impedance of 3 Q is applied at the time
equal to t=2 s. The fault is cleared at 2.15 s. The voltages in the three phases of the RO bus in this case are
shown in fig. 3.42. It can be seen in fig. 3.42 that the voltage in the effected phase during the fault is reduced
but not equal to zero as in the last case.
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Fig. 3.42 The voltage in three phases of bus ROfor L-G fault on phase A with Zf =3 Q. (blue line: phase A,

green line: phase B, red line: phase C).

The fault on bus RO creates unbalanced voltage sags in different parts of the network gird. The
transformation of voltage sag from the delta side of the transformer to its wye side is according to fig. 3.33.
The voltages in three phases of bus R1 when all of the controllers are disabled and obtained by using above
transformation method in this new case is shown in fig. 3.43. The values of the voltage during fault in each
of the phases have been verified by using equation 3.1. The resultsobtained by analytical method using

equation 3.1 are matching with the simulation results and are shown in fig. 3.43.
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Fig. 3.43 The voltage on bus R1 for L-G fault on phase A with Z§=3 Q when all of the controllers are

disabled (blue line: phase A, green line: phase B, red line: phase C).

The mitigation of voltage sag of this magnitude can be made by using the developed controllers. To
illustratea simple case the voltage on one of the buses (i.e. bus RA) without and with controllers in this case
is shown in fig. 3.44 and fig. 3.45 respectively. It can be seen in fig. 3.44 that without using controllers,
phase B of bus RA of the network is less than 90% which is not within a tolerable limit according to IEEE
standard 1159-1995 and Danish standards [77]. By using the existing controllers the voltages in all of the
phases are restored within the permissible limits of +-10% [77] according to IEEE standard 1159-1995 and

Danish standards.
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Fig. 3.44 The voltage in three phases of bus RA for L-G fault on phase A with Z§=3 Q when controllers
are disabled (blue line: phase A, green line: phase B, red line: phase C).
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Fig. 3.45 The voltage in three phases of bus RA for L-G fault on phase A with Z¢=3 Q by using existing

controllers (blue line: phase A, green line: phase B, red line: phase C).

The voltages in each phase of the buses in the different parts of the network and unbalance factors in the

faulted conditions with and without using compensation are presented in table 3.3. This table shows that the

voltages in all parts of network in each of the phases are restored within permissible limits and the voltage

unbalances during the fault are also reduced to a smaller value by using the developed controllers. The

controllers have successfully mitigated the unbalanced voltage sags in all parts of the network grid but they
are unable to maintain the unbalance factor limit according to IEEE standards 1547.2-2008 during the fault.
The only way to restore the unbalance factor according to the standards is to use bigger size of the battery

units rather than the existing ones.

Table 3.3. The voltage in three phases in different parts the network and voltage unbalance factors
during fault with and without compensation for L-G fault on phase A with Z§ =3 Q

VOLTAGE DURING FAULT WITH NO %UF VOLTAGE DURING FAULT WITH %UF
Bus No COMPENSATION WITH NO COMPENSATION WITH
COMPENS COMPENS

A B c ATION A B C ATION

RA 1.034 0.867 0.97 9.22 1.0366 0.919 0.97 6.46
RB 1.034 0.866 0.969 9.2 1.0367 0.92 0.97 6.3
RC 1.034 0.864 0.966 9.26 1.037 0.918 0.97 6.38
RD 1.033 0.866 0.97 9.4 1.0356 0.91 0.979 6.9
R11 1.034 0.87 0.98 9.27 1.033 0.90 0.988 7.69
R15 1.0336 0.879 0.974 9.45 1.034 0.90 0.98 7.38
R17 1.035 0.867 0.967 9.24 1.036 0.916 0.975 6.5
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3.5 Summary

The study about the behavior of the stochastic changes in the wind speed and solar irradiance on the power
output of DG units and the network voltages has been presented in this section. The validation of the
developed controllers described in chapter 2 in order to control the voltages with respect to the changes in
wind speed and solar irradiance has been given in this chapter. The simple case about the control of the
reactive power in the CIGRE network has also been performed here. The study about the behavior of the
CIGRE network in transient conditions has been described. This is done by applying symmetric and
asymmetric faults in the different parts of the network. The effects of the voltage sags on the different
components of the tested network have been described with the help of simulation results. The mitigation of
the balanced and unbalanced voltage sags and the voltage unbalances has also been presented in this chapter.
The mitigation of the voltage sags in case of short circuit fault (i.e. balanced and unbalanced) with different
values of the fault impedances has been tested and conclusion has been made that controllers can only

compensate against voltage sags up to specific range.
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Chapter 4
Short circuit protection of the CIGRE low voltage distribution network

4.1 Introduction

The main objective of the protective schemes in the power network is to keep the system stable and secure
by isolating the faulted section in the shortest possible time, leaving as much of its portion as possible
unaffected. The security of the power network is threatened due to the occurrences of the faults.A short
circuit fault is the most common fault in power systems. A short circuit fault carries enormous amount of
current which generates tremendous heat and poses risks of fire, damage to the other equipments and
potential electrical shocks to the people. If a short circuit is not removed or a faulty portion is not quickly
isolated from the healthy system, it will spread into healthy part of the network and may cause over loads
and possibly cause damage to the transmission lines/cables, bus bars and other equipments. It is therefore,
necessaryto protect the equipments of the power network against the short circuits by using short circuit
protection devices and ensuring their proper coordination in order to avoid false tripping.The protection of
the power network together with the increased penetration of DG units is a complex process and is a
challenge for the protection engineers. In case of DG unit(s), power is fed from the different sources, and it is
difficult to fix the fault level of the location and time of the operation of protection devices at the particular
point in the network.

This chapter presents a detailed study about protection of the low voltage CIGRE network against short
circuit faults. This study is performed by applying symmetrical (i.e. 3-phase fault) and asymmetrical faults
(i.e. single phase to ground fault) with and without fault impedance at different locations of the network. The
different components of the CIGRE network (i.e. transformer, WTG, lines, bus bars, battery inverters and PV
inverters) can be protected either by circuit breakers or by fuses. Typically, transformers below 1000 kVA
are protected by using fuses [89]. According to Schneider electric [90] and Danfoss, low voltage inverters for
PV applications and battery storages are protected against short circuit currents by using fuses. Therefore,
this study about the protection of LV CIGRE distribution network against short circuit current is mainly
performed by using fuses as protection devices. The under voltage relays are used to clear a fault if fuses are
unable to clear faults in some conditions. These relays can also be used in the case when fuses take longer
time to clear fault such as fault with some fault impedance etc.

A fuse is a protection device, which is used to provide over current protection of either the load or source
circuit. It comprises of fusible element (i.e. metal wire) which melts when too much current flows across it.
It is used to interrupt the excessive flow of the current through electrical circuit which may cause the severe
damage to it due to overheating or fire. Fuses are selected to allow passage of normal current plus a marginal

percentage (i.e. 25%) to allow excessive current only for short duration [91], [92]. When the current in any
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of the branches of the network exceeds 125% of the normal value, the fusible element of the fuse connected
to that branch blows out and disconnect that branch from the rest of network. The melting of fuse follows an
inverse time-overcurrent characteristic i.e. higher the current, the less will be the time for the fuse to melt and
vice versa. The following criteria must be followed to ensure proper selection of the fuse:

1. Selection of the voltage rating of the fuse
The voltage of the fuse should be equal to or more than the voltage of circuit to be protected [93]. Usually
three-phase fusing will require a fuse of phase-to-phase voltage capability, whereas single-phase fusing will
require a fuse with only phase-to-ground voltage rating.

2. Selection of the nominal current of the fuse

The nominal current of the fuse which is also called as amperage value of the fuse should be greater than the
maximum continuous load current at which fuse operates. The nominal value of current for the fuse is equal

to 125% of the maximum continuous current in the line.

3. Time current characteristics (TCC) coordination

Fuses normally have inverse time current characteristics. These characteristics ensure that fuses are able to
isolate the faulty section of the power system in short duration if current seen by the fuses increases beyond
the rated values.

The rated current of the transformer, WTG, loads and VSCs have been calculated by using simple
mathematical relations. Considering the two winding 0.4 MVA, 20 kV/0.4 kV, DyN1 transformer shown in

fig. 2.1,the line rated current on the 20 kV side of the transformer is given by equation 4.1.

S
rated = m .........................................................................

Where S is apparent power rating of the transformer and V| _ is the line to line voltage on delta side of the

transformer.

| ~ 0.4*10°
rated 20*\5

| ,eq =11.547 A

Similarly, the rated current of the VSCs used in the network is calculated by using equation 4.1. The rated
currents of the cables/lines are chosen according to their parameters provided by CIGREas shown in table
Al in appendix A. The unbalanced loads are aggregated at the 0.4 kV voltage levels and are connected at bus
RC, RD, RE, R1land bus R17. The rated current in each of the single phase loads are calculated by using

their apparent power ratings mentioned in fig. 2.1 and their voltage levels (i.e. I q=S/Vyps )- The power

factor of the 5.5 kW Wind Turbine Generator (WTG) used in the CIGRE network is 0.91.The capacitor bank

60



used on bus R19 is used to operate this machine at the unity power factor. The rated current of the WTG is
calculated by using equation 4.2.

P
3*V_ | *Cosh

I rated —

The rating of the fuses selected to protect the different components of the CIGRE network which are labeled
as shown in fig.4.1 and are presented in table 4.1.

Some of fuses selected in table4.lare even little less than 125% of the rated current because the next
available fuse is of much bigger rating. For example, the fuse selected for load-RE is 40 A; whereas 125% of
the rated current in the phase C of this load is 43.4A which is higher than the fuse rating.A40A fuse is
selected because next available fuse is 50A, therefore, if the 50A fuse is selected for this load then it might
cause delay in the protection.
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Fig.4.1 The single line diagram of the CIGRE network modeled in DIGSILENT together with protection
devices
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Tabled.1. The rating of different fuses used at different locations of the CIGRE network

Fuse current

[A]ie. 125% of  Fuse selected Name of the

Lines/DGS/VSCS/Loads Rated current

[A] fuse in network
Inom
Grid 115 14.45 20 F1
T/f. Prim 1155 14.45 16 F2
R3-R11 162 202.5 200 F3
R3-R4 401 501.25 500 1000* F5
R4-RE 304 380 400 500 F6
RE-R19 304 380 400 F8
R4-R5 401 501.25 500 800* F10
R6-RD 199 24875 250 F11
VSC4 34.68 43.35 40 F13
R6-R7 401 501.25 500 630* F14
R7-R8 401 501.25 500 630* FA
R8-R9 401 501.25 500 630* F15
R8-A 162 202.5 200 F16
VSC1 50.58 63.32 63 F17
R9-R10 401 501.25 500 F18
R9-R17 162 202.5 200 F19
R10-RB 162 202.5 200 F21
VSC2 36.13 45.16 50 F22
R10-C 162 202.5 200 F23
VSC3 26 325 32 F25
WTG 8.69 10.86 10 F9
Phase A 6.9 8.7
Load_RC Phase B 13.9 17.4 20 F24
Phase C 17.4 21.7
Phase A 20.86 26
Load RD Phase B 2738 3438 10 F12
Phase C 34.8 43.4
Phase A 20.86 26
Load RE Phase B 278 348 10 F7
Phase C 34.8 43.4
Phase A 435 5.44
Load_R11 Phase B 8.7 10.87 16 F4
Phase C 11.74 14.67
Load R17 Phase C 11.74 14.67 16 F20

The selected rating of fuses denoted by ‘*’ shown in table 4.1 is different because of coordination purposes.
Concerning the protection of the CIGRE network in its central parts, fuse selected for cable R9-R10 is of 500
A. There are many other cables in this part of the network which transfer the power to and from the grid. In
order to ensure the protection coordination and to save as much portion of the network as possible during the
fault, fuses in this section are used sequentially higher than the fuse for cable R9-R10. It can be seen in table
4.1 that a 500 A fuse (i.e. F18) is used to protect cable R9-R10. The fuses in the upstream section of the
network in its central parts are 630 A, 800 A and 1000 A. The rating of fuse F5 (i.e. 1000 A) which is used to
protect cable R3-R4 is higher as compared to the rating of fuse F18 (i.e. 500 A). This is because there is no
other fuse available in between 800 A to 1000 A. This is a main drawback of the current based protection by
using fuses in this part. Other details and most suitable method to protect this network in central parts are

described in section 4.5.
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The contents of this chapter are organized as follows: Section 4.2 presents the study of the network in the
case when protection is made against 3-phase faults with and without fault impedance. The over speed
protection of the WTG in the case of loss of grid due to 3-phase fault is also described in this section. The
study about the protection of the CIGRE inverters is presented in section 4.3. The disconnection of the solar
PV cell structure in the case when in island is also described in this section. Section 4.4 presents the results
about the protection against single-phase to ground fault and the disconnection of the WTG in that case. The
study about the protection of the CIGRE network in its central part is given in section 4.5. Finally, the

summaryof this chapter is presented in section 4.6.

4.2 Protection of the CIGRE network against 3-phase faults

The study about the protection of the network in this case is carried out by introducing a 3-phase fault with
and without fault impedance at different locations of the CIGRE network. Fuses and under voltage relays

available at the different locations are used to clear this kind of fault.

4.2.1 Protection of the network in case of 3-phase faults without fault impedance
To study protection of the CIGRE network grid, a three phase fault with fault impedance of zero ohm (Z,

=0) is applied at time equal to t=5 s at the terminals of the WTG (i.e. bus R19). In order to ensure the
reliability and security of the network, this kind of fault must be removed from the grid side and from the
WTG side quickly. The procedure of clearing the fault from both the sides of the fault is described below:
The voltage at the WTG bus (i.e. bus R19) due to this kind of fault becomes zero and hence, the active power
output of generator becomes zero. According to the technical regulations 3.2.1 for electricity generation
facilities with a rated current of 16 A per phase or lower, the WTG must be disconnected if its terminal
voltage falls below 0.9 p.u [94].

The current produced by the WTG at the instant of the short circuit fault starts to increase to a very high
value before decaying completely to zero as shown in fig. 4.2. The rise in this current at t=5 s is because of
inrush current flowing to the faulted point. The induction machines deliver about six times rated current
during this time [95-97]. This fault characteristic of the WTG is due to the inertia in the presence of field flux
produced by the induction from the stator. This flux decays on the loss of the voltage because of the fault at
the terminals of the machine. This current decays to zero as shown in fig. 4.2 and is because of the loss of
field excitation (i.e. loss of stator flux).

The current shown in fig. 4.2 decreases to zero before reaching to the activation time of fuse F9 (i.e. 273 ms
at this value of current as seen from the inverse time characteristic of fuses in fig. B1 in appendix B). The
observed current is not within the range of the selected fuse operating characteristics; therefore, the

disconnection of the WTG from the faulted point is not possible by using the fuse in this case. An under
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voltage relay is used instead of fuse in this case. The voltage is sensed by the relay R1 as shown in fig. 4.1
and sends trip signals to the circuit breaker which disconnects the WTG from the faulted point. The time of
operation of this relay depends on how low the voltage is at the terminal of the WTG. According to ANSI
CS84.1-1995 if the voltage is below 0.5 p.u then the time to clear the fault should be maximum 0.16 s and if
the voltage is in between 0.5p.u and 0.88 p.u the time to clear fault should be less than 2 s. Since the voltage
on the terminals of the WTG due to the fault is zero (i.e. voltage is below 0.5 p.u); therefore, the fault should
be cleared within 0.16 s. The operation of the circuit breaker receiving the trip signal by relay R1 is shown in
fig. 4.3. The Breaker status is assumed closed when it shows 1 on the plot and is opened when it displays 0
on the plot as shown in fig. 4.3.
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Figur 4.2 Current of the WTG when a 3-phase fault with fault impedance of 0 Q is on its terminals

The capacitor bank is used at bus R19 as shown in fig. 2.1 in order to improve the power factor of the WTG;
this capacitor also needs protection against the fault at bus R19. The voltage at the point of connection of this
capacitor decreases to zero due to the short circuit fault as shown in fig. 4.4. The production of reactive
current by the capacitor bank required for the magnetizationof the WTG stator winding decreases to zero
because of its zero voltage at this time t= 5 s. This current is shown in fig. 4.5. It can be seen in fig. 4.5 that
the capacitor bank delivers some amount of the reactive current (i.e. minus sign shows the current is injected)
in order to excite the stator of the WTG in the normal operating conditions. The injection of the current by
the capacitor bank decreases to zero at the time when the voltage at its terminals becomes zero as shown in

fig. 4.4. Therefore, the current based protection is not valid in this regard. The under voltage relay R2 shown
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in fig. 4.1 is used in this case. The operation of the circuit breaker used to disconnect the capacitor bank is
the same as shown in fig. 4.3 because both the relays are sensing the same voltage and are connected at the
same bus.

Circuit breaker ONSOFF

5 5.05 51 515 52 5.25
Time [sec]

Fig. 4.3 The operation of the circuit breaker in case of a three phase fault with fault impedance of 0 Q on

bus R19.
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Fig. 4.4 The voltage of the capacitor bank in case of a three phase fault with fault impedance of 0 Q on bus
R19.
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Fig. 4.5 The reactive current delivered by the capacitor bank connected at bus R19 in case of a three phase

fault with fault impedance of 0 Q on bus R19.

The voltage on bus RE is unbalanced because of the three single phase loads connected on this bus. Due to

this reason, the short circuit current flowing through the upstream cable RE-R19, which is connected on bus

R19 (i.e. faulted bus) will also be unbalanced. The current flowing through the three phases of cable RE-R19

is shown in fig. 4.6. In the normal operating condition, a current with magnitude of 16.5 A is flowing in the

three phases of the cable RE-R19. This current increases to 2.56 kA at the instant of the fault at t= 5 s as

shown in this figure. The short circuit currents in the three phases during the fault are a little bit different

because of the voltage unbalance.
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Fig. 4.6 The current flowing through cable RE-R19 in case of a three phase fault with fault impedance of 0

Qon bus R19 and with the operation of protection devices.
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Fuse F8 used to disconnect this faulty section of the network from the grid side blows in 313 ms according to
the inverse time current characteristics of this fuse as shown in fig. B1 in appendix B. It can be seen in fig.
4.6 that the disconnection in the different phases is made at different times since the current is bit differentin
the three phases. Hence, the fault has been isolated from both the sides of network (i.e. grid side and WTG
side).

The electrical power output of the WTG becomes zero because of zero voltage at its terminals (i.e. bus R19).
A WT receiving a constant wind speed, with no transfer of electrical power, rapidly increases the speed of
the generator. Therefore, it is essential that the wind turbine stops automatically if the generator is
disconnected from the electrical grid [98]. The Danish wind turbines are required to be protected either by
aerodynamic brakes or mechanical brakes [98]. Aerodynamic braking uses pitch angle mechanism and it is
used for pitch controlled wind turbines or active stall controlled turbines and is expensive for small wind
turbines like the ones considered under this study. Mechanical braking is the most common method used for
the small wind turbines [99], [100] and this mechanism is used to stop the 5.5 kW wind turbine used in the
CIGRE network in the case of the loss of the grid supply in this study.

The block diagram of the mechanical brake model developed in DIGSILENT power factory software version
15.0 is shown in fig. 4.7.

Speed=1p.u 1 1/1+sT Spleed
Speed=0 o SWitch
0

Fig. 4.3 The model of mechanical brake

The brake model comprises a switch together with a first order time lag function which is represented by the
transfer function 1/1+sT, where T is the time constant that ensures the actuation time of the brake. The
position of the switch remains at 1 when the generator operates at the speed of 1 p.u. in the normal operating
condition. However, if the speed of the rotor increases beyond 1.2 p.u. [100], the switch changes its position
from 1 to 0 and makes the shaft reference speed equal to zero which in turn reduces the mechanical torque of
the machine in order to stop the generator. The actuation time (i.e. 10 s) of the brake [101], [102] is ensured
by setting the time constant (T) of the time lag function.

The electrical and the mechanical torques of the squirrel cage induction generator working as WTG is shown
in fig. 4.8. It can be seen in fig. 4.8 that both the torques are equal in the normal operating conditions
whereas the electrical torque of the WTG becomes zero at the instant of three phase fault. The peak in the
electrical torque at the instant of the short circuit fault is due to the short circuit current produced by the

WTG. The braking mechanism is activated at the time equal to t=5.6 s as the generator speed observed is
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more than 1.2 p.u and the brakes are applied on the turbine shaft. The mechanical torque decreases to zero as
shown in fig. 4.8 due to the applied brake on the shaft. The speed of the WTG with braking mechanism is
shown in fig. 4.9 It can be seen in fig. 4.9 that the WTG has been stopped in the case of loss of grid due to a
3-phase fault within the actuation time of t=10 s.
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Fig. 4.8 The electrical and the mechanical torques of the WTG in case of loss of grid
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Fig. 4.9 The speed of WTG with braking mechanism in case of loss of grid
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To study the protection in the other parts of the network, a three phase fault with a fault impedance of zero

ohm (Z; =0) is applied at time t=5 s on the MV bus (i.e. bus R0). There is a bi-directional flow of the current

to the fault point in this condition. The fuse F1 shown in fig. 4.1 is used to disconnect the faulty section from
the grid side which enters the distribution system into island. Fuse F1 is selected to the next higher rated
available fuse than that of fuse F2 to ensure protection coordination. Fuse F2 do not clear the fault because it
was originally selected for the protection in the forward direction (i.e. in grid connected mode). The
distribution network has now only a small amount of short circuit power when it is isolated from the grid,
that’s why fuse F2 does not clear the fault from the backward direction. The details about why fuse F2 do not
clear the fault is described below with the help of simulation results. A fault still exist in the islanded portion
of the network as it was only cleared from the grid side, therefore; to clear the fault in the islanded portion of
the network; a new approach using under voltage relays is introduced here. The under voltage relay RO is
used to isolate the fault from the DGs side of the network in this regard.

The current delivered by the external grid and passing through fuse F1 is shown in fig. 4.10. It can be seen
in fig. 4.10 that the grid delivers a huge amount of the current at the instant of the fault. When the fuse of 20
A (i.e. F1) sees this value of the current it blows within a very short duration as shown in fig. 4.10. Hence,
the fault has been cleared from the grid side and it should also be cleared from the DGs side very quickly.
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Fig. 4.10 Grid current in case of a three phase fault with fault impedance of 0 Q2 at MV bus.

The operating characteristics of a fuse are shown in fig. 4.11. It can be seen in fig. 4.10 that time for pre-
arcing starts when the fault appears on bus RO. At the peak value of the current arcing time starts and it takes
some time to blow the fusing element of the fuse. The plot shown in fig. 4.10 follows the characteristics

shown in fig. 4.11.
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Fig. 4.11 The operating characteristics of fuse [103]

The current seen by fuse F2 is shown in fig. 4.12. It can be seen in fig. 4.12 that the current which passes
through fuse F2 increases at the instant of a fault and soon it decays. The peak in the current at the initiation
of the fault is due to the current surge produced by the DG units and it decays because of the current limiters
used for these units. This current is coming from the DG side of the Micro Grid (MG) and passes through the
400 kVA transformer used between LV and MV buses. This current flowing through LV to the HV winding
of the transformer (i.e. to the faulted point) passes through the transformer impedance. The current seen in
fig. 4.12 is small because of the transformer impedance. This current in steady state condition after the
current peak does not reach to the value which activates its operation.
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Fig. 4.12 The current seen by fuse F2 in case of a three phase fault with fault impedance of 0 Q2 at MV bus.
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A circuit breaker is used to clear this kind of the fault in the islanded portion of the network. The circuit
breaker receives a trip signal from the under voltage relay RO. The circuit breaker named VD4 made by ABB
is used in this regard. The minimum opening time of this circuit breaker lies between 33-60 ms [104]. The
minimum opening time of circuit breaker used for this study is selected as 33 ms. The time of operation of
fuse F1 and circuit breaker receiving trip signal by under voltage relay RO is shown in fig. 4.13.

Switch ON/OFF

1 L L . .- .
4.94 4.96 498 3 5.02 ikl 5.06

Time [sec]

Fig. 4.13 The time of operation of fuse F1 and the circuit breaker

The 1 on the plot in fig. 4.13 depictsthe normal operation of fuse and tells that the contacts of the circuit
breaker are in a close position whereas 0 displays that a fuse has been blown out and the breaker contacts are
opened. It can be seen in fig.4.13 that fuse F1 clears the fault from the grid side faster than the circuit breaker
used on the DGs side of the network. A fuse blows faster because of severe current flowing across its
melting element.

The current flowing through the 400 kVA transformer in its LV and HV windings is shown in fig. 4.14. It
can be seen that the current which passes through the DG side of the transformer (LV winding) is
comparably more than the current in HV winding. Both the currentsbecome zero when the fault is cleared by

the circuit breaker.
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Fig. 4.14 The current flowing through LV and HV winding of the transformer in case of a three phase fault
with fault impedance of 0 Q at MV bus.

The clearance of the fault from both the sides of the network enters the LV CIGRE distribution network into
island condition where all DG units (i.e. Two PV units, one WTG and two batteries together with the loads)

form a Micro Grid (MG). The detailed study about the islanding operation of the distribution system is
presented in chapter 5.

4.2.2 Protection of the network in case of 3-phase faults with fault impedance

To analyze the behavior of the protection devices, the study of the network is performed by applying three
phase faults with some fault impedance.The short circuit current flowing through the faulted line in the case
of fault with fault impedance is small compared to the fault without fault impedance. The inclusion of fault
impedance delays the tripping of the over current protection devices. In order to observe the response of the
protection schemes in the CIGRE distribution network,a three phase fault with a fault impedance of 0.1 ohms
(Z; =0.1) is applied on the terminals of WTG (i.e. bus R19) at the time equal to t=5 s. There is bidirectional
flow of the current (i.e. one from the grid and other from a WTG) to the faulted point. As three single phase
loads are connected on bus E which makes the voltage on this bus unbalanced, the current flowing through
cable RE-R19 will also be unbalanced. The current flowing through the three phases of the cable RE-R19 in
this case is shown in fig. 4.15. | can be seen in fig. 4.15 that the current flowing in the three phases of the

cable increases at the instant of fault at t=5 s. The current in the three phases during the fault is little bit
different because of the voltage unbalance.
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Fig. 4.15 Current flowing through cable RE-R19 in case of a three phase fault with fault impedance of 0.1 Q
at R19 bus.

The disconnection of the faulted section from the grid is ensured by using fuses F6 (backup) and F8. Both
fuses have the same rated current; therefore the coordination of these two fuses in made in a way to ensure
the disconnection of the portion nearest to the faulted point. Because of this reason the next higher rating of
fuse F6 is used than that of fuse F8 as shown in table 4.1. By doing this the three single phase loads arenot
disconnected becauseof this fault, since the disconnection is made at the point where fuse F8 is used. Fuses
in the different phases blow at different times since the current is slightly different in all phases as shown in
fig. 4.15 which ensures the isolation of the fault from the grid side. The voltage on bus RE and bus R19 in
this case is shown in fig. 4.16.
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Fig. 4.16 Voltage on bus RE and bus R19 in case of a three phase fault with fault impedance of 0.1 Q at R19

bus.
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The voltage on both the buses is equal in normal operating conditions as shown in fig. 4.16. These voltages
decrease at the instant of the fault. The voltage on bus RE returns to the nominal values and the voltage on
bus R19 decreases to zero at the time when the fault is cleared from the grid side as shown in fig. 4.16. The
switching in these voltages at the time of the fault clearing is due to the opening of the different phases at
different times. Fig. 4.16 shows that the voltage at the terminal of the WTG is decreased to 0.56 p.u during
the fault and it again decreases to zero when grid is isolated from the generator. Since the faulted section is
only disconnected from the grid side and it should also be isolated from the generator side; the disconnection
of the WTG can be made either by a current based protection device or a voltage based protection device.

The current delivered by the WTG in this case is shown in fig. 4.17 in order to investigate whether fuse or
relay is the best choice for disconnection of the WTG from the grid. It can be seen in this figure that the
WTG delivers a current surge at the instant of the short circuit fault. This current decreases to the value as
shown in fig. 4.17. This reduction of the current during this period is because of the reduction in its terminal
voltage. This current decreases to zero at the time when the grid is disconnected from the generator and is
because of the loss of generator field excitation due to the disconnection of the grid. As there is only short
time rise in the WTG current and it further decreases during the fault; fuse F9 does not detect this fault and

hence the disconnection of the WTG is not possible by using fuse in this case.

Therefore, an under voltage relay is used for the disconnection of the WTG in this case. The current
produced by the WTG in the case when an under voltage relay has isolated the machine from thefaulted
point is shown in fig. 4.18. The time of the operation of the relay R1 is depending on the voltage left at its
point of connection. Since the voltage on the terminals of the WTG is greater than 0.5 p.u. during the fault as
shown in fig. 4.16; then according to ANSI CS84.1-1995 standards the relay R1 sends a trip signal to a
circuit breaker which disconnects the WTG from the grid within 2 s.
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Fig. 4.17 The current delivered by the WTG in the case when fuse is used as protection device in case of a
three phase fault with fault impedance of 0.1 € at R19 bus.
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Fig. 4.18 The current delivered by the WTG in the case when relay is used as protection device in case of a

three phase fault with fault impedance of 0.1 Q at R19 bus.

It can be seen in fig. 4.18 that the WTG current decreases to zero at time equal to t=7 s (i.e. 2 s after the
initiation of a fault). This decrease in current equal to zero at t=7 s is because of the opening of the circuit
breaker at this time. Hence, the disconnection of the WTG is successfully made by using the under voltage
relay R1 in this case. As the WTG has been disconnected from the grid therefore, the speed of the generator
increases. The mechanical brake has been used to stop the generator in this regard. The speed of the

generator in this case has been shown in fig. 4.19.
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Fig. 4.19 The speed of Wind Turbine Generator in case of loss of grid
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Different tests have been made in order to study the range of the protection devices. These tests have been
performed by applying 3-phase fault at bus R19 using different values of the fault impedances. The summary
about the range of the protection devices at different values of the fault impedances is presented in table
4.2.The voltage at bus RE and bus R19 and the current flowing through cable RE-R19 during the fault at
different values of the fault impedances have been given in this Table. The time of the operation of fuse and
an under voltage relay have also been shown and decision is made that up to which size of the fault
impedance these protection devices (i.e. fuse and an under voltage relay) can operate. Theresults show that
the protection devices can only operate in a certain range in the case of the fault impedance up to 0.6 ohms.
This table also concludes that voltage based protection in general is faster than the current based protection
in all the cases presented in this table.

Tabled.2. The study about the range of protection devices with respect to the fault impedances in case
of a three phase fault with fault impedance of 0.1 Q at R19 bus.

in Z; V V Ipe_ Fuse Time Under voltage Time Fast
ohms [KRVE] [E\}]Q RI%K 5]19 () [sec] relay (UVR) [sec] operation
0.3 0.82 0.80 0.630 Yes 125 Yes 2 UVR
05 0.89 0.87 0.410 yes 4900 Yes 2 UVR
0.6 0.91 0.89 0.339 No - Yes in bus R19 2 UVR
But No in RE
0.8 0.93 0.91 0.260 NO - No - -

Now in the case, if the fault impedance is high as for instance 2 ohms as for an arc, the protection devices
shown in fig. 4.1 obviously will not work in this condition according to Table 4.2. The study about the
protection against such kinds of the faults is described in [105], [106].

4.3Protection of the inverters used in the CIGRE network

To study the protection of the inverters used for the PV and battery applications in the CIGRE network; a
fault is applied on one of the lines or the buses in the close vicinity of the inverters. A 3-phase short circuit

fault with a fault impedance of zero ohm (Z; =0) is applied on line R10-RC in this regard. This line is

connected to bus RC where PV1 is connected. This is the line which is fed through the grid and a PV1
inverter; therefore, there is bidirectional flow of the current towards a short circuit point. There will be a
surge of the current flowing from VSC3 towards the faulted line. The VSCs are very sensitive to over
currents. The over currents in VSCs leads to thermal degradation of the IGBT valves and it may also cause a
permanent damage to the IGBTs [72], [107], 108]. The IGBTs can withstand maximum currents of 2 p.u for
1 ms [109]. It is therefore, necessary to protect the IGBTs of the inverters by using ultra-fast protection
devices. Fuse F25 is modeled as an ultra-fast (i.e. I-t characteristics are set in such a way that it blows very

quickly) and acts instantly to protect VSC3 when the short circuit fault appears in line R10-RC. The current
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of VSC3 is shown in fig. 4.20. It can be seen in fig. 4.20 that fuse F25 is blown when the current flowing
through VSC3 increases abruptly during the short circuit. Line R10-RC is protected using fuse F23. The
current flowing through this line is shown in fig. 4.21.
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Fig. 4.20 The current of VSC3 in case of a three phase fault with fault impedance of 0 Q on line R10-RC.

According to fig. 4.20 and fig. 4.21, fuse F25 which is used to protect VSC3 is faster acting than fuse F23.
Fuse F23 disconnects line R10-RC from the healthy portion of the network within 68 ms whereas F25
isolates the PV inverter in a very short duration.
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Fig. 4.21 The current flowing through R10-RC line in case of a three phase fault with fault impedance of 0
Q on line R10-RC.
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The solar structure of the PV power generating unit enters into islanding if such kinds of the fault are cleared
from both the sides of line R10-RC. This might create problems with the insulation of the cell structure due
to voltage rise at its DC connection. It is therefore, essential to protect the PV cell structure against such
conditions.

PV inverters operate in a certain range of voltages. If voltage goes beyond nominal limits, it will stop its
operation [110]. A three phase short circuit fault on the AC terminals of PV1 inverter causes the voltage to
go down to zero and hence there is no transfer of power from PV1 towards the grid. The DC-link capacitor
charges during this period and when it is fully charged there is no path for the current to flow and the PV
operates at no load conditions. Due to this reason the DC-link voltage increases very fast. The PV generating
units in real applications are normally disconnected from the DC bus in order to protect the insulation of PV
cells against over voltages. In such a case, the PV panel presents open circuit voltage (i.e. it is the voltage
across the terminals of a PV cell when the current flowing through the external circuit (Ipy) is zero) at its

output with no power generation. The current flowing into the DC-link capacitor is shown in fig. 4.22.
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Fig. 4.22 The current of DC-link capacitor in case of a three phase fault with fault impedance of 0 € on line
R10-RC.
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Fig. 4.23 PV1 current and DC bus voltage during normal and island operation in case of a three phase fault
with fault impedance of 0 Q on line R10-RC.

It can be seen in fig. 4.22 that there is no flow of current into the DC-link capacitor in the normal operating
conditions, since all output power of the PV1 is transferred to the grid via VSC3. At the time of the grid
isolation, the DC-link capacitor starts charging through current produced by PV1. Soon after 146 ms, this
capacitor is fully charged as shown in fig. 4.22 and PV1 at this time operates at no load. The switch-
disconnecting device (i.e. D1 as shown in fig. 4.1) isolates PV1 in such condition. The coordination between
fuse F25 and switch disconnecting device D1 is made in such a way that, fuse F25 disconnects VSC3 from
the grid due to the current surge produced at the time of the fault (i.e. t=5 s) according to its inverse time
current characteristics. The disconnection of VSC3 from the grid causes the voltage rise at the DC bus where
the PV1 cell is connected. Based on the voltage levels, D1 decides the disconnection of PV1 cell from the
DC bus. The current produced by the PV1 and the voltage at the DC bus in the normal and at a time of its
disconnection is shown in fig. 4.23. The protection of the other PV inverter (i.e. VSC4) in the grid connected
mode is done in the same way by using fuse F13 and disconnection of the PV2 cell structure is made by D2.

When a fault appears on line R8-RA, fuses F16 and F17 are used to protect this line and VSCL1 respectively.
Fuse F17 is modeled as ultra-fast and is used to isolate batteryl from the healthy part of the network in case
of the short circuit fault. The current seen by fuse F17 is shown in fig. 4.24. It can be seen in fig. 4.24 that
fuse F17 is blown out when the current flowing through VSCL1 increases abruptly during the short circuit.

The current seen by fuse F16 is shown in fig. 4.25. It can be seen in this fig. that the current flowing through
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line R8-RA in normal operating conditions is 43.9 A and increases up to 2.57 kA during the fault. Fuse F16
sees this excessive value of the current and is blown out within 50 ms. The power output of batteryl (i.e.

Battery drawing current from the line R8-RA) in this case is shown in fig. 4.26.
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Fig. 4.24 The current of VSC1 in case of a three phase fault with fault impedance of 0 Q on line R8-RA.
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Fig. 4.25 The current flowing through R8-RA line in case of a three phase fault with fault impedance of 0 Q

on this line.
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Fig. 4.26 The Power of batteryl in case of a three phase fault with fault impedance of 0 Q on line R8-RA

It can be seen in fig. 4.26 that the battery is charging at full charging rate in the normal operating condition.
When the battery is isolated from the network its power exchange becomes zero.

4.4Protection of the CIGRE network against single phase to ground faults

The study about the protection of the network in this case is carried out by applying a single phase to ground
(L-G) fault at the different locations of the CIGRE network. Asymmetric fault involves all kinds of sequence
guantities: Positive, negative and zero sequence and draws unbalanced currents from the network. The flow
of the unbalanced current across the network makes the voltage in the different parts of the network
unbalanced.The fuses and under voltage relays available at the different locations are used to clear this kind

of fault.

To study the performance of the protection devices in the CIGRE network, aL-G fault with the fault on phase
A having a fault impedance of zero ohms is applied at time equal to t=5 s on line R4-RE. There is
bidirectional flow of the currents (i.e. one from the grid and other from the induction generator) towards the
faulted line in the affected phase. It is therefore, essential to isolate the faulted sections at both ends in order
to protect the healthy portions of the entire network and the power system components (i.e. cables, bus bars,
WTG etc.) available in this portion of the network. In general, this kind of a short circuit should be cleared
by opening the protection devices at bus R4 and RE but care must be taken if technical regulations for the
grid connection/disconnection are to be followed. As there is a short circuit with afault impedance of zero

ohms in phase A in line R4-RE, the voltage in phase A of the generator terminal becomes zero. Fuses F6, F8
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and F9 as shown in fig. 4.1 are used to protect this portion of the network in this regard. Since the grid feeds
the current to the faulted point and this current is first seen by fuse F6; therefore, if F6 is blown out then
there will be no grid current which may flow to fuse F8. On the other side, the WTG delivers current which
is seen by fuse F9 before F8. Therefore, if current produced by the WTG is enough to blow out fuse F9 then
there will be no supply of the current to fuse F8. The short circuit clearing time of these fuses depends on
their rated values and the magnitude of the current passing through their fusing elements. The current seen
by fuse F6 and F9 in phase A is shown in fig. 4.27 and fig. 4.28respectively. It can be seen in fig. 4.27 and
fig. 4.28 that current in phase A through line R4-RE and the WTG increases at the instant of the fault. It can
be seen in these figures that fuse F9 opens faster than fuse F6 and this is because of its lower rating (i.e. 10A)

as compared to fuse F6. The current in the healthy phases of line R4-RE is shown in fig. 4.29.
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Fig. 4.27 The current in phase A of line R4-RE in case of single phase to ground fault with fault impedance
0 Q on phase A of this line.
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Fig. 4.28 The current in phase A of the WTG in case of single phase to ground fault with fault impedance 0
Q on phase A of line R4-RE.
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Fig. 4.29 The current in phase B and C of line R4-RE in case of single phase to ground fault with fault
impedance 0 Q on phase A of this line.
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It can be seen in fig. 4.29 that the currents in the healthy phases (i.e. phase B & C) increase at the instant of
thefault. When fuse F9 is blown out the currents in these phases’ decrease, they further reduce when fuse F6
is opened as shown in fig. 4.29. This unbalance in the current creates the unbalance in the voltages in the
network. The voltage in all three phases on bus RE in this case is shown in fig. 4.30.
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Fig. 4.30 The Voltage in three phases on bus RE in case of single phase to ground fault with fault
impedance 0 Q on phase A of line R4-RE.

It can be seen in fig. 4.20 that the voltage in the affected phase (i.e. phase A) becomes zero when the fault
appears on time equal t=5 s. The voltages in the healthy phases increase during the fault and come back to
the steady state value when the fault is cleared. The detailed explanation about the rise of the voltage in the
healthy phases during the fault has been described in [111] and can also be calculated as shown in section
3.4.2.1.

The WTG delivers unbalanced stator currents if it is connected to unbalanced voltages. These unbalanced
stator currents creates unequal heating in the stator winding which might degrade winding insulation and
thereby reducing the life time of the stator winding [45], [46]. The currents produced by the WTG in its three

phases in this case are shown in fig. 4.31.
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Fig. 4.31 Three phase current of the Wind Turbine Generator in case of single phase to ground fault with
fault impedance 0 € on phase A of line R4-RE.

It can be seen in fig. 4.31 that there is a huge increase in the current in the phase A of the WTG as this is the
faulty phase. The currents in the healthy phases during a fault also increase as shown in fig. 4.31 and this
increase in the current is according to the magnetization current of the stator winding of the WTG. The active

power produced by the WTG in each of the phases in this case is shown in fig. 4.32.
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Fig. 4.32 The active power produced by the WTG in three phases in case of single phase to ground fault
with fault impedance 0 Q on phase A of line R4-RE.
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The active power (P=V*I*cos¢) produced by the WTG depends on three parameters ((i.e. voltage, current

and the power factor). The power produced by the WTG in phase A becomes zero since the voltage in this
phase due to the fault is zero. It can be seen in fig. 4.32 that phase C of the generator is absorbing active
power. It is because of the leading power factor (i.e. power factor with minus sign) in this phase during a
fault. The oscillations in the active power in each of the phases are due to the opening of the two fuses at
different times. To see the power factor of the healthy phases, their angles between voltage and current are
shown in fig. 4.33. It can be seen in fig. 4.33 that the power factor of phase C during fault is minus which is

the reason for the absorption of the active power during the fault in phase C of the WTG.
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Fig. 4.33 The angles between voltage and current in phase B & C of the WTG in case of single phase to
ground fault with fault impedance 0 Q on phase A of line R4-RE.

These unbalances in the currents and thereby power output of the WTG might create serious problems in its
winding structure etc. In order to protect the WTG unit, it should be disconnected from the grid in such
cases.

The under voltage relay R1 is used to disconnect the WTG in this case. The setting of the relay is made in
such a way that if the voltage in one of the phases decreases below 0.9 p.u. [112] it should disconnect all of
its phases. The time of disconnection is according to ANSI CS84.1-1995. According to these standards when
the voltage at the terminals of the generator is below 0.5 p.u, the relay R1 sends a trip signal to the circuit
breaker which disconnects the WTG from grid within 160 ms. The electrical power delivered by the WTG in
its three phases in this case when it is disconnected from the grid is shown in fig. 4.34. It can be seen in this
figure that the power in all three phases decreases to zero when the relay has disconnected the WTG from the
grid at 5.16 s.
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Fig. 4.34 The active power of the WTG in its three phases in case of single phase to ground fault with fault
impedance 0 Q on phase A of line R4-RE.

The speed of the generator increases in case of its disconnection from the grid; therefore, mechanical brakes
can be applied in order to stop it as described previously.

4.5 Protection of the CIGRE network in its central parts

The protection of the CIGRE network grid in its central part (i.e. from node R1 to R10 of fig. 4.1) is
designed in such a way that it ensures a proper overcurrent protective coordination in the network. The over
current protection ensuring protection coordination in the central part of CIGRE network is made by using
fuses F15, FA, F14, F10 and F5 as shown in table 4.1. Fuse F5 is the highest fuse among these fuses due to
the reason of the protection coordination, if the fault occurs nearby the close vicinity of this fuse, it will take
longer time to clear the fault. To overcome this problem, the protection in the central part is made by using
the under voltage relay.

Again, the fault may occur in the central parts of the network with some fault impedance. The voltage based
protection can be a better solution in this regard as well. To study the behavior of the protection devices in
the central parts of the CIGRE, a 3-phase fault with a fault impedance of 0.1 ohms is applied on cable R7-R8
of the CIGRE network. The fault appears on this cable at time equal to t=2 s. The current flowing through
this cable is shown in fig. 4.35. It can be seen in fig. 4.35 that 1.6 kA current is flowing through the cable
during the fault. Fuse FA blows within 58 s according to its operating characteristics as shown in fig. B1 in
appendixB. The fault persistin the network for the long time in this case; therefore, voltage based protection

is introduced which clears fault faster.
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Fig. 4.35 The current flowing through the cable R7-R8when it is protected by fuse FA against 3-phase fault
with a fault impedance of 0.1 ohms.

The under voltage relay is used at both ends of the cable instead of over current protection devices. These
relays (i.e. RL1 and RL2) detect the fault if the voltage on the faulted point decreases below a threshold. The
plot of the current flowing from both ends of the cable (i.e. from the grid side and from the DGs side) when
under voltage relays are used at both ends of the cable is shown in fig. 4.36 and fig. 4.37 respectively. The
under voltage relay used at the grid side end and the DG side of the cable measures the voltage and sends trip
signal to the circuit breaker. It can be seen in fig. 4.36 and fig. 4.37 that the respective circuit breaker has
disconnected the faulted section from the grid side and also from the DG side of the network within 100 ms.
The over shoot in the current as shown in fig. 4.37 at the instant of fault is due the current surge produced by

the inverter based DG units.
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Fig. 4.36The current flowing through the cable R7-R8 from the grid sidewhen it is protected by a circuit

breaker against 3-phase fault with a fault impedance of 0.1 ohms.
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Fig. 4.37 The current flowing through the cable R7-R8 from the DGs side when it is protected by a circuit
breaker against 3-phase fault with a fault impedance of 0.1 ohms.

4.6 Summary

The protection against 3-phase fault with and without fault impedance in different portions of the CIGRE
network has been proposed in this chapter. Due to economic reasons, the protection of the CIGRE network is
mainly proposed by using fuses. If fuses are unable to detect the fault as analyzed for the cases in different
sections; the clearance of fault is done by using under voltage relays. The disconnection of the WTG in case
of symmetrical and unsymmetrical faults is made by using current based and voltage based protection
devices. For the case of loss of grid due to 3-phase and single phase to ground faults, the over speed
protection of the WTG is applied by using mechanical brakes is also studied in this chapter. The over current
protection of the inverters is made by using ultra-fast fuses and the disconnection of PV solar cell structure in
the case of loss of grid is made by using switch disconnection devices. The protection of the CIGRE network
in the case of the forward direction of the current (i.e. grid side) is made by using the fuses and the protection
in the case of reverse direction of the current (i.e. DG side) due to islanding is made by using the under

voltage relays.
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Chapter 5

Island operation of distribution grid with Distributed Generation

5.1 Introduction

Islanding is a situation where the electrical system becomes electrically isolated from the rest of the power
system and yet continues to be energized by DG units connected to it. This separation of the grid could be
due to the operation of circuit breaker, fuse or any other protection device responding to the faults.
Unintentional islanding in Low Voltage (LV) distribution networks in the presence of DGs is one of the
major safety concerns for grid interconnection of generators. The main problems associated with
unintentional islanding are [113]:

> Exceeding of the acceptable limits of voltage, frequency, unbalance etc. which can lead to

malfunction or permanent damage of the network or customer equipment.
»  Electric shock due to touching of live conductors which are supposed to be dead.
> Possible damage of the network equipments because of the protection problems due to the low short

circuit power capacity of DG units

A low voltage network comprising large amounts of small sized generation units (i.e. Photovoltaic units,
Wind Turbine Generator (WTG etc.) together with Battery Energy Storage Devices (BESS) in this study
forms a local Micro Grid (MG) when it is islanded from the main grid. The current trend in power networks
is to operate an islanded portion of the distribution system (i.e. MG) by controlling its voltage and frequency.
The voltage and frequency in such conditions can be controlled by the available active and reactive powers
in the local MG.

During islanding mode, if there is an imbalance between load and local generation, the MG frequency drifts
from its nominal value. If the active power demand is higher than the active power production in the local
island, the MG frequency decreases and vice versa. On the other if there is a deficit of the reactive power in
the local island, the MG voltage decreases and vice versa. Therefore, the control system in the MG must be
developed in such a way that it tackles issues related to the voltage and the frequency.

This chapter presents some of the problems related with islanding. These problems such as voltage and
frequency are solved in this chapter. Section 5.2 describes the development of a suitable control system for
the islanding operation of the network. The details about island detection technique are also presented in this
section. The control of the voltage and the frequency of the islanded MG are described with the help of
simulation results in section 5.3 and 5.4 respectively. The study about step load changes in the islanded MG
is presented in section 5.5. The impact of the DG unit(s) loss in the islanded MG is studied in section 5.6.

Finally summary of the chapter is presented in section 5.7.
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5.2 The development of the control system for islanded operation of the LV CIGRE network

The CIGRE network comprising DG units enters into islanding if a 3-phase fault appears on bus RO and is
cleared as shown in fig. 4.13. The established MG now comprises two PV units of 3 kW and 4 kW, A WTG
of 5.5 kW, two energy storage devices having energy capacity of 30 kWh and 21 kWh and some loads
connected at bus RC, RD, RE, R11 and R17 as shown in fig. 2.1. The PV units are modeled in DIGSILENT
power factory as constant current sources and Voltage Source Converters (VSCs) are used to transform DC
power obtained from it into AC. The Battery Energy Storage Systems (BESS) are modeled as constant
voltage sources in DIgSILENT power factory and VVSCs here are also used to transform power into AC. The
controllers for all these units in the grid connected mode are developed in PV/PQ mode and are detailed

described in chapter 2.

The development of controllers for all the DG units in the islanded MG is different as compared to the grid
connected mode. The controllers are developed in such a way that they ensure the constancy of the voltage
and the frequency of the entire island MG. In case of several parallel inverters available in the network; one

of the inverter controllers must be developed in VF mode and the others in either PV or PQ modes [114].

When the distribution network enters into islanding, it loses its slack reference as the external grid was
chosen as the slack bus in the grid connected mode. The first and the most important thing is to establish a
slack reference in the islanded MG. As most of the DG units in the MG are inverter based except the WTG
which cannot be chosen as the slack reference because of its unpredictable generation.To establish slack
reference in the islanded MG it is necessary to model one of the inverter based DG units as a slack reference
in this regard. Therefore, one of the inverter for this study is modeled as slack reference (i.e. it operates in
VVF mode) and all others operate in PV mode. The operation of the MG with several PV inverters and a
single VVF inverter is similar to the operation of a MG with a synchronous machine as slack bus. The VF
inverter establishes the voltage reference for the operation of all other PV inverters in the case of MG
islanded from the main power grid. Acting as voltage source, the VF inverter is responsible for controlling
the voltage and frequency of the islanded MG. It injects or absorbs active and reactive powers if frequency or
the voltage in MG decreases or increases respectively. It requires a significant amount of energy available in
the power source with very fast response. A VF control cannot be used for wind and solar power generations
because they are unpredictable and depend on the weather conditions (i.e. wind speed and solar irradiance).
This controller can be used for the inverters of the BESS system, especially the inverter of the bigger energy

storage capability (i.e. VSC1 for this study).

The VF controller is modeled as a cascade controller and is shown in fig. 5.1 comprising the outer and the
inner current controllers. The inputs to outer controller are the measured and reference frequency and voltage

and its outputs are active and reactive reference currents as shown in fig. 5.1.
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Fig. 5.2 The block diagram of the VVF controller [115]

The purpose of the VF controller is to control the frequency of the MG by injecting or absorbing the desired
amount of the active power. It is also used to control the voltage of MG by injecting or absorbing the desired
amount of the reactive power. The block diagram of the VF controller which works as an outer controller is
shown in fig. 5.2. This controller compares measured and reference frequency (i.e. Fref=50HZ) and sends
the error signal ‘df’ to the PI controller which generates active current reference (id refl) as shown in fig.
5.2. It also compares measured and reference voltages at a certain bus and sends error signal ‘dU’ to the PI
controller responsible for the voltage control. This Pl controller generates the reactive current reference

(ig_ref) and decides the injection or the absorption of the reactive power.

The frequency of the network depends on the availability of the active power. The active power according to

the dq transformation is given by p=ugig +uqiq. Since the g component of the voltage (i.e. uq) is zero, the

power p=ugdig . This relation implies that the active power p is directly proportional to the d component of
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the current (i.e.ig ) if the voltage ugqis considered to be constant. This is the reason that the Pl controller
responsible for controlling the frequency produces the control signal (i.e.ig_ref ) at its output.

Similarly, the network voltage is dependant of the amount of the reactive power. The reactive power
according to the dq transformation is given by qzuqid-udiq . As the g component of the voltage (i.e. uq) IS
zero, the power g=-uqiq . This relation implies that the reactive power q is directly proportional to the g
component of the current (i.e.iq) if the voltage ug is considered to be constant. This is the reason that the Pl

controller responsible for voltage control loop presents the control signal (i.e. iq_ref ) at its output.

The injection/absorption of the active and the reactive powers by the inverters is according to the values of
these current references. These currents references are the inputs to the current controller which decides the
duty cycle for the switches used in the converter. The block diagram and the other details of the current
controller are already given in section 2.4.1. The share of the active and the reactive power from the VF
inverter is according to the equation 5.1 and equation 5.2 and depends on if the control system has been

given the voltage control or a frequency control priority.

id_ref= \,/ i_maX2 -ig_ref 2 e, (Voltage control priority).............ocoevivieiinenannn.. (5.1)

iq_ref= \/ i_maX2 -id_ref 2 (Frequency control priority)...........c.cvevviverininininnn.n. (5.2)

Where i_max lies between +-1 p.u. The control system producing id_ref according to equation 5.1 is said to
have the voltage control priority. If the inverter delivers 1 p.u of reactive power then according to equation
5.1, the inverter has no more active power to inject (i.e. id_ref=0). The controllers of the other inverters used
in the CIGRE network have also been modeled to share the amount of the active and the reactive power

according to equation 5.1.

The switching of the controller from the PV/PQ mode to VF is based upon the island detection. Several
island detection techniques have been proposed in the literature [116-120].The island detection techniques
can be generally divided into two categories: Active methods and passive methods. The main passive
techniques used for islanding detection include under/over frequency, vector shift, Rate Of Change Of
Frequency (ROCOF) [121], [122], Under/Over Voltage, rate of change of voltage and power factor [123] etc.
The main active techniques include reactive power Error Export Detection (REED) [124], fault level

monitoring [125], and system impedance monitoring [119].
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Passive methods are familiar for detecting Loss of Grid (LOG) because of their simplicity and low cost. The
ROCOF and vector shift methods are the most common methods used among the passive methods. These
methods especially ROCOF method have some of the disadvantages that they do not properly discriminate
between the island and transient conditions. Unnecessary tripping might occur in the case of sudden load
changes, faults etc. by using ROCOF method.

The detection of LOG by using a new technique which is based on the voltage phase angle difference
between the grid and the distribution system is described in this chapter. This method is described in [122]
but further details are added in this section. This islanding technique is described with the help of the block

diagram shown in fig. 5.3.
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Fig. 5.3 The block diagram of the control mode determination

It can be seen in fig. 5.3 that the phase angles of the voltages at the grid side and DG side are measured and
the difference of the phases is calculated. The network changes its mode of operation from the grid
connected to islanding according to the difference of the voltage phase angles. The islanding is detected in
the network if there is a phase angle difference between the two voltages as shown in fig. 5.4. The control
diagram shown in fig. 5.3 is only used to determine the mode of the operation from the grid connected to the
island mode. The same technique is not valid for reconnection detection. A more advanced technique will be

described in the next chapter concerning the detection of reconnection in the network.
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Fig. 5.5 Island Detection (ID) signal in case of islanding in case of 3-phase fault on bus RO with fault

impedance of 0 Q

It can be seen in fig. 5.4 that the phase angle difference of the voltages at the mentioned points as shown in
fig. 5.3 is zero in the normal operating conditions. This difference of the voltage phase angles changes when
fuse FO is blown out. The Island Detection (ID) signal is shown in fig. 5.5. This fig. describes that the system

is connected to the grid when there is no difference between the voltage phase angles. The network switches
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to the islanded mode when the difference in the voltage phase angles appears. Hence, LOG is detected at
5.0001 s in the CIGRE low voltage network.

This method of LOG detection performs well during sudden switching/variation of the loads and in the
transient conditions. To see the effects of the transients and check whether this method may cause false
detection in case of the faults somewhere in the other parts of the network, the study is performed by
applying a 3-phase fault on bus R11 at the time equal to t=5 s. The voltage phase angles in this case can be
read in fig. 5.6 and the ID signal is shown in fig. 5.7.
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Fig. 5.6 The Phase angle difference between the voltages in case of 3-phase fault on bus R11
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Fig. 5.7 The ID Signal in case of 3-phase fault on bus R11

It can be seen in fig. 5.6 that voltage phase angles at the time of short circuit fault i.e. t= 5 s changes but their
difference is zero. Hence, the distribution system remains connected to the grid and there is no false
detection by using this method as shown in fig. 5.7. This is the main advantage of this method over other
methods of LOG detection.
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The effectiveness of this method against the different power imbalances has been detailed described and
verified in [122].

The inverter of batteryl (i.e. VSC1) operates in PQ mode in the grid connected mode. This controller (i.e.
PQ controller) is used to control the active and the reactive power at the point of its connection. The control
system of this inverter changes to the VF mode of operation when the distribution network is islanded from
the grid. The switching of the control system from the PQ mode to VF mode is described with the help of the
block diagram shown in fig. 5.8.
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Fig. 5.8 The switching of control system from PQ to VF mode

It can be seen in fig. 5.8 that two different controllers (i.e. PQ and VF controllers) are used for the two
different conditions (i.e. grid connected and island) of the network. The PQ controller described in section
2.5.1 generates signals (id_ref** and iq_ref**). The VF controller which is described with the help of fig. 5.2
produces the output signals (i.e. id_ref* and ig_ref*). The decision about the transition of the control system
from the PQ mode to VF mode is made by the island detection (ID) block. The explanations and the

description of the island detection are presented in the above text.

The switch block receiving the signals (id_ref** and ig_ref**) and (id_ref* and iq_ref*) from the PQ
controller and VF controller respectively at its input, sends appropriate current references to the current
controller according to the ID signal. If the ID signal is O (i.e. no islanding), the current controller receives
the active and the reactive current references from the PQ controller and if ID signal is 1 (i.e. islanding
detected), the current controller receives signals from the VVF controller. The current controller receiving the
signals from the PQ or VF controllers send the signals to the PWM block of the inverter and decide the duty
cycle [56]. The details of the current controller are described with the help of fig. 2.8.
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The battery controller block is also added in fig. 5.8. This block receives the active current reference (i.e.
id_ref) from the current controller at its input and integrates it in order to get the State of Charge (SOC). The
signal SOC is sent to switch block which in turn decides the amount of id_ref according to the value of SOC.
The switch block makes the id_ref equal to zero if the SOC of the battery is either 20% or 95%. This is in
order to avoid damage of the battery and to preserve battery life [32].

5.3 The behavior of DG units and voltage control in islanded Micro Grid

The voltage on the MV bus (i.e. bus RO) at the instant of a 3-phase short circuit fault at t=5 s decreases to
zero as shown in fig. 5.9. The procedure of clearing such kinds of fault from both sides of the network as
described above enters the distribution network into island condition. The voltage on the bus connected to
the secondary of the transformer (i.e. bus R1) also decreases when the distribution network enters into island

as shown in fig. 5.9.

0,30
4,00

LV: Line-Ground Voltage, Magnitude in p.u.
smmman 1V: Ling-Ground Voltage, Magnitude in p.u

Fig. 5.9 The voltage on bus R0 and bus R1in case of grid connected and islanded mode

It can be seen in fig. 5.9 that when the circuit breaker operated by relay RO has cleared the fault at t=5.033 s;
the existing controllers (i.e. four STATCOM controllers) in the local MG quickly restores the voltage back to
the acceptable limits (i.e. +-10% according to IEEE standard 1159-1995 and Danish standards [77]). The
restoration of the voltage in the local MG is made by providing the desired amount of reactive power by the
inverter based DG units. The disturbance in the voltage on bus R1 at t=5.053 s shown in fig. 5.9 is because of

the current limiters which are responsible to limit the amount of the current.

The three STATCOM controllers of the inverter based DG units (PV1, PV2 and battery2) operate in PV
mode. The control system of batteryl operates in PQ mode in the grid connected mode and switches to VF

mode in island condition. All four inverters are modeled to counteract the voltage and the frequency
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disturbances (i.e. VSC2, VSC3 and VSC4 with voltage control priority, VSC1 has frequency control
priority). The control system of these inverters sends the control command to inject/absorb the reactive
power in the buses where they are connected. If the voltage of the bus is greater than the voltage of an
inverter connected on that bus, the reactive power is absorbed by the inverter and vice versa [78].

The contribution of the reactive power from the different converters (i.e. VSC1, VSC2, VSC3 and VSC4) is
according to their rated power. The power and the voltage ratings of the inverters used in the network are
shown in table. A2 in appendix A. The inverters mentioned in this table are used to provide the active and
the reactive powers in order to control the voltage and the frequency at the same time. The share of the

powers is according to equation 5.1 and equation 5.2.

The reactive powers injected by VSC1, VSC2, VSC3 and VSC4 are shown in fig. 5.10. It can be seen in fig.
5.10 that all four inverters do not inject/absorb reactive power in the normal operating condition. When the
distribution system is islanded, VSC3 and VSC4 inject 16.108 kVAr and 21.477 kVAr of reactive power
respectively in order to maintain the voltage within reasonable limits. VSC2 absorbs 22.374 kVAr in island
condition as shown in fig. 5.10. The decision about the injection or absorption of the reactive power is made
by the corresponding controllers and is according to the value of the voltage seen by the inverters at their
points of the connection. VSClinjects only 0.501 kVAr in island mode because it has been assigned the
priority to inject maximum amount of the active power in order to maintain the network frequency. The
peaks observed in the reactive power of all the inverters at the instant of the fault are because of the reactive
current flowing to the faulted point until it is cleared.
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Fig. 5.10 The reactive power of VSC1, VSC2, VSC3 and VSC4in case of grid connected and islanded mode
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The active and the reactive powers injected by VSC1 are shown in fig. 5.11. It can be seen in fig. 5.11 that
VSC1 absorbs 28.747 kW in order to charge batterylat the maximum charging rate in the normal operating
condition. Since this inverter operates in PQ control mode in the grid connected mode and the purpose of this
controller is to inject/absorb maximum amount of active power by controlling the amount of the reactive
power equal to zero. This is the reason that this inverter does not inject/absorb reactive power in the grid

connected mode.

When the distribution system enters into islanding, the control system of VSC1 has been switched to VF
control mode which injects 31.769 kW of active power in order to control the frequency of the network. The
amount of reactive power injected by VSC1 depends on the control set up as shown in fig. 5.2 and is
according to equation 5.2. The oscillations in the powers at the instant of the fault seen in fig. 5.11 are
because of the occurrence of the fault, its clearance from the both sides etc. The study about the frequency of

the network will be done in section 5.4.

L I e T

L

31.769 KW

2500 e

|
|
|
|
|
|
|
|
T
|
} 13127 s
|
|
|
€
|
|
|

0,00

33365
-28.T4T kW

2500 F—————————

ey |
|
|
|
|\
|
|
|
|
|
|
|

-50,00 . L .
0,00 4,00 8

e conv1: Total Reactive Power/Terminal AC in kvar
. c0nv1” Total Active Power/Terminal AC in kW

Fig. 5.11 The Active and the reactive power of VSC1in case of grid connected and islanded mode

The voltage in the different parts of the islanded MG is shown in fig. 5.12. The voltage on bus R19, A, B, C,
D, E and bus R11 is shown in this figure. It can be seen in fig. 5.12 that the voltage in normal operating
conditions on the different buses is different because of the different loads connected there. The voltage in all
parts of the network decreases as shown in fig. 5.12 when the distribution system is islanded and is restored

up to the acceptable limits by using the developed controllers.
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Fig. 5.12 Voltage on bus R19, A, B, C, D, E and bus R11in case of grid connected and islanded mode

To study about the behavior of the power production in the islanded MG; the power output of the 3 kW PV 1
and the 4 kW PV2 at the AC terminals of VSC3 and VSC4 are shown in fig. 5.13 and fig. 5.14 respectively.
The power output of PV1 is described with the help of the DC-link voltage of its inverter (i.e. VSC3) as
shown in fig. 5.15.
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Fig. 5.13 The active power produced by PV1 and DC-link capacitorin case of grid connected and islanded
mode
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Fig. 5.14 The active power produced by PV2 and DC-link capacitorin case of grid connected and islanded
mode

The different events in the power output of PV1 are described with the help of different points (i.e. points 1,
2, 3 and 4). It can be seen in fig. 5.13 that PV1 is producing 3 kW of power in the full sunny day in normal
operating conditions. At the time of the fault there is short term increase in this power as shown in fig. 5.13.
This peak in the active power of the PV1 at the instant of the fault is because of a current surge produced by
the inverter at the time of the short circuit fault. The DC-link voltage as shown in fig. 5.15 decreases at this
time.

The DC voltage controller is developed with responsibility to control the DC-link voltage and thereby by
active power output of PV1. This controller is detailed described in section 2.4.1. This controller makes a
decision for the DC-link capacitor to absorb active power when the power output of PV1 increases and vice
versa. The injection and the absorption of the active power by the DC-link capacitor used for the PV1

inverter is shown in fig. 5.13.

At time equal to t=5 s the power output of PV1 increases because of the surge current and DC-link capacitor
used at this bus absorbs this extra power in order to maintain the DC-link voltage of VSC3. At point 1 in fig.
5.13 fuse FO blows and this power decreases as shown in this figure. The absorption of the power by the DC-
link capacitor decreases during this time. At point 2 the power output of PV1 increases because of the DC-

link voltage rise at VSC3 as shown in fig. 5.15. The DC-link capacitor exactly follows the magnitude and the
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direction of the power produced by PV1. At point 3 the circuit breaker is opened at the MV bus and the
magnitude of the power increases. The amount of power seen during this period is according to the value of
voltage seen in fig. 5.15. It is clearly seen in fig. 5.13 that the DC voltage controller has maintained the
power out of PV1 to its nominal values by controlling the DC-link voltage of VSC3.

Similarly, the power profile of a PV2 and the DC-link capacitor of PV2 inverter are shown in fig. 5.14. The
behavior of the power and its controller is same as described for PV1. It can be seen in this fig. that the DC
voltage controller for this unit has also restored the power to its nominal values.
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Fig. 5.15 The DC-link voltage of VSC3in case of grid connected and islanded mode

The power produced by the WTG is shown in fig. 5.16. In the normal operating conditions the WTG
produces 5.5 kW of power at the nominal wind speed. When the distribution system is islanded the power
output of the WTG decreases as shown in fig. 5.16. The switching in the power output of the WTG as shown
in fig. 5.16 while it decreases is because of the fault clearance at the different time instances. The WTG
absorbs active power at the time between 5.007 s-5.081 s and it is because of its leading power factor (P.f) in
this period as shown in fig. 5.17. This power returns to the nominal values as shown in fig. 5.16.The
oscillations in the angle between voltage and current at different time instants are because of some events

such as occurrence of the fault, clearance of the fault from both sides etc. The angle between the voltage and
the current of the machine in the normal operating conditions is -3°(i.e. P.f=0.9986) in the normal operating

condition. This angle increases to150° at the instant of a fault. Again it deceases to the value around -172° at
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the time when fuse FO is blown. The further oscillation in this angle at this time is because of the opening of
the circuit breaker at the MV bus.
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Fig. 5.16 Active power output of the WTGin case of grid connected and islanded mode
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Fig. 5.17 The angle between voltage and current of a WTGin case of grid connected and islanded mode
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5.4 Frequency Control in islanded Micro Grid

Any mismatch between the load demand and the active power generation causes deviations in the frequency
of the network. If the active power demand is greater than the active power production in the local island, the
MG frequency decreases and vice versa.

In the normal operating conditions (i.e. grid connected mode) some of the active power is supplied by the
grid and the rest is provided by the DG units in order to meet the load demand. The active power produced
by PV1, PV2 and WTG are shown in fig. 5.13, 5.14 and fig. 5.16 respectively. The active power delivered by
the grid is shown in fig. 5.18. It can be seen in fig. 5.18 that the grid delivers 84.45 kW to the local grid in
the normal operating condition in order to charge the batteries and to meet the load demand together with the
DG units.

The different loads are connected at the different buses in the CIGRE network. Both the batteries charge in
the normal operating conditions if they are not fully charged; hence, they act as loads in the grid connected
modes. Table 5.1 shows the power produced by the power grid and DG units in the normal operating

conditions. It also displays the active power consumed by the loads.

BB+ [

= ———--B;z_;:

I/ O S | S

20E 4 [ ]

0.0E+0

S

el -\

-2 0E+4
4,999 4999 A

External Grid- Total Active Power in kKW

2
E
o
8

Fig. 5.18 The active power delivered by the grid in case of grid connected and islanded mode

Table 5.1.The powerproductionand the power consumption in case of grid connected and islanded

mode
Active Power produced by Active Power consumed by the loads Power losses [kKW]
Generating Units [kW] [kW]
Grid | PV1 PV2 WTG Batteryl | Battery2 | Other Loads 2.227
84.45 3 4 5.5 28.7479 | 20.511 45.464
Total=96.95 Total=94.7229
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When the distribution enters into island mode, it loses 84.45 kW of power as shown in fig. 5.18. The lost
power must be delivered by the existing DG units in order to maintain the constancy of the frequency within
the local MG. The active power delivered/absorbed by the inverter of batteryl and battery2 are shown in fig.
5.19 and fig. 5.20 respectively.
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Fig. 5.19 The active power of batteryl inverter in case of grid connected and islanded mode
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Fig. 5.20 The active and the reactive power of battery2 inverter in case of grid connected and islanded mode
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It can be seen in fig. 5.19 that the inverter of battery1(i.e. VSC1) absorbs 28.7478 kW of active power in the
normal operating conditions. When the distribution system enters into islanding it injects 31.769 kW of
power. The transients in the power as shown in fig. 5.19 are because of the different events (i.e. occurrence
of the fault, the clearance of the fault from the grid side and DGs sides at different instances) in the network.
The peak in the active power at the instant of a fault is because of the inrush current produced by the
inverter. This power decreases at the time when fuse FO blows as shown in fig. 5.19. Another oscillation in
the active power seen in this figure is because of the opening of the circuit breaker at 5.033 s.

Fig. 5.20 depicts that VSC2 absorbs 20.511 kW of active power in the grid connected mode. The control
system of this inverter is developed with the voltage control priority; therefore, it absorbs 22.37 kVAr of
reactive power in order to control the voltage at its point of the connection. It absorbs 4.491 kW of active
power during this condition. The injection/absorption of the active power depends on the control structure
described in section 5.2. This is decided according to equation 5.1.The peaks and the oscillations in the

power of VSC2 are also because of the above mentioned events.

As described above, the voltage at the time of the short circuit decreases and it recovers up to the permissible
operating conditions by the local existing controllers. The decrease in the voltage also reduces the active
power of the loads. For simplicity the active power of the load on bus D in its three phases and the voltage in

the three phases on bus D where this load is connected is shown in fig. 5.21 (a) (b) respectively.
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Fig. 5.21 (a) The active power of the load connected on bus D in its three phases in case of grid connected

and islanded mode
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Fig. 5.21 (b) The voltage on bus D in its three phases in case of grid connected and islanded mode

It can be seen in fig. 5.21 that the magnitude of the active power of the load in the three phases on bus D in
the island condition is reduced because the voltage of these phases on this bus is not fully restored to its pre-
fault values. The restoration of the voltage in the local MG is according to the availability of the reactive
power. The voltage on bus D as shown in fig. 5.21 (b) is not restored to its nominal values because the
inverters do not have enough reactive power to have full compensation of the voltage.

Table 5.2 shows the power produced by the DG units and the active power consumed by the loads in the
local MG during island conditions.

Table5.2.The power production and the power during island mode

Active Power produced by Generating Active Power consumed by the Power losses [kW]
Units [kKW] loads [kKW]
PV1 PV?2 WTG Batteryl | Battery?2 Loads 3.74
3 4 5.45 31.769 4.491 35.99
Total=44.219 Total=40.48

It can be seen in this table that there is an availability of the active power to meet the active power load
demand together with the line losses in the islanded MG. It can also be seen in table 5.1 and table 5.2 that the
power losses in the island mode are more than the power losses in the grid connected mode. This is because

of the excessive amount of the reactive power flowing in the system in island condition.
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The balance between the generation of the active power and its consumption ensures the constancy of the
frequency in the MG. The frequency of the MG in this case is shown in fig. 5.22. The first peak seen in fig.
5.22 is because of a short term power surge produced by the inverter based DG units. This surge in frequency
falls as the power surge in the active power decreases because of the current limiters used in the controller of
these inverters. At time equal to t=5.033 s, there is another peak in the frequency as shown in fig. 5.22. This
peak is because of the opening of the circuit breaker at the MV bus. At time equal to t=5.085 s there is a
minor change in the frequency as seen in fig. 5.22. This change in the frequency at this time is because of the

small change in the active power of VSC2 at that time.
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Fig. 5.22 Frequency of the distribution network in case of grid connected and islanded mode

It can be seen in fig. 5.22 that the frequency of the local MG had been restored to 50 HZ by using the local

controllers.

To investigate how long time the local MG can survive in island mode, it is necessary to see the SOC of the
batteries used in the network. Two cases will be shown one for the case when the initial SOC of batteries is
considered to be at 50% and the other when the initial SOC is 95% (i.e. full charged battery) at the beginning

of the simulations.
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Casel. When SOC of batteries is considered to be 50%

The SOC of batteryl and battery2 for this case are shown in fig. 5.23. It can be seen in this figure that the
initial SOC of both the batteries is at 50% at the beginning of the simulations. Fig. 5.23 shows that both the
batteries are charging in the grid connected mode. During island condition, batteryl discharges at its
maximum rate whereas battery2 charges with slow rate. The fast or slow rate of the batteries is according to
the amount of active powers injected/absorbed by the batteries as shown in fig. 5.19 and fig. 5.20

respectively.
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Fig. 5.23 The SOC of batteryl and battery?2 in case of grid connected and islanded mode
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Fig. 5.24 The SOC of battery 1 when it hits the final discharging limit in case of grid connected and
islanded mode
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Fig. 5.24 shows the SOC of batteryl and battery2 when the SOC of batteryl reaches the final discharging
limit (i.e.20%). At time equal to t=1091.167, batteryl discharges down to 20% as shown in fig. 5.24. The
SOC of battery2 as shown in this figure keeps on increasing because the inverter of this battery absorbs
active power during islanding as shown in fig. 5.20. The discharging of battery down to 20% is considered to
be fully discharged due to economic reasons [32]. In fact battery2 should support the island MG by
providing active power after the complete discharge of B1, but the control system of this battery (i.e.
battery2) in this study is developed in such a way that it has been given voltage control priority. In the
islanded MG, the controller of B2 finds a voltage rise at the point of its connection; therefore it absorbs
reactive power as shown in fig. 5.20 in order to maintain the constancy of the voltage at that point. Due to

this reason VSC2 has not enough active power to deliver according to the equation 5.1.

The active power produced by the inverter of batteryl at this time (i.e. t=1091.167 s) decreases to zero as
shown in fig. 5.25. The oscillations obtained in the active power of VSCL1 at this time are because of the
sudden loss of batteryl from the system. The reactive power of VSCL1 is also shown in fig. 5.25. It can be
seen in this fig. that VSC1 absorbs 3.574 kVAr of reactive power after discharging of batteryl. The voltage
at the point of the connection of VSC1 (i.e. bus A) decreases due to this reason as shown in fig. 5.26. The
reduction of the voltage on bus A further reduces the voltage in other parts of the network. The decrease in
the voltage magnitude at the point of the connections of the inverters decreases their amount of the reactive

power injection/absorption (i.e. Q=VIsing) as shown in fig. 5.27. This reduction of the reactive power in
turn decreases the voltage in the different parts of the network as shown in fig. 5.28.
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Fig. 5.25 The active and the reactive power of the inverter of Batteryl up to its final discharging limit
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Fig. 5.26 The voltage on the bus A in case of loss of B1 in the islanded MG
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Fig. 5.27 The reactive power of all inverters used in the network in case of loss of B1 in the islanded MG
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Fig. 5.28 The voltage in the different buses of the CIGRE network in case of loss of B1 in the islanded MG
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The reduction in the voltage decreases the loads connected on the respective buses. The load connected on
bus C in its three phases is shown in fig. 5.29 for the simplicity.
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Fig. 5.29 The load on bus C in its three phases in case of loss of B1 in the islanded MG

The frequency of the network because of the loss of batteryl changes as shown in fig. 5.30. It can be seen in
this figure that the frequency of the network in the islanded MG is maintained as long as batteryl has ability
to deliver the active power. At time t=1091.167 s, it is fully discharged which causes the deviations in the
frequency as shown in fig. 5.30. After the loss of batteryl, the frequency oscillates between 49.832-48.916
HZ as seen in fig. 5.30. The frequency does not go to the worst conditions because there is not large
mismatch between generation and the load demand. This is because of the reduction in the active power load

demands due to the decrease in the voltage at their point of the connections.
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Fig. 5.30 The network frequency in case of the grid connected system and the islanded MG with the loss of
B1
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It can be seen in fig. 5.30 that network frequency is not stable as long as batteryl has been discharged. To be
on the safe side the distribution network must be reconnected to the grid or DG units should be shut down in

this regard. The process of the reconnection is described in chapter 6.

Case2. When SOC of batteries is considered to be at 95%

The SOC of both the batteries has been assumed 95% which means that both batteries are fully charged in
the beginning of the simulation. The active and the reactive power delivered by the inverters of B1 and B2 in
this case are shown in fig. 5.31 and fig. 5.32 respectively.
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Fig. 5.31 The active and the reactive power of B1 inverter in case of grid connected and islanded mode

It can be seen in fig. 5.31 and fig. 5.32 that VSC1 and VSC2 do not inject active power in the normal
operating condition since B1 and B2 are already charged at maximum level. As there is no flow of current in
order to charge B1 and B2 in the normal operating conditions through lines R8-RA and R10-RB, therefore
there is less voltage drop across the terminals of VSC1 and VSC2 as compared to the case when B1 and B2
are charged at full charging rates. Due to this reason the voltage in all parts of the network during the normal
operating conditions is a little bit higher in magnitude than the previous case of the charging batteries at the
full charging rate. For simplicity, the zoom of the voltages at bus B, C and bus D in the two cases (i.e. 1.
when B1 and B2 are charging at full rate and 2. when B1 and B2 do not charge) are shown in fig. 5.33, 5.34
and fig. 5.35 respectively.
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Fig. 5.32 The active and the reactive power of B2 inverter in case of grid connected and islanded mode
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Fig. 5.35 The voltage on bus D for the two charging cases

115

5.5



The voltage shown in fig. 5.33, 5.34 and fig. 5.35 decreases at the instant of the fault on the MV bus. The
voltage on the buses shown in these figures during this period is slightly higher (i.e. can be clearly seen if we

zoon out the figures) than the one when SOC of batteries is considered to be 50%.

Since the injection of the reactive power depends on the magnitude of the voltage at the terminals of the
inverters, the inverters inject more reactive power in the case when soc=95%. The inverters inject more
reactive power compared to the case when soc=50% and is because of the voltages at their points of
connections are bit improved in this case as shown in fig. 5.33, 5.34 and fig. 5.35. The injection of the
reactive power by the inverters in the two different cases is shown in table 5.3. The existing controllers have

improved the voltage in the different parts of the network in this case as shown in fig. 5.36.
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Fig. 5.36 The voltage in different parts of the network in grid connected and the islanded mode in the case

when SOC=95%

It can be seen in fig. 5.36 that the voltage in the different parts of the network has been fully restored in the
islanded MG in this condition. This restoration of voltages in the different parts of the network is because of

the reactive injection by the inverters. The reactive power of the existing inverters in this case is shown in

fig. 5.37.
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Table53. The reactive power produced/absorbed by the inverters in two different cases

Inverters Reactive Power (kvar) produced/absorbed by the Reactive power (kvar) when SOC=95%
inverters when SOC=50%
VSC1 0.502 2.54
VSC2 -22.374 -24.93
VSC3 16.108 17.908
VSC4 21.477 23.86

The SOC of the two batteries in this case is shown in fig. 5.38 in order to investigate how long the local MG

can survive in island mode.
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Fig. 5.38 The SOC of B1 and B2 when it hits the final discharging limit in the case when initial SOC=95%
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It can be seen in fig. 5.38 that both the batteries are fully charged (i.e. SOC=95%) in the normal operating
condition. B1 discharges at the time when the distribution network is islanded whereas B2 neither charges
nor discharges (i.e. its SOC remains constant). The reason for such a behavior of B2 is because of voltage
control priority given to its control system. It can be concluded from fig. 5.38 that the islanded MG can
survive up to 2715 s (i.e. 45.25 minutes) ensuring the perfect control of the voltage and the frequency in the
islanded MG.

5.5 Study of the network with load step change in islanded Micro Grid

To analyze the power system frequency response of the islanded MG, a step increase/decrease of the active
power of a system load is simulated. The study is performed in the case when both the batteries are
considered to be fully charged. The network frequency reduces if the demand increases. A step load increase
of 30% is applied at time, t=8 s on the system load at bus E in its three phases. The load on this bus in its
three phases with equal load step applied in all phases increases as shown in fig. 5.39.

At t=8 s, the active power of the load in the three phases on bus E increases because of the applied load step.
The voltage on this bus as shown in fig. 5.40 decreases in this case. The decrease in the voltage on bus E is
because of the more line voltage drop across line R4-RE as compared to the case with no load step (i.e.
normal operating conditions). This reduction of the voltage on bus E reduces the active power of the load
connected on this bus as shown in fig. 5.39. The pattern of the load reduction marked with a circle in fig.
5.39 is according to the decay of the voltage on bus E. The decrease in the voltage on bus E also reduces the

voltage in the different parts of the network as shown in fig. 5.41.
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Fig. 5.39 The active power in three phases of the load on bus E in case of the islanded MG with a load step
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The network voltage when it decreases at t=8 s might be improved if the existing inverters have enough
reactive power. The reactive power of all of the inverters used in the network in this case is shown in fig.
5.42.
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Fig. 5.42 The reactive power produced by VSC1, VSC2, VSC3 and VSC4 in case of the islanded MG with
a load step change

The amount of reactive power injected/absorbed by the invertersis a function of the voltage. Once the voltage
changes, the reactive power produced by them also changes, which further changes the voltage. It can be
seen in fig. 5.42 that the reactive power produced by all inverters changes during the applied active power
load step. At the time t=8 s, the voltage in different parts of the network decreases and the inverters do not
have enough reactive power to compensate for it. Due to this reason the reactive power injected by these

controllers at this time decreases further (i.e. Q =VI sin¢) as seen in Fig. 5.42.

The decrease in the voltage in all parts of the network at the time equal to t=8 scauses a reduction in the
active power of the loads on the different buses. For the simplicity, the active power load on bus C in its
three phases is shown in fig. 5.43. The decay of load power as shown in this figure marked with a circle is

according to the voltage decay as shown in fig. 5.41.
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Fig. 5.43 The active of the load on the bus C in case of the islanded MG with a load step change

The frequency of the network is this new case is shown in fig. 5.44 (a) (b) and is controlled within the
normal operating limits. Fig. 5.44 (b) shows a zoom of the frequency at the time when the step is applied in
the load.
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Fig. 5.44 (a) The frequency of the network in case of the islanded MG with a load step change
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It can be seen in fig. 5.44 (b) that the network frequency decreases at t=8 s at the time of the load step. It has

been restored to the nominal values by the existing DG units.

5.6 The study of the network in case of the loss of generating unit(s) in islanded Micro
Grid

The study about the behavior of the voltage and the frequency of the islanded MG in the case of loss of

generating unit/units is carried out in this section. This is done by having the following case study:

At the time equal to t=8 s, the power out of both the PV units decreases to zero because of loss of solar
irradiance. This loss of the solar irradiance could be because of darkness due to clouds or time instances
when it is the night time. The power output of PV1 and PV2 in this case is shown in fig. 5.45. As the power
output of these units decreases, AC and DC-link voltages at the terminals of both PV inverters decrease as

shown in fig. 5.46.

It can be seen in fig. 5.46 that AC and DC-link voltages of the PV inverters (i.e. VSC3 and VSC4) decrease
at t=8 s. The DC voltage controllers of the respective STATCOM controllers control the DC-link voltage up
to the nominal values (i.e. 1 p.u). These controllers utilize the energy of the DC-link capacitors and provide
the temporary support of the active power in order to control the DC-link voltages. The voltage on the AC
sides of the inverters is not restored to the pre-fault fault value because of the reactive power deficiency in
the network. The voltage reduction in the different parts of the network reduces the active power of the loads

in different parts of the network. The frequency of the network in this case is shown in fig. 5.47. The
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frequency of the network decreases at the time of the loss of PV units. This frequency is restored to the
nominal values by using the BESS based STATCOM controllers.
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Fig. 5.45 The power output of the PV units in case of the islanded MG with the loss of solar irradiance
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Fig. 5.47 The frequency of the network in case of islanded MG with the loss of solar irradiance

5.7 Summary

The study about an islanded portion of the CIGRE network has been carried out in this chapter. Some of the
main issues related to the islanding such as the problems of the voltage and the frequency in the islanded MG
have been described here. The issues of the voltage and the frequency in the islanded MG have been solved
properly in this chapter. This is done by developing an appropriate control system which should be able to
control voltage and the frequency of the local MG. The procedure about the development of the control
system which should work in island mode has also been presented. It is suggested in this chapter that the
control system of batteryl (i.e. bigger DG unit) should operate in VF control mode whereas the control
system of the other DG units should either be in PQ or PV mode. The switching of the control system from
grid connected mode to islanded mode is proposed by using an appropriate islanding detectiontechnique. The
study about the island detection by using voltage phase angle difference between the DG side and the
transmission grid is also carried in this chapter. This chapter concludes that the proposed island detection
technique is performing well and the developed controllers have successfully controlled the voltage and the
frequency of the islanded MG. The controllers have also ensured the constancy of the voltage and the

frequency of the islanded MG in the different conditions such as load changes and the loss of the DG unit(s).

124



Chapter 6

Grid Reconnection
6.1 Introduction

In fact, the reliability of the power network is improved by allowing island operation; however the reliability
of the small network operating in island condition is less compared to grid-connected operation [126].
Hence, it is essential to reconnect the distribution network back to the transmission system when the
transmission system is operating in normal conditions. Reconnecting the distribution system to the
transmission grid is similar to synchronizing a DG based distribution system to the transmission system. The
magnitude and phase of the voltage and the frequency of the distribution system should be synchronized with
the transmission grid. The difference of the voltage magnitude, voltage phase angles and the frequency of the
distribution system and transmission system should be within a certain range before they can be reconnected.
The frequency and the phase can be controlled by matching the generation and the load in the network. This
is done by injecting/absorbing the desired amount of the active power. The voltage is controlled by providing
the required amount of the reactive power in the network. The distribution system can be connected to the
transmission grid if the following criteria are met and are based on [127].

i. The difference in the frequencies between the distribution system and the transmission grid is less
than 0.1 Hz

ii. The difference in the voltages between the distribution system and the transmission grid is less than
5%, and

iii. The two systems are in phase.

This chapter presents an introduction about reconnection of the islanded portion of the network to the
transmission grid. Section 6.2 presents adescription about the grid reconnection detection. The simulation

results are presented in section 6.3. Finally summary of the chapter is given in section 6.4.
6.2 Grid Reconnection Detection

The status of the network changes from island to grid connected mode if system is reconnected back to the
grid. The status is detected by the grid connection detection technique. Several reconnection technigques have
been presented in the literature. Some of the techniques are detailed described in [128]. The grid
reconnection in this study is detected by using a technique which measures the voltage magnitude, frequency
and phase angles between the transmission grid and islanded distribution grid. Reconnection detection and
the control mode determination from islanded to the grid connected mode are described with the help of the
diagram as shown in fig. 6.1. This figure explains that the voltage, frequency and the phase angles at the

points which are mentioned in the block diagram are measured and the difference is calculated. If all of the
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above three requirements presented in section 6.1 are satisfied then the mode determination block sends a
Reconnection Detection (RD) signal to the switch block. The switch determines the grid connected mode of
the operation. Once the reconnection is detected; the control system of the VSCL1 shifts from VF mode to PQ
mode as it was operating in VF mode in islanded condition whereas the controllers of other inverters operate

in the same mode (i.e. PV mode).
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Fig. 6.1 The block diagram of the control mode determination and reconnection detection

The implementation of the control mode determination and reconnection detection in DIGSILENT is made

according to block diagram shown in fig. 6.2.
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Fig. 6.2 The block diagram of the control mode determination and reconnection detection developed in
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It can be seen in fig. 6.2 that two different controllers (i.e. PQ and VF controllers) are used for the two
different conditions (i.e. grid connected and island) of the network. The PQ controller described in section
2.5.1 generates signals (id_ref** and iq_ref**). The VF controller which is described with the help of fig. 5.2
produces the output signals (i.e. id_ref* and ig_ref*). The decision about the transition of the control system
from the VF mode to PQ mode is made by the reconnection detection (RD) block. The explanations and the
description of the reconnection detection are presented in the above text.

The switch block receiving the signals (id_ref** and iq_ref**) and (id_ref* and iq_ref*) from the PQ
controller and VF controller respectively at its input, sends appropriate current references to the current
controller which is built in the inverterblock of the DIgSILENT and is according to the RD signal. If the RD
signal is O (i.e. no reconnection), the current controller receives the active and the reactive current references
from the VF controller and if RD signal is 1 (i.e. reconnection detected), the current controller receives
signals from the PQ controller. The current controller receiving the signals from the PQ or VF controllers
send the signals to the PWM block of the inverter and decide the duty cycle [56]. The details of the current
controller are described with the help of fig. 2.8.

The battery controller block is also added in fig. 6.2. This block receives the active current reference (i.e.
id_ref) from the switch block at its input and integrates it in order to get the State of Charge (SOC). The
signal SOC is sent to switch block which in turn decides the amount of id_ref according to the value of SOC.
The switch block makes the id_ref equal to zero if the SOC of the battery is either 20% or 95%. This is in
order to avoid damage of the battery and to preserve battery life [32].

6.3 Simulation Results

In order to see if the existing control systems have made it possible to satisfy the criteria of the reconnection
of the distribution system to the transmission grid, some of the simulations results of the voltage magnitude
together with the phase angles and the frequency of the network are presented here. The frequency of the

distribution system and the transmission grid is shown in fig. 6.3.

****************************************************************

________________________________________________________________

— e

Fig. 6.3 The grid and the distributiof{ systérﬁ kfrequency in grid connected and islanded mode
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It can be seen in fig. 6.3 that grid frequency and the distribution system frequency deviate from 50 Hz at the
time when islanding appears. The existing controllers have restored the frequency of the islanded MG in very

short time as shown in this figure.

The voltage phase angles in all three phases of the distribution system and the transmission grid are shown in
fig. 6.4. Separate plots for the phases in each phase are shown and one of the plots shows all phases together
in the same plot. It can be seen in this figure that the controllers have controlled the voltage phase angles
within 500 ms (i.e. 5.5 s) after the instant of the fault
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Fig. 6.4 The voltage phases angles of the distribution system and the transmission grid in grid connected and

islanded mode

Fig. 6.5 shows the voltage of the distribution system and the transmission grid. It can be seen in fig. 6.5 that

the controllers have controlled the voltage up to required limits where reconnection can be made.

It can be concluded from fig. 6.3, 6.4 and fig. 6.5 that the existing controllers have satisfied all the
requirement of the grid reconnection. It can be seen in fig. 6.5 that the distribution system is connected to the

grid at 6.1 s, which returns the voltage of the distribution network to the pre-fault values.
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Fig. 6.5 The voltage of the distribution system and the transmission grid at islanding and reconnection

Grid reconnection is detected as shown in fig. 6.6. This fig. shows that grid is reconnected at 6.1 s and the

control system changes its state from the islanded to the grid connected mode.

****************************************************************

0.0

4,200 4660
Gommon ModeHD: switch

Fig. 6.6 Grid reconnection detection

The SOC of batterryl in this case is shown in fig. 6.7. This figure describes three different modes of
operation for batteryl and is explained with the help of the three different points (i.e. points 1, 2 and 3). Point
1 indicates the normal operating condition of the distribution system, and the battery is charging since it is
not fully charged yet. The control system of B1 operates in PQ mode in this condition and thereby charges
B1 at full charging rate during this time as shown in fig. 6.7. Point 2 presents the island operation of the
network where the control system of B1 works in VF mode. During this time B1 discharges as shown in fig.
6.7. Point 3 presents the operation of the network after the grid reconnection process. The control system of

B1 is switched from VF mode to PQ mode during this mode and B1 charges again as shown in fig. 6.7.
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Fig. 6.7 Percentage SOC of batteryl for different control modes (Point 1: Grid connected mode, Point 2:
islanded mode, Point 3: Reconnection mode).

If the distribution network is allowed to operate for longer time as shown in fig. 5.24 and fig. 5.38 in chapter
5, the island system loses its stability when B1 is fully discharged as shown in fig. 5.26 and fig. 5.30. The
distribution system must be reconnected to the transmission grid in order to operate it in the controlled and
the stable conditions in this regard. The reconnection detection signal in the case where SOC of the batteries
was considered to be 50% is shown in fig. 6.8.
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Fig. 6.8 Grid reconnection detection in this new case where reconnection is detected at 1090 s
Fig. 6.8 describes that grid reconnection has been detected at t=1090 s just before the time when Bl

discharges completely (i.e. 1091 s). The SOC of the two batteries in this case of reconnection is shown in

fig. 6.9. It can be seen in this figure that B1 changes its mode from islanding to the grid connection at t=1090
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s. B1 charges in this mode. As the control system of B2 always operates in PV mode and does not switch

from one mode to another so its SOC does not change during reconnection.
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Fig. 6.9 Percentage SOC of batteryl and battery 2 for different control modes

6.5 Summary

The study about grid reconnection has been made in this chapter. The grid reconnection detection technique
has been described with the help of the block diagram in section 6.2 of this chapter. Simulation results have
been presented for the grid reconnection as long as the distribution system is synchronized with the
transmission grid after islanding and also for the reconnection which is made after long time before the

complete discharge of batteryl

131



Chapter 7

Conclusions and Future work

7.1 Conclusions

Power quality is one the basic objectives of the modern power networks. The quality of the power system is
disturbed if some of the electrical parameters such as voltage; frequency etc. deviates from the rated
values.The intermittent and uncontrolled nature of renewable energy based DG units cause problems with the
quality of the power. This quality related problems include disturbances in the voltage, oscillations in power
flow through the lines etc. The disturbance in the voltage might cause disconnection of sensitive equipment
and may lead to the huge economic losses due to damaged products.This dissertation has addressed various
technical issues with the quality of the power in case of the large scale integration of renewable energy based
Distributed Generation units into the transmission grid.

The intermittent and the uncontrolled nature of the power output produced by some of the DG units such as
the WTGs and photovoltaics as in this dissertation causes problems with the network voltages and produces
power oscillations in the entire network grid. The DGs can also have a transient effect on the voltage level
such as in the case of sudden loss of the wind or solar irradiation which might cause occurrences of voltage
sags in the network. The voltage sags are undesirable and might lead to the tripping of power generating

units in the power networks.

Voltage unbalance is also one of PQ related problem. Voltage in power systems can be unbalanced due to the
several reasons such as uneven distribution of the single phase loads, unbalanced faults etc. The network
with the unbalanced voltages draw unbalance currents which create unequal heating in each of the phases
and creates unbalance heating in cables and other parts of the network, which might reduce the life time of

the cables and other components.

These PQ related problems have been introduced to the CIGRE LV distribution test system comprising
WTG, PV units, energy storages, loads etc. and are compensated by using the different control strategies.
This is done by developing appropriate controllers for the respective components of the CIGRE network.
Initially different components of the CIGRE network have been modelled in DIGSILENT power factory
software version 15.0. The STATCOM controllers for the PV applications have been developed. These
controllers are responsible to control the AC and DC-link voltages and thereby control the power output of
PV units. The control system of BESS-STATCOM has been developed for the battery application together
with charge controlling capabilities. These controllers for BESS are also developed to charge the batteries at
different charging rates (i.e. fast of slow charging of batteries). It has been concluded in this dissertation that
these controllers are able to control the network voltages in case of variations in the wind speed and solar

irradiation. The control system is also developed in order to control the reactive power of the CIGRE
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network in order to improve the active power transfer capabilities through the transmission lines and improve
the power factor of the DG units.The mitigation of voltage sags (i.e. balanced and unbalanced) and the
compensation of the voltage unbalances have been verified in this dissertation. This is done by using the
existing controllers in the CIGRE network.

A fault in the power system is an occurrence of an abnormal condition. Faults usually occur due to the
lightning flash over, insulation failure, physical damage, short circuit to ground or short circuit in between
live conductors. A short circuit fault is typically the most common fault in power systems. A short circuit
fault carries huge amount of current compared to the normal operating current. The excessive amount of the
current flowing through a circuit can generate a tremendous amount of heat which poses risks of fire,
damage to the other equipment and potential electrical shocks to people. If a short circuit is not removed or a
faulty portion is not quickly isolated from the healthy system, it will spread into healthy part of the network
and may cause over loads and possibly damages to the transmission lines/cables, bus bars and other
equipments. It is therefore, necessary to protect the power system against short circuits by using short circuit

protection devices by ensuring proper coordination in order to avoid false tripping.

The significant penetration of DG units presents complexity in the protection of the power network due to bi-
directional flow of the current and different short circuit power. The protection of the network with DGs in
modern power network is a challenge for the protection engineers. Protection of the CIGRE network against
symmetrical and unsymmetrical faults has been presented in this dissertation. This study is performed in
such a way that it follows the economic criteria and ensures protection coordination. The protection of the
network is mainly done by using fuses but under voltage relays are also used if fuses are not enough to
protect in certain conditions.The magnitude of current during the fault depends on available sources.
Transmission grids generally have higher short circuit power compared to small DG units. There is a
significant difference in short circuit power when the distribution system is connected to the transmission
grid and when it is islanded. If a protection system is designed to operate in grid connected mode, it will take
longer time to clear the fault if the distribution system is islanded. This delay in the fault clearance is
undesirable and causes problems not only with the loads but also with DG units. Designing protection system
for islanded operation might cause unnecessary tripping of the protection devices in the normal operating
conditions. In order to get rid of these problems, voltage based protection is used. One of the under voltage
protection devices which is used in this thesis is an under voltage relay. An under voltage relay is used to
sense the voltage in case of short circuit fault and sends trip signal to the corresponding circuit breaker which
clear the fault within a specified time. The study about the over speed protection of the WTG in case of grid
disconnection because of symmetric or unsymmetrical faults has been successfully carried out in this thesis.
This is done by using mechanical brakes. The protection of the inverters for the PV and batteries applications
has carried by using ultra-fast fuses. The protection of the solar PV structure in the case of islanding against

over voltages has also been carried out here.
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The CIGRE network enters into islanding if fault is cleared at the MV bus.The main problems associated
with unintentional islanding are disturbances with the voltages and the frequency which can cause
malfunction of the network equipment or create disturbances to the customers. In the past, utilities demanded
to shut down the DG units once islanded was detected. The current trend in the power network is to operate
an islanded portion of distribution network (i.e. MG) by controlling its voltage and frequency. The voltage
and frequency in such conditions can be controlled by the availability of the active and the reactive powers in
the local MG.

During islanding mode, if there is an imbalance between load and local generation, the MG frequency drifts
from its nominal value. If the active power demand is higher than the active power production in the local
island, the MG frequency decreases and vice versa. On the other if there is a deficit of the reactive power in
the local island, the MG voltage decreases and vice versa. Therefore, the control system in the MG must be
developed in such a way that it tackles issues related to the voltage and the frequency. Most of DG units of
the CIGRE network except the WTG operate in PV/PQ mode in the grid connected mode whereas they
operate in VF mode if the distribution system is islanded from the transmission grid. The switching of the
control mode from the PV/PQ to VF mode is according to the islanding detection techniques. Many islanding
detection techniques have been described in the literature but island is detected in this dissertation by using
the voltage phase angle difference between the two systems (i.e. transmission and the distribution system).
This technique has been validated in this thesis and it shows the correct detection of islanding in case of the

transient conditions as well.

The technical issues in case of islanding such as the voltage and the frequency of the network have been
controlled successfully in this thesis. The voltage and the frequency of the network in case of the sudden load

changes and the sudden loss of the generating units have also been restored successfully here.

Although, the island operation of the distribution system increases the reliability of the power networks,
however the reliability of the system in case of the grid connected system is more than in the islanded
network. Hence, when the transmission grid is back to the normal operating condition, it is desirable to
reconnect the distribution system back to the transmission grid. This is done by synchronizing voltage,
frequency and phases of the two systems according to IEEE standard 1547 recommendations.The study
about the grid reconnection has been carried out in this dissertation. It is concluded that the distribution
system together with the DG units has been successfully reconnected once the two systems are synchronized

with each other.

The main contributions of the thesis are listed below:
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1. Modeling of the CIGRE low voltage network together with the control system for PV solar
generating units based on the STATCOM principles. The purpose of the PV-STATCOM controller
is to regulate AC and DC-link voltages in the distribution network.

2. A methodology to compensate the voltage and the power disturbances in the distribution network
due to the uncontrolled and the intermittent nature of DGs.

A study about mitigation of symmetric voltage sags.

4. A study about mitigation of asymmetric voltage sags and voltage unbalances.

5. Development of protection system for the distribution network against symmetric and asymmetric
faults.

6. A methodology to control the voltage of the CIGRE low voltage test network has been developed for
islanded system.

7. A methodology to control the frequency of the CIGRE low voltage test network has been developed
for the islanded system.

8. The methodology to control the voltage and the frequency of the islanded MG in case of load step
changes and the sudden loss of the generating units.

9. A methodology to study about the reconnection detection

10. A study about the grid reconnection and synchronization of the two systems (i.e. Transmission and
the distribution system)

10.2 Future work

Although many aspects of the distribution system with the large integration of the DG units have been
covered by this dissertation, several other issues are interesting for future investigation. Some of the issues

that are deemed interesting are listed as follows:

» The tuning of the controllers in this dissertation is done by the trial and error method. The pole-zero
method or other stability analysis by using other techniques can be used to have accurate tuning of
the controllers.

» The negative sequence current increases in the case of a single phase to ground fault. The study
about the control of the negative sequence current in the CIGRE network in this dissertation is
missing. The study about the control of the negative sequence current can be one of the future works.

» As the power output of all DG units exceptthe WTG in the CIGRE network is DC and needs to be

transformed into AC. This is done by using VSCs. Since VSC is a power electronic device, it

135



drawsdistorted current throughout the network. This leads to the appearance of harmonics. The
harmonics compensation in the CIGRE network needs to be studied in future.

PV units in this dissertation are modelled by using DC current source model available in the
DIgSILENT library. This is a simple model and does not account the detailsof the Maximum Power
Point Tracking (MPPT) and temperature effects. The detailed model of PV units showing the MPPT
and temperature effects can be modelled in the future.

Protection in the islanded MG can be one of hot issue in the near future. The N-2 contingency (i.e.
fault in the islanded MG) analysis needs to be investigated in the future. This study might include the
protection in case of N-2, voltage and the frequency control in this case.

The overall study presented in this thesis is only done on 0.4 kV distribution network but same
investigations can be doneat the MV voltage networks.

This study presented in this thesis is only simulation based;the results obtained by the simulations
can be verified and validated by using Real Time Digital Simulator (RTDS) in future.

The modeling and control set up of battery2 can be done in such a way that it can also support the

Island MG when batteryl is fully discharged. This is one of the future work.
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Appendix A

Table Al. Data about the different cables used CIGRE network

S: Node Node Type Cross- L Installation
No from to section R ph Xph Ro %o
mm2 /km€Q  /kmQ /kmQQ  /kmQ m
1 R1 R2 NA2XY 240 0.163 0.136 0.490 0.471 35 UG 3-ph
2 R2 R3 NA2XY 240 0.163 0.136 0.490 0.471 35 UG 3-ph
3 R3 R4 NA2XY 240 0.163 0.136 0.490 0.471 35 UG 3-ph
4 R4 R5 NA2XY 240 0.163 0.136 0.490 0.471 35 UG 3-ph
5 R5 R6 NA2XY 240 0.163 0.136 0.490 0.471 35 UG 3-ph
6 R6 R7 NA2XY 240 0.163 0.136 0.490 0.471 35 UG 3-ph
7 R7 R8 NA2XY 240 0.163 0.136 0.490 0.471 35 UG 3-ph
8 R8 R9 NA2XY 240 0.163 0.136 0.490 0.471 35 UG 3-ph
9 R9 R10 NA2XY 240 0.163 0.136 0.490 0.471 35 UG 3-ph
10 R3 R11 NA2XY 25 1.541 0.206 2.334 1.454 30 UG 3-ph
11 R4 RE NA2XY 150 0.266 0.151 0.733 0.570 35 UG 3-ph
12 R6 RD NA2XY 70 0.569 0.174 1.285 0.865 30 UG 3-ph
13 R10 RC NA2XY 35 1111 0.195 1.926 1.265 30 UG 3-ph
14 RE R19 NA2XY 150 0.266 0.151 0.733 0.570 30 UG 3-ph
15 R8 RA NA2XY 25 1.541 0.206 2.334 1.454 30 UG 3-ph
16 R9 R17 NA2XY 25 1.541 0.206 2.334 1.454 30 UG 3-ph
17 RI10 RB NA2XY 25 1.541 0.206 2.334 1.454 30 UG 3-ph
Table A2. Ratings of the inverters used in the network
Name of the Apparent power, S VDC (kV) VAC (kV)
inverter (kVA)
VSC1 35 0.714 0.4
VSC2 25 0.781 0.4
VSC3 18 1 0.4
VSC4 24 1 0.4

Table A3. Squirrel cage induction generator data

Parameter Value
Type of Generator Asynchronous
Rated Electrical Power [kKW] 55
Rated Voltage [kV] 0.4
Power factor 0.91
Connection type Dy
Efficiency at normal operation 94.815
Number of poles pairs 1
Stator resistance, [p.u.] 0.01
Stator reactance, [p.u.] 0.01
Rotor Resistance , [p.u.] 0.07
Rotor reactance, [p.u.] 0.11
Mag. Resistance, [p.u.] 0.074
Mag. Reactance, [p.u.] 0.122
Inertia Time constant [sec] 0.515
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Table A4. Specifications of Li-ion battery for single cell [68]

Parameter Value
Capacity 7 Ah
Nominal voltage 3.7V
Maximum voltage 42V
Minimum voltage 25V

Table A5. Parameters of battery model

Parameter Value
Initial Ampere-hour, Ci (Ah) 21
Battery Ampere-hour, Cb (Ah) 42
Series resistance, Rseries (ohms) 0.22
Transient resistance, Rtransient (ohms) 0.001
Transient Time constant, Ttransient (sec) 0.001
Battery SOC lower limit in percentage 20
Battery SOC upper limit in percentage 95
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Fig. B1 Inverse current characteristics of some of the fuses used in CIGRE network [129]
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Abstract

The fluctuating nature of some of the Distributed Generation (DG) sources can cause power quality related problems
like power frequency oscillations, voltage fluctuations etc. In future, the DG penetration is expected to increase and
hence this requires some control actions to deal with the power quality issues. The main focus of this paper is on
development of controllers for a distribution system with different DG’s and especially development of a
Photovoltaic (PV) controller using a Static Compensator (STATCOM) controller and on modeling of a Battery
Storage System (BSS) also based on a STATCOM controller. The control system is tested in the distribution test
network set up by CIGRE. The new approach of the PV controller is done in such a way that it can control AC and
DC voltage of the PV converter during dynamic conditions. The battery controller is also developed in such a way
that it can control its charge/discharge rate and also the reactive power flow through the lines in order to improve the
power factor. Simulation results shows that the controllers are able achieve a good power quality in the test grid.

Keywords: Wind turbine generator, photovoltaic, voltage source converter, static compensator, battery energy storage system,
energy storage equipped STATCOM, state of charge.

1. Introduction

DG technology and especially renewable energy sources have played a vital role in the modern power
industry due to environmental and cost benefits. The important benefits of renewable based DGs are
reduced CO, emission, reduced operational cost as almost no fuel is used for their operation and less
transmission and distribution losses [1]- [3].

The intermittent and uncontrolled nature of the renewable energy sources cause problems with the
quality of the power. This quality related problems include disturbances in the voltage, oscillations in
power flow through the lines etc. The disturbance in the voltage can cause the disconnection of the
sensitive equipment and may lead to huge economical loss due to the damaged products. Most of DGs
such as Wind power, Photovoltaic etc. employ VVSCs for their operation. The inverters are very sensitive
to voltage disturbances. A disturbance in the voltage can cause disconnection of the inverters from the
grid that leads to the loss of energy. Due to this reason the role of Custom Power Controllers (i.e. the
power electronics based controllers used in distribution network) is increasing day by day. Some of the
issues concerning DG have been proposed in [4]-[6].

The main focus of this paper is on development of a PV controller by using a STATCOM controller
and on modeling of Battery Storage System (BSS) based on STATCOM controller. The introduction of
the LV distribution network will be presented in the end of this section, the modeling of wind turbine
generators (WTG) which are attached to the LV network will be given in section 2, and modeling of PV
solar systems and battery storages including its control set up will be presented in sections 3 and 4,

* Manuscript received July 20, 2012; revised August 22, 2012.
Corresponding author. Tel.: +45-9940-9715; E-mail address: gmu@et.aau.dk, gmustafabhutto@yahoo.com
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respectively. The simulation results and finally the conclusion of the paper will be presented in sections 5
and 6, respectively.

As mentioned, a test distribution network set up by CIGRE comprising of WTG and PV solar
generation units, as well as energy storages and unbalanced loads has been chosen for the study. The
single line diagram of this distribution system is shown in Fig. 1.
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Fig.1. CIGRE distribution system test network [7]

In this network there are two PV solar generation units of 3kW and 4kW connected at bus C and D
respectively. There is one fixed-pitch fixed speed wind turbine generator of 5.5 kW connected at bus E.
The WTG is operated close to unity power factor with the use of a shunt capacitor. There are two
batteries connected at bus A and at bus B. The unbalanced loads are aggregated at the 0.4 kV voltage
levels and are connected at bus C, bus D, bus E, bus 11 and bus R17. The detailed data concerning bus
bars, cables/lines and loads is given in [7].DIgSILENT Power factory 14.0 has been used to model the
system. The standard built-in models available in the DIgSILENT library for different electrical
components have been used and new models are developed for the controllers.

2. Modeling of Wind Turbine Generator

During implementation of the wind turbine model in DIgSILENT, different built-in models are used
for the wind turbine components, e.g. generator and capacitor. The procedures of modeling the WTG are
available in various literatures [8]-[10]. The WTG is modeled according to [11] as a fixed pitch and fixed
speed wind turbine in this case.

A simplified block diagram of WT system comprising a measurement file ‘EImFile’ for the stochastic
wind speed is shown in Fig. 2 in DIGSILENT. The turbine model uses the stochastic wind speed as an
input and produces the output signal ‘Pwind’ (i.e. Power available in the wind). It is the input of the shaft
model which generates aerodynamic torque in the shaft and thereby producing £, (i.e. power from wind

turbine to generator or the mechanical power)

| PWT .
L VW o o o
Nleasuremant| Turbine Model Shaft Model »| Cenerator
file Pwind Model

Shaft speed

Generator speed

Fig.2. A simplified block of wind turbine system
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3. Modeling of PV Generator System

The PV solar units used in this network are operated as STATCOMs and thereby named PV-
STATCOM. The controller of the PV-STATCOM is used to regulate the voltage of the distribution
network. This kind of controller is being developed in the university lab of Sarnia, Canada for a 10 kW
PV system [12]. As the power output of the PV is current dependent, the solar cell can be modelled as a
dc-current source [13].As the power output of the PV cell is DC, a VSC is used to convert DC power into
AC power. The built-in model of a PWM AC/DC converter is used for the VSC.

A cascade controller is used for control of the VSC. It is comprised of an outer controller and an inner
controller [14]. The selection of the outer controllers depends on the application. Here STATCOM
controllers for the PV applications are used for the voltage regulation. They comprise of two outer
controllers (i.e. AC and DC voltage controllers). The outer controllers are basically Pl controllers that are
used to eliminate errors [15]. They produce the reference d and q currents for the inner current controllers
by comparing actual and reference signals. The inner controllers are the controllers which receives the
current reference values from the outer controllers. In general, they should be very fast as compared to the
outer controllers in order to achieve system stability. The procedure of modeling the control system for
the PV-STATCOM in DIgSILENT is described with the help of a block diagram as shown in Fig. 3 [16].

The STATCOM controller is used to control the dc-link voltage as well as the voltage across the point
of common coupling (i.e. AC bus of the corresponding VSC). The measured AC and DC voltages are sent
to the voltage controllers (i.e. AC voltage controller and DC voltage controller) that are represented by
the voltage controller block in Fig. 3. Both controllers are acting as outer controllers which produce d and
g currents references for the inner current controllers.

sinref |

PLL >

DC measured ubC cosref
voltage

id_ref VsC
Voltage Controller And
as Built-in
Quter Controller i ref Current
controller

AC measured uAC
voltage

Fig.3. The block diagram of the STATCOM controller for PV solar system [16]

The current controllers (i.e. one for id_ref and other for iq_ref coming from the voltage controller) are
built-in on the VSC. The three phase currents are measured from the grid and are transformed from 3-
phase to af and from o/ to dq coordinates by using a Phase Lock Loop (PLL) transformation angle [11].
With chosen PLL [17], the d-component of current vector becomes active current component (d-current)
and g-component becomes reactive current component (g-current). The actual currents i, and the

reference currents i;q are compared and the differences of the currents (error) are sent to the respective Pl

controllers of the built-in current controllers. The output of the PI controller is reference voltageu” (¢) .

This reference is sent to the PWM block which sets the switching pattern for the transistors used in the
converter and decides its duty cycle.

4. Modeling of Battery Storage System

The Battery Energy Storage System (BESS) is incorporated with STATCOM named as BESS-
STATCOM or E-STATCOM, which has both active and reactive power controllability. The BESS-
STATCOM is modeled using a Thevenin equivalent representation of the Lithium ion battery and is
shown in Fig. 4 [18] and [19]. The specification of a single cell of lithium ion battery is taken from [20].
The built-in model of an infinite DC voltage source is used for modeling of the BESS in DIgSILENT
power factory 14.0 [21].
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Fig.4. Electrical model of the Lithium ion battery [18] and [19] Fig.5. Block diagram of the battery storage controller
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Fig. 6. PQ controller for BESS

As the power output of the battery is DC, an inverter is used to convert DC power into AC power. In
order to control the charge/discharge rate of the battery, it is necessary to develop its controller. The block
diagram of the control system of battery storage is shown in Fig. 5.

Two outer controllers (i.e. frequency controller and PQ-controllers) are used in this case. The
frequency controller receives the reference frequency ‘Fref’ as its input which is supplied by a PLL. This
controller compares measured and reference frequency and sends the error signals to a Pl controller in
order to generate B, .

The PQ controller is used to control charge/discharge rate of the battery and the flow of the reactive
power through the lines. It also controls the flow of the reactive power through the lines. The PQ-
controller in this case has measured active and reactive powers (i.e. P, and Q, ), reactive power reference

‘Qref’, Active power reference ‘Pref’ supplied by the frequency controller and State of Charge ‘SOC’
supplied by the battery model as its inputs. The PQ controller is shown in Fig. 6. Comparison of
measured and reference active and reactive powers are done and the differences are sent to the respective
PI controllers which produce the active and reactive currents references. The Pl controller receiving ‘dP’
and ‘soc’ as its inputs is designed in such a way that if there is mismatch between measured and reference
active powers, the PI controller should generate the missing signal ‘D’ in order to make the error signal
equal to zero and if the state of charge of battery is equal to 20% or 95%, the output signal ‘D’ of the
controller should be zero. This is in order to avoid damage of the battery and to preserve battery life and
thus, the SOC is limited within 20-95% [19]. The limits (i.e. B_max and B_min) have been set in this PI
controller in order to model the battery for obtaining the desired amount of the power. The output ‘D’ of
the PI controller is sent to the charge controller which controls the current in and out of the battery and
decides it’s charging and discharging rate.

The battery model is shown in Fig. 7. The current in or out of the PQ controller is integrated in order to
give a relative charge ‘Ch’ which when added or subtracted (based on charging or discharging mode) to
the initial charge *Ch;” in ampere-hours, gives the total charge ‘ChT’ of a battery as shown in equationl.

ChT = Ch,+ ™ (1,,, )dt (1)

This quantity is further normalized to the battery capacity so that the state of charge lies between 20 and
95%. A lookup table is used for finding battery state of charge from open circuit voltage. The resultant
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battery voltage (V,.,) is obtained by combining series resistance voltage drop (V...s) and equivalent
transient voltage response (7, ) with the open circuit voltage (7. ) as seen in equation 2.

ransient

Vbatt + Vseries (2)

To get power output (Pbatt) of battery, the battery current (Z,,.;;) and the battery resultant voltage (¥3.) is
multiplied as seen in equation 3.

—V, +V,

transient

B)att = Vbanlban (3)
SOC_max pv— N
Battery i I | [ I SOC%
Al SOC_Limiter »1  Look up table 4&?
Voc 'y
i_max o
= =3
id_ref Current Ibatt
—_— =l > >
limiter »! (1/36005) ch ?ﬁ)
i_min T
initial Chi
Vseries
#! Rseries
Vtransient
#! Rtransient » 1/(14sT)
Vbatt
Power e
> ! P-Limiter g
X [Famr]

Fig. 7. The block diagram of battery model
5. Simulation Results

In order to verify the performance of the controllers used in the network, simulation results are
presented in the case of some events applied on the network.

At 30 s, the output power of the PV system 2 is reduced in order to simulate the reduction in the solar
radiation. The power output of PV2 is shown in Fig. 8. Initially, PV2 is producing full power (i.e. 4 kW).
Due to clouds the power of the PV2 is reduced to 0.4 kW at 30 s. As the power output of PV/2 decreases,
AC and DC bus voltage also decreases. The STATCOM controller is controlling the voltage in very short
duration. The voltage at DC bus and AC bus of PV2 converter is shown in Fig. 9.

The Woltage at AC and Dc terminals of PW2 converter o
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45+ R 1.0001 B
4 g 1 T
35 g 119999 g
3 g = 0.5993 g
= 2
S 25 g 2 0.9997 R
E: i
= K=
B 5 = 0.999% g
15 R 11,9955 g
1 g 00,9934 g
05 g 119993 g
] : ; . : : 05992 . .
] 10 20 0 a0 =0 =] 295 30 305 31

Time [sec] Time [sec]

Fig. 8. Power delivered by PVV2 Fig. 9. Vltage at AC and DC terminals of PV2 converter
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At the same time the grid is delivering power to charge the batteries. The PQ controller is charging the
batteries at different C rates. The plots of currents flowing from the grid to charge the battery used at bus
Aat 1 C and % C rates are shown in Fig. 10. When battery is charged up to the specified limits, the flow
of current from the grid as shown in Fig. 9 is decreasing to zero.

—Current at 1 C rate SOC at 1 C rate
0.05 : T : : : Current at 142 C rate 100 : : - : : SOC at 172 C rate
o} ; J ok J
003 B a0 +
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001 6O | -
O a0 ~
B ‘ ‘ . . ‘ . . a0 . . ‘ ‘ ‘ . .
o 500 1000 15200 2000 2500 3000 3500 4000 a 500 1000 1500 2000 2500 3000 3500 4000
Time [gec] Time [sec]
Fig.10. Currents to charge the battery at two different rates Fig.11. Sate of charge of the battery at two different rates

The plots for the battery SOC at two different rates (i.e. 1 C and % C rates) are shown in Fig. 11. The
grid is delivering 43 A to charge the battery connected at bus A at 1 C rate. In this condition battery is
charging faster. The battery is drawing half of the rated current at % C rate and is charging slower. It takes
more time to charge up to the desired limit as shown in Fig. 11. The PQ controller is also used to control
the reactive power through the lines and improve the power factor. The reactive flowing through line R8-
A is shown in Fig. 12.

3
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Fig.12. Reactive power through line R8-A Fig.13. Wind variations of January 1, 2009 for East Denmark

Next the controllers are to be verified with e wind power fluctuations, fluctuations in the power output
of a PV system and also load changes for the unbalanced load. The wind speed data of 1% January 2009
for East Denmark given by DTU wind energy is used, as shown in Fig. 13 and the power output of a PV
system is assumed for the sunny day. The fluctuations in the power output of WTG and PV2 is shown in
Fig. 14. The load variation for all three phases at bus D is shown in Fig. 15.
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Fig. 14. The power output of PV2 and WTG Fig. 15. Three phase unbalanced load at Bus D
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The load demand is met by the WTG, PV system and the grid. The power delivered by the grid to meet
the load demand and to charge the batteries is shown in Fig. 16. Initially the grid is delivering more power
in order to charge the batteries and when both the batteries are fully charged it delivers less power as
shown in Fig. 15.The fluctuations in the power delivered by the WTG, PV2 and the grid cause the
problems with the network voltage. The fluctuations in the voltage are shown in Fig. 17. The first peak in
the voltage is due to the power delivered by the grid to charge the batteries are minimized; the second and
third peak is due the fluctuations in the power output of PV2. In all the cases control system is able to
maintain the voltage in the desired range with very small and fast fluctuations.

6. Conclusions

The test network set up by the CIGRE comprising WTG, PVs, energy storages as well as unbalanced
loads has been modeled in this paper. Because of small rating the WTG is modeled as a fixed pitch and
fixed speed wind turbine. A new method of controlling PV solar system by using STATCOM controller
has been proposed. It is shown in the simulation results that these controllers are successfully controlling
the AC and the DC voltage during dynamic conditions. The BESS-STATCOM is also modeled and its
controller is also developed. The battery controller is controlling the charge/discharge rate of the battery
and has adequate control on the reactive power flow. In future these controllers will be tested in the
transients and also in island conditions.
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Abstract—Any problem in voltage in a power network is
undesirable as it aggravates the quality of the power. Power
electronic devices such as Voltage Source Converter (VSC)
based Static Synchronous Compensator (STATCOM), Dynamic
Voltage Restorer (DVR) etc. are commonly used for the
mitigation of voltage problems in the distribution system. The
voltage problems dealt with in this paper are to show how to
mitigate voltage sags in the CIGRE Low Voltage (LV) test
network and networks like this. The voltage sags, for the tested
cases in the CIGRE LV test network are mainly due to three
phase faults. The compensation of voltage sags in the different
parts of CIGRE distribution network is done by using the four
STATCOM compensators already existing in the test grid. The
simulations are carried out in DIgSILENT power factory
software version 15.0.

Index Terms—Wind Turbine Generator (WTG), Photovoltaic
(PV), Voltage Source Converter (VSC), Static Compensator
(STATCOM), Battery Energy Storage System (BESS) and
mitigation of voltage sags.

1. INTRODUCTION

Power quality, reliability and stability are the prime
requirement of modern power systems. It is the aim of the
utilities to continuously deliver the power to the customers at
constant voltage and constant frequency. The quality of the
power might be lost due to the deviations in the voltage and
frequency of the network. Deviations are due to faults,
coupling transients, lightening etc. The modern power
industry comprise of VSC based equipments which are very
sensitive to voltage sags/swells. Sag or swells in the voltage
may cause tripping of such sensitive equipments which can
cause damage to the production of plants. This may lead to
huge economical loss. An increase or decrease of the voltage
in power network requires a desired amount of absorbed or
injected reactive power to counteract the disturbance. The
flow of reactive power through the lines/cables reduces the
power transfer capability of the lines/cables as well as
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increases the current which leads to increased losses [1]. It is
therefore, necessary to control the voltage and reactive power
of the distribution network in order to ensure stable operation
of the power system and operate the lines within their safe
thermal loading limits.

Custom power devices can be used in this regard. Customs
devices are the power electronics based devices such as
(DVR), Distribution Static Compensator (D-STATCOM) etc.
which are used to improve the quality of the power in
electrical distribution network [2]. The VSC is a main
component in these kinds of devices. Benefits of using VSCs
are sinusoidal currents, controllable reactive power to
regulate power factor or bus-voltage level and independent
control of active and reactive power [3].

A test distribution network set up by CIGRE comprising
WTG, PV solar generation units, two batteries and
STATCOMs comprising VSCs at different locations has been
chosen for the study. The single line diagram of this
distribution system is shown in “Fig.” 1. The introduction of
different components of this network is described and the
detailed data concerning the bus bars, cables/lines and the
loads are given in [4].

The CIGRE network is modeled in DIgSILENT power
factory software version 15.0. STATCOM controllers for
both the PV systems have been developed in order to control
oscillations in the AC and DC link voltage by injecting or
absorbing the desired amount of the reactive power. The
controllers for the Battery Energy Storage Systems (BESS)
are developed and are able to charge/discharge the batteries at
different charging rates and deliver reactive power when
voltage in the network decreases. The BESS controllers are
developed in such a way that they counteract voltage and
frequency disturbances by receiving/delivering active and
reactive powers at same time. The detailed methods of
modeling these controllers together with mathematical
representations are already described by the author in [5].
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Figure 1. The single line diagram of LV CIGRE distribution system

The four controllers (i.e. two D-STATCOM controllers for
PV units and two BESS STATCOM based controllers for the
batteries) are used for the mitigation of voltage sags in
different parts of the network in this paper.

The paper is organized as follows: Section II presents the
simulation results without using controllers. Mitigation of the
voltage sags in different parts of the network for the two
cases (i.e. when voltage sag of 28% and 12% is proposed by
using appropriate controllers in section III. Finally, the
conclusion about the paper is presented in section IV.

1L SIMULATION RESULTS WITHOUT USING CONTROLLERS
A three phase fault with a fault impedance of 1 Q (Z, =1 Q)

is applied at time t=5 s on the Medium Voltage (MV) bus and
is cleared after 150 m s. Since a three phase fault is a
symmetric fault, and this kind of fault affects the voltage in
all three phases equally. In this kind of fault only positive
sequence component of the voltage is considered. The
positive sequence component of the voltage on MV bus
decreases to a value of 0.72 p.u (i.e. it is voltage sag of 28%)
as shown in “Fig.” 2.

This kind of fault also causes voltage sag in different parts of
the CIGRE network. Voltage sag is IEEE term which refers
to percent decrease in voltage [6]. The voltage on bus A, bus
B, bus C, bus D, bus E, R11 and bus R17 without
compensation is shown in fig.3.
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Figure 3. Voltage sag on different parts of network due to fault on MV bus

The depth of the voltage sag on different buses depends on the
amount of current delivered by the grid and DG units and the
network impedances between the fault and the current sources.
The voltage sags are undesirable and cause adverse affects on
different equipments used in power system. The behaviour of
different components of CIGRE network during voltage sag
is different.

The behavior of the wind turbine generator in the case of
voltage sag depends on its technology. The 5.5 kW squirrel
cage induction generator is used for the fixed pitch and fixed
speed WTG for this study and is connected at bus E where
voltage sag has been appeared. In the case of squirrel cage
induction generator, there is a decrease in active power
supplied to the grid due to the voltage sag. Similarly, the
reactive power consumed by the machine is reduced due to
the demagnetization of the generator. The severity of
demagnetization depends of the depth of sag. When the fault
is cleared the induction generator absorbs reactive power
from the grid for its magnetization [7], [8]. Further, the
mechanical torque of the machine is considered to be constant
at constant wind speed and the voltage sag causes a reduction
in the electrical torque which increases the speed of the
generator [8]. If the over speed protection of the wind turbine
limit is reached, the WTG has to be disconnected from the
grid and stopped. This situation leads to an interruption of the
production.

The detailed study about the effects of the voltage sags (i.e.
symmetric or asymmetric) on WTG and its over speed



protection in case of islanding is under the further
consideration of the author.

The unbalanced loads are also connected at bus C, D, R11
and bus R17 of CIGRE network shown in “Fig.” 1. Any
deviation in the voltage adversely affects them. A sag in the
voltage reduces the illuminating intensity of lighting loads.
The effects of voltage sag are different for the different loads.
The adverse effects of the voltage sag on sensitive house hold
loads have been described in [9].

Similarly, voltage sag on the AC terminals of PV inverters
causes the reduction in its DC-link voltage which in turn
decreases the power output of PV units.

It is therefore, necessary to protect distribution system against
voltage sags by using appropriate compensation devices.

III. MITIGATION OF VOLTAGE SAGS BY USING STACOM
COMPENSATORS

When STATCOM is used in distribution systems it is called
D-STATCOM. It utilizes a design consisting of an IGBT
based VSC connected to the power system and exhibits high
speed control of reactive power to provide voltage
stabilization in distribution networks. It can protect
distribution networks against voltage sags by injecting the
required amount of reactive power. According to EN 50160
standards the voltage tolerance limit in low voltage Danish
distribution network is +-10% [10].

Four D-STATCOMSs, with proper controllers are employed at
bus A, B, C and bus D. Two of them are used for PV
applications and are only injecting/absorbing reactive power
and the other two are equipped with batteries in order to
inject/absorb both the active and reactive powers. These
controllers are responsible for the voltage stabilization of the
whole CIGRE network together with the external grid. Each
D-STATCOM controller comprises two outer and two inner
PI controllers and are detailed described in [5]. The two PV
outer controllers are responsible for maintaining the AC and
DC-link voltages. The inverters of the two BESS-
STATCOMSs are named VSCI1 and VSC2 and are connected
at bus A and B respectively. The inverters of the two PV
STATCOMSs are named VSC3 and VSC4 and are connected
at bus C and D, respectively.

The voltage in the network is restored back to the permissible
limits by the injection of reactive power by the controllers
during a fault. All four controllers participate in the
compensation of the voltage sag by delivering reactive power.
The voltages on the AC and DC sides of bus C and bus D are
shown in “Fig.” 4. It can be seen in “Fig.” 4 that the DC-link
voltages of VSC3 and VSC4 decrease due to the voltage sag
at a time equal to 5 s. A decrease in these voltages cause the
power outputs of PV1 and PV2 delivered to the DC terminals
of the respective inverters to decrease as shown in “Fig.” 5.
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Figure 5 Power output of PV1 and PV2 on DC side of the VSC3 and VSC4

It can be seen in “Fig.” 5 that PV1 and PV2 are producing
rated powers (i.e. 3 kW and 4 kW) respectively in normal
operating conditions (i.e. full sunny day) and decrease when
voltage sag appears at t= 5 s.

The DC-link capacitors connected at the DC sides of VSC3
and VSC4 are used to provide temporary injection or
absorption of active power in order to control the DC-link
voltages and thereby active power outputs of PV1 and PV2.
The DC voltage controller of the D-STATCOM controllers
compares the actual and the reference value (i.e. 1 p.u) of the
DC-link voltage and sends the error signal to the PI
controller. The PI controller makes the error signal equal to
zero and decides the amount of active power injection or
absorption by the DC-link capacitor.

At t=5 s the DC-link voltages (shown in “Fig.” 4) and power
outputs of PV1 and PV2 (shown in “Fig.” 5) decrease and the
respective controllers send signals to the capacitors to
discharge and deliver the active powers. It is shown in “Fig.”
4 and “Fig.” 5 that the DC voltage controllers have controlled
the DC-link voltages and maintained the power outputs of
PV1 and PV2 at its pre-fault value in a short duration.

When a fault is cleared after 150 m s, the DC-link voltages
shown in “Fig.” 4 increase because of the short time
availability of active power injection by the capacitors until
they return to charging mode. This peak in DC-link voltage
causes the active power output of these units to increase as
shown in “Fig.” 5. When the DC-link voltages are brought



back to nominal values, the productions of these units come
to the nominal value again.

The voltage on the AC side of the buses in the network is
improved by delivering the proper amount of reactive power.
The AC voltage controllers of the D-STATCOMs are
developed to meet these requirements. The controllers are
developed in such a way that they are responsible to bring the
AC voltage back to | p.u after any disturbance depending on
the availability of reactive power.

The reactive powers injected by VSC1 and VSC2 when their
respective controllers charge the batteries at full charging
rates and the reactive power delivered by VSC3 and VSC4
are shown in “Fig.”” 6 and “Fig.” 7 respectively. The
contribution of reactive power from the different converters
(i.e. VSCI, VSC2, VSC3 and VSC4) is according to their
rated power. The ratings of inverters used in the network are
shown in Table. 1.
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TABLE 1
THE RATINGS OF THE INVERTERS USED IN THE NETWORK

Name of an inverter ~ Apparent power, S (kVA)

VSCl1 35
VSC2 25
VSC3 18
VSC4 24

The inverters mentioned in Table 1 can deliver reactive
power up to their rated value if they do not inject or absorb
active power. As shown in “Fig.” 6, VSC1 and VSC2 deliver
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small amounts of reactive power during steady state condition
but inject maximum amount of reactive power during voltage
sag. It can be seen in “Fig.” 7 that VSC3 and VSC4 are
injecting nearly full amount of reactive power in steady state
operation in order to meet the line voltage drops and other
load unbalances in the network. The reactive power delivered
by these controllers is not enough to restore the voltage on
these buses to 1 p.u during steady state operation, therefore
when the voltage sag appears at t=5 s, the controllers do not
have enough reactive power to compensate for it and hence
the distribution system operates in under voltage condition.
Due to this reason the reactive power injected by these
controllers decrease further (i.e.Q=VIsing) as seen in
“Fig.” 7.

The voltage on bus A, B, C, D, bus E, R11 and bus R17 in
this case is shown in “Fig.” 8. It can be seen in “Fig.” 8 that
all the controllers in the CIGRE test network are not able to
compensate the voltage sag up to desirable operating limits.
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Figure 8 Voltage on different parts of network with compensation

On the other hand, the voltage sags in the distribution
network can be mitigated to acceptable limits if batteries are
charged at low rates instead of at full rates. The plots of the
current drawn by both the batteries from the grid for two
different charging rates (i.e. 1 C rate and 1/10 C rate) flowing
through line L2 and line L4 is shown in “Fig.” 9 and “Fig.”

10 respectively.
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Figure 9 current through line L2 for the two different charging rates
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It can be seen in “Fig.” 9 and “Fig.” 10 that both batteries
carry different currents at different charging rates during
steady state operation. The batteries are charged slowly when
current flows according to 1/10™ rate. The current flowing
through these lines increases when the short circuit fault
occurs at t=5 s in the network. The increase in the current
through these lines during a fault at a slower charging rate is
less as compared to a faster one and gives less voltage drop
across the lines.

The voltage on bus A, bus B, bus C, bus D, bus E, R11 and
bus R17 in this case is shown in “Fig.” 11. The voltage seen
on bus C during voltage sag is oscillating and these
oscillations are due to the behavior of the reactive power
absorbed/injected by WTG. It can be seen in “Fig.” 11 that
the voltage in the low voltage CIGRE network has been
improved a little but the existing controllers are still unable to
compensate the voltage sags of this depth up to the desired
level.
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Figure 11 Voltage on different parts of the network with compensation when
batteries are charged at 1/10th charging rate

Alternately, a three phase fault with a fault impedance of 2 Q
(Z,=2 Q) is applied at time t=5 s on the MV bus instead.

This is done in order to test the effectiveness of the
controllers for less deep voltage sags as compared to previous
case. The voltage on the MV bus and the voltage sag in the
other parts of network without using controllers are shown on
“Fig.” 12 and “Fig.” 13 respectively.
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The positive sequence component of voltage on MV
decreases to a value of 0.88 p.u (i.e. voltage sag of 12%) in
this case as shown in “Fig.” 12. The sag depth is shallow
because of bigger fault impedance as compared to the
previous case. In can be seen in “Fig.” 13 that the voltage sag
on bus R11 is slightly less than on the other buses because
there is less current flow in that direction as the three single
phase loads on that bus are small as compared to the other
existing loads in the network.

The compensation in this case is made when all four
controllers are injecting reactive power in order to maintain
the quality of power in the network. The voltage on different
buses of the network when batteries are charged at full
charging rates is shown in “Fig.” 14. It can be seen in this fig.
that the voltage in the network is improved but it is still less
than the power quality limits for Danish low voltage grids
[10].

By implementing the method of slow charging of the
batteries, the voltage in the network has been restored to the
permissible limits according to Danish standards as shown in
“Fig.” 15.
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slow rate

The D-STATCOM controller of battery2 and STATCOM
controller of PV1 are delivering reactive power which is
summed up at the same connection point (i.e. R10 in “Fig.” 1).
This is the reason why the voltage on the buses of these
controllers (i.e. bus B and Bus C) is improved more than the
other buses as shown in “Fig.” 15. The voltage on Bus B
during voltage sag is improved slightly better than the voltage
on bus C because of a higher rating of an inverter (i.e. VSC2)
used on bus B which delivers more reactive power as
compared to the inverter on bus C (i.e. VSC3).

The sum of the reactive power of the above mentioned
controllers passing through point R10 flows to other parts of
the network in order to compensate the voltage sags there. The
remaining amount of reactive power after the compensation of
voltage sag on bus R17 flows towards the other parts of
network again where it adds with the reactive power delivered
by the STATCOM controller of battery 2 and the STATCOM
controller of PV2 and corrects the voltage on the other buses.

IV. CONCLUSION

A brief introduction about the effects on voltage sags on WTG,
the loads and on the output power of PV units have been
presented in this paper. The mitigation of voltage sag has been
performed by using two D-STATCOM and two BESS based
STATCOM controllers. The compensation for the two different

978-1-4799-2522-3/13/$31.00 ©2013 IEEE

cases (i.e. voltage dip of 72% and 88%) has been performed. It
has been shown that when batteries are charged at full charging
rates, controllers have not enough reactive power to
compensate the voltage sag to a satisfactory limit. It is
concluded that the mitigation of voltage sags in this network by
using existing services is only possible if batteries are charged
at slow rate. The batteries have been charged at slow rates for
the two cases in order to mitigate the voltage sag in the network
to the permissible limits. It has been observed that the existing
controllers can mitigate the voltage dip of up to 88% depth. If
the depth of the voltage dip is more than that the controllers
cannot restore the voltage up to the operating limits. This has
been verified in simulation results. In future work the
controllers will be tested in island conditions as well. The
effects of different types of voltage sags on the WTG and its
protection against over speeding of the generator in island
operation will be studied in future.
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ABSTRACT

Any problem with voltage in a power network is undesirable as it aggravates the quality of the power. Power electronic
devices such as Voltage Source Converter (VSC) based Static Synchronous Compensator (STATCOM) etc. can be used
to mitigate the voltage problems in the distribution system. The voltage problems dealt with in this paper are to show
how to mitigate unbalanced voltage sags and voltage unbalance in the CIGRE Low Voltage (LV) test network and net-
works like this. The voltage unbalances, for the tested cases in the CIGRE LV test network are mainly due to single
phase loads and due to unbalanced faults. The compensation of unbalanced voltage sags and voltage unbalance in the
CIGRE distribution network is done by using the four STATCOM compensators already existing in the test grid. The

simulations are carried out in DIgSILENT power factory software version 15.0.

Keywords: Power Quality; Unbalanced Voltage Sags; Mitigation of Voltage Unbalance; Voltage Unbalance Factor
(VUF); Distributed Static Compensator (STATCOM)

1. Introduction

Power quality (PQ) is one of the primary objectives of
the modern power system. Among the various phenom-
ena responsible of performance degradation, Voltage
Sags (VS) defined by IEEE standards 1159-1995 as the
reduction in the value of RMS voltage between 0.1 to 0.9
p-u at the power frequency with the duration from 0.5
cycles to 1 min represent one of the most important cau-
ses of poor power quality [1]. The main causes of voltage
sags are short circuit faults occurring in transmission or
distribution systems, transformer energizing, switching
of the capacitor banks and starting of large induction mo-
tors [2]. Their effects are multiple and change with dif-
ferent loads. The case of sensitive house hold loads has
been deeply described in [3].

Voltage sags can be symmetric or asymmetric depend-
ing on the type of short circuit faults. The majority of
faults in power system are single-phase-to-ground faults
[4], and consequently result in unbalanced sags. A sym-
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submit this manuscript before.
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metric fault involves all kinds of sequence quantities: po-
sitive, negative and zero sequence, whereas voltage sags
due to symmetric fault contain only positive sequence
quantities. Depending on both the type of faults and the
transformer connections between medium voltage and
the low voltage, different types of voltage sags can be
distinguished. A detailed discussion about the influence
of the transformer winding connection on the propaga-
tion of voltage sags is presented in [5,6]. The transformer
winding (delta/wye) connection used in this network
blocks the flow of zero sequence components from the
voltage [5]. An extended analysis of voltage sag and their
classification has been carried out in [7-9].

Voltage in power system can be unbalanced due to the
several reasons. One of the major reasons of voltage un-
balance is an uneven distribution of single phase loads
that draw unbalanced currents from the system [10,11].
These unbalance currents will create unequal heating in
each of the phases which creates unbalance heating in ca-
bles and other parts of the network, which might reduce
the life time of the cables and other components [12,13].
Another reason for voltage unbalance is due to unbalan-
ced faults. The unbalance in the voltage due to this rea-
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son is severe.

According to European standards, the percent Voltage
Unbalance Factor (VUF) is defined by the ratio of the
negative sequence voltage to the positive sequence volt-
age [14-16].

%VUF =V, /V, ¥100 1)
where V, and V, are the positive and negative se-
quence components of the voltage respectively. Accord-
ing to IEEE Std. 1547.2 - 2008 the voltage unbalance
factor should be below “2% to 3%”.

The aim of this paper is to investigate how to mitigate
unbalanced voltage sags and also voltage unbalance in a
CIGRE low voltage distribution network. This is done by
using custom power devices: two D-STATCOMs and
two BESS-STATCOMs used at different locations of the
network.

The paper is organized as follows: Section 2 gives the
description of CIGRE LV distribution network, Section 3
presents the description about the control structure; Sec-
tion 4 presents the simulation results without using con-
trollers. Mitigation of the voltage sag and the voltage
unbalance for the two cases (i.e. when voltage sag of
42.3% and 43.4% on phase A and phase B of bus R1 and
when voltage sag of 13% on phase B of the same bus) is
proposed by using appropriate controllers in Section 5.
Finally, the conclusion about the paper is presented in
Section 6.

2. Description of CIGRE Network

In order to achieve the described goal, a test distribution
network set up by CIGRE comprising Wind Turbine
Generator (WTG), Photovoltaic (PV) solar generation
units, two batteries and STATCOMs comprising Voltage
Source Converters (VSCs) at different locations has been
chosen for the study [17]. Unbalanced loads are aggre-
gated at the 0.4 kV voltage levels and are connected at
bus RC, RD, R11, R15 and bus R17. The detailed data
concerning bus bars, cables/lines and loads is given in
[17]. The Distributed Generation (DG) units are inte-
grated into the grid using a delta-wye with neutral (D-YN)
transformer used at the beginning of the radial as shown
in Figure 1. The neutral of the transformer is grounded
with low impedance, Z =(0.0032+j0.0128)Q. The sin-
gle line diagram of this distribution system is shown in
Figure 1. The considered network is details are described
in [17].

In case of a WTG connected to an unbalanced voltage,
the stator currents will be unbalanced. These unbalanced
stator currents creates unequal heating in stator winding
which might degrade winding insulation and thereby
reducing the life time of the stator winding. The impacts
of voltage unbalance on WTG’s have been studied in
[18]. The impacts of voltage unbalance on PV inverters
are studied in [19,20]. The CIGRE network is modeled in
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Figure 1. Single line diagram of CIGRE LV distribution
system.

DIgSILENT power factory software version 15.0.

3. Description of Control System

The control system developed by the author used for this
study is detailed described [21]. A brief introduction of
the control system is presented in this paper only. The
D-STATCOM controllers for both PV systems have been
developed in order to control dc-link and AC voltages by
injecting/absorbing active and reactive powers respect-
tively [21]. The controllers for the Battery Energy Stor-
age Systems (BESS) are developed and are able to char-
ge/discharge the batteries at different charging rates. The
BESS controllers are developed in such a way that they
counteract voltage and frequency disturbances by re-
ceiving/delivering active and reactive powers [21]. The
inverters of the PV units and battery units are modeled in
such a way that they can deliver unbalance currents in
order to mitigate unbalanced voltage sags and prevent the
problems of the voltage unbalance in the network [21].
The focus in this paper is only on the control of the AC
side of the voltage. The problems of the dc-link voltages
on the PV inverters are discussed in [19,21] and charg-
ing/ discharging of the batteries are described in [21].

4. Study of the System without Using
Controllers

To have a base study case, all the controllers have been
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disabled in order to study the impacts of unbalanced
loads and unbalanced faults on the voltage in different
parts of the low voltage CIGRE network. The voltage un-
balance exists from the beginning as unbalanced loads
are connected to the network. Next, a single line to
ground fault on phase A with a 0 Q fault impedance is
applied at time equal to t = 2 s on the 20 kV Medium
Voltage (i.e. R0) bus in order to simulate a case of severe
unbalance. The fault is cleared at 2.15 s. The magnitude
and phase angle of voltage in the three phases at the bus
RO is shown in Figures 2(a) and (b).

It can be seen that voltage in all three phases of the bus
RO are nearly the same during normal operating condi-
tions as there is only minor load unbalance. At time equal
to t = 2 s, the voltage in the effected phase becomes zero
and the voltage in the other two phases remain nearly the
same as shown in Figure 2(a). The results shown in Fig-
ure 2(a) are matching with the reference [5,22].

The voltage angles in its three phases on bus RO are
shown in Figure 2(b). It can be seen in Figure 2(b) that
the angle of the voltage is changed in the affected phase
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Figure 2. (a) Voltage in the three phases of the R0 bus for
single phase to ground fault on phase A with Z, =0 Q. (b)

Angles of three phase voltages on bus R0 in case L-G fault
on phase A with Z. =0 Q (blue line: phase A, green line:

phase B, red line: phase C).
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only, whereas the voltage angles of the healthy phases re-
mains unchanged.

The transformation of voltages from primary (i.e. delta)
of the transformer to its secondary (i.e. star) is described
with the help of Figure 3 [23].

In delta wye configuration of the transformer, the val-
ue of phase to neutral voltage on secondary (i.e. shown
with colored lines R, Y and B) is equal to that of the line
voltage at the primary divided by 3 [24]. The line to
line primary voltages are given in “Equation (2)”.

Vba :Vb _Va
Vy =V, -V, 2)
Vac :Va _Vc

Putting the values of phase voltages with respect to
their phase angles obtained from Figure 2 in “2,” line to
line voltages on the primary of the transformer can be
calculated.

Vi, =1<-120° -0 < —84°
Vi =1<-120°
The voltage V,, on the primary corresponds to the
voltage in phase B on the secondary of the transformer as

shown in Figure 3 and is given by V,, =w,/v3 which is
equalto 0.578 <-120° p.u.

V,, =0.999 <120° -1 < -120°

cl

V, =1.723<90’

The voltage V, on the primary corresponds to the
voltage in phase C on secondary of the transformer as
shown in Figure 3 aond is given by V, =v,/v3 which is
equalto 0.999<90 p.u.

V, =0-0.999<120" V, =0.999 <60

a1 B1 =1

A1

Delta ——p»-

VeN
Star s—
a
N VBN

4 5 6

b@%h —

Figure 3. The transformation of voltages from primary of
DYNI1 transformer to secondary.
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The voltage V,. on the primary corresponds to the
voltage in phase A on the secondary of the transformer as
shown in Figure 3 angi is given by V,, =v,./s5 which is
equalto 0.578<-60 p.u.

The voltage in the three phases at the bus R1 is shown
in Figure 4. At t = 2 s, the voltage profile on this bus
changes as shown in Figure 4.

It can be seen in Figure 4 that there is voltage sag of
42.3% in phase A and 42.4% in phase B on the bus RI.
Phase C on this bus is unaffected. A slight difference in
voltage sag on phase A and B is due to the slight differ-
ence in their loadings. The load on phase B is slight more
than the load on phase A, so voltage sag on phase B is
slightly deeper than on phase A. When the fault is clear-
ed after 150 m s, the voltage in all the phases return to
prefault values. The results shown in Figure 4 also
match with [5,6,9].

The voltage at different phases on bus RA, RB, RC
and Bus RD is shown in Figures 5(a)-(d) respectively.
Similar to Figure 4, there is mild unbalance in voltage in
normal operating conditions due to unbalanced loads and
severe unbalance due to the unbalanced fault.

Table 1 shows the unbalance factor in different parts
of CIGRE distribution network under mild and severe
unbalance.

It can be seen in Table 1 that there is a mild unbalance
due to the unbalanced loads connected on different buses
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Figure 4. Voltage on R1 bus (blue line: phase A, green line:
phase B, red line: phase C).

Table 1. Unbalance Factors in different parts of network
for the two conditions.

Bus No %(VUF) in normal operating conditions %(VUF) during fault

RA 0.45 49.64
RB 0.48 49.6

RC 0.5 49.59
RD 0.43 49.638
R11 0.31 49.66
R15 0.395 49.74
R17 0.55 49.55
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Figure 5. (a) Voltage on bus RA. (b) Voltage on bus RB. (¢)
Voltage on bus RC. (d) Voltage on bus RD. (blue line: phase
A, green line: phase B, red line: phase C).
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in normal operating condition and severe unbalance in
the network grid due to a fault. The difference in the un-
balance factor during normal operating conditions is due
to different loadings on the buses in the network grid.

5. The Mitigation of Unbalance Voltage Sag
and Voltage Unbalance

Four STATCOM controllers are used in order to in-
ject/absorb the desired amount of reactive power in each
of the phases in order to restore the voltage of different
phases to permissible limits and mitigate the problems of
voltage unbalance. The reactive power injected/absorbed
by all of the four VSCs in the three phases of bus RA,
RB, RC and bus RD are shown in Figures 6(a)-(d) re-
spectively.

Since all four inverters are modeled for voltage regula-
tion, they inject or absorb reactive power in different
phases of the buses where they are connected. If the
voltage of the bus in any of the phase is greater than the
voltage of an inverter connected on that bus, the reactive
power in that phase is absorbed by the inverter and vice
versa [25]. Two of the inverters (i.e. VSC1 and VSC2)
are used for battery applications and the other two (VSC3
and VSC4) for the PV units.

The contribution of reactive power from the different
converters (i.e. VSC1, VSC2, VSC3 and VSC4) is ac-
cording to their rated power. The power and voltage rat-
ings of the inverters used in the network are shown in
Table. 2. The inverters mentioned in Table 2 can deliver
reactive power up to their rated value if they do not inject
or absorb active power. The batteries are charged at very
slower rates (i.e. 1/100 rate) so that battery inverters can
provide maximum amount of reactive power in order to
mitigate voltage sags. The PV inverters are also set to
deliver maximum amount of reactive power.

It can be seen in Figure 6 that reactive power is in-
jected in different phases of the bus RA, RB, RC and bus
RD in the normal operating conditions in order to reduce
the unbalance factor. As shown in Figures 6(a) and (b),
VSCI1 and VSC2 deliver small amounts of reactive po-
wer during steady state condition but inject/absorb maxi-
mum amount of reactive power during unbalanced volt-
age sag. Since the two phases (i.e. phase A and phase B)
have seen voltage sag in the network buses therefore all
of the inverters are injecting reactive power in these two
phases at t =2 s as shown in Figure 6.

Table 2. The ratings of the inverters used in the network.

Ngme of an Apparent power, S Voca) Vacay
inverter (kVA)
VSC1 35 0.714 0.4
VSC2 25 0.781 0.4
VSC3 18 1 0.4
VSC4 24 1 0.4
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Figure 6. (a) Reactive power of VSCI1 in three phases. (b)
Reactive power of VSC2 in three phases. (c) Reactive power
of VSC3 in three phases. (d) Reactive power of VSC4 in
three phases. (blue line: phase A, green line: phase B, red
line: phase C).
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The reactive power injected by all of the inverters in
phase B is little bit higher than phase A because voltage
sag in phase B is little deeper than phase A in all
branches. The phase C in all branches has not seen volt
age sag so in general there should be no injection of re-
active power by the inverters in this phase. But the pur-
pose of the controllers developed for this study is not on-
ly to mitigate voltage sag but also to compensate against
voltage unbalance in the network. Due to this reason the
reactive power is absorbed in phase C in order to reduce
unbalance factor.

When fault appears in some part of the network, there
is an increase in the flow of the currents delivered by the
inverters used in the network. The rise of the current in
the inverters is controlled by using current limiters so the
IGBTs may not damage against over currents. The peaks
in the reactive powers of VSC1 and VSC2 in each of the
phase as shown in Figures 6(a) and (b) are due to this
phenomenon.

It can be seen in Figures 6(c) and (d) that VSC3 and
VSC4 are injecting nearly full amount of reactive power
in steady state operation in order to meet the line voltage
drops and other load unbalances in the network. When
the unbalanced voltage sag appears at t = 2 s, the con-
trollers do not have enough reactive power to compen-
sate for it and hence the distribution system operates in
under voltage conditions across these points. Due to this
reason the reactive power injected by these controllers in
some of the phases decrease further (i.e. Q = VI sin¢) as
seen in Figures 6(c) and (d).

The peaks in Figures 6(c) and (d) at the beginning and
at the end of voltage sag are due to the charging and dis-
charging of DC-link capacitors in order to maintain
DC-link voltage of PV1 and PV2.

The new value of voltage in each of the phases in per
unit in different parts on network after using compensa-
tion and the voltage unbalance factors in normal and fault
periods are shown in Table 3.

Table 3 shows that the controllers to some extent have
mitigated the voltage sags in the different phases and
have improved the unbalance factors. The unbalance fac-
tors in fault conditions are still not within an acceptable
range and also the voltages in phase A and phase B are
not improved up to the acceptable limits [26] because the
converters do not have enough reactive power capacity to
mitigate voltage sag and voltage unbalances of such big
depth.

To figure out the limit of the converters in relation to
the voltage sag depth after voltage sag compensation, a
single phase to ground fault on phase A at the RO bus
with a fault impedance of 3 Q is applied on time equal to
t =2 s. The fault is cleared at 2.15 s. The voltages in the
three phases of the RO bus in this case are shown in Fig-
ure 7. It can be seen in Figure 7 that voltage in the ef-
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fected phase during the fault is reduced but not equal to
zero as in the last case.

The fault on RO bus creates unbalanced voltage sags in
different parts of the network gird. The transformation of
voltage sag from the delta side of the transformer to its
wye side is according to Figure 3. The voltages in three
phases of bus R1 obtained by using above transformation
method in this new case is shown in Figure 8. The val-
ues of the voltage during fault in each of the phases have
been verified by using (2) and the results are matching
with the results shown in Figure 8.

For simplicity the voltage on one of the buses (i.e. bus
RA) with and without controllers in this new case is
shown in Figures 9(a) and (b). It can be seen in Figure
9(a) that without using controllers phase B of bus RA of
the network is less than 90% which is not within a toler-
able limit according to IEEE standard 1159-1995 and
Danish standards [26]. By using controllers the voltages
in all of the phases are restored within the permissible
limits of £10% according to Danish standards.
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Figure 7. The voltage in three phases of R0 bus when single
phase to ground fault on phase A with Z, =3 Q. (blue

line: phase A, green line: phase B, red line: phase C).
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Figure 8. Voltage on the R1 bus. (blue line: phase A, green
line: phase B, red line: phase C).
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Table 3. Voltage in different phases in different parts of the network and unbalance factors.
VOLTAGE IN NORMAL CONDITIONS %UF IN VOLTAGE DURING FAULTS % UF
Bus number NORMAL
A B C OPERATION A B C DURING FAULT
RA 1.007 0.9986 0.9949 0.299 0.69 0.54 0.912 332
RB 1.0066 0.9991 0.9956 0.32 0.691 0.545 0.9087 324
RC 1.0078 0.9982 0.994 0.34 0.68 0.55 0.91 32.55
RD 1.0061 0.9977 0.9936 0.299 0.654 0.56 0.926 355
RI11 1.0045 0.9976 0.9945 0.22 0.61 0.579 0.95 40.2
R15 1.0052 0.996 0.9904 0.295 0.626 0.57 0.939 383
R17 1.0077 0.9992 0.992 0.39 0.67 0.56 0.914 3333

Table 4. Voltages in different phases in different parts of the network with and without controllers and unbalance.

Bus number VOLTAGE IN NORMAL CONDITIONS o, UF IN VOLTAGE DURING FAULTS o, UF DURING
us nu A B C NORMAL OPERATION A B C FAULT
RA 1.034 0.867 0.97 9.22 1.0366 0.919 0.97 6.46
RB 1.034 0.866 0.969 9.2 1.0367 0.92 0.97 6.3
RC 1.034 0.864 0.966 9.26 1.037 0.918 0.97 6.38
RD 1.033 0.866 0.97 9.4 1.0356 0.91 0.979 6.9
R11 1.034 0.87 0.98 9.27 1.033 0.90 0.988 7.69
R15 1.0336 0.879 0.974 9.45 1.034 0.90 0.98 7.38
R17 1.035 0.867 0.967 9.24 1.036 0.916 0.975 6.5
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Figure 9. (a) Voltage on bus RA without controllers. (b) Voltage on bus RA with controllers. (blue line: phase A, green line:

phase B, red line: phase C).

It can be seen in Table 4 that voltage in all parts of
network in each of the phases are restored within permis-
sible limits and the voltage unbalance during fault are
also reduced to a smaller value by using the developed
controllers. The controllers have successfully mitigated
the unbalanced voltage sags in all parts of the network
grid but they are unable to maintain unbalance factor
according to IEEE standards 1547.2-2008 during a fault.
The only way to restore the unbalance factor according to
the standards is to use bigger size of the battery units
rather than the existing ones.

Open Access

6. Conclusion

The mitigation of the voltage unbalance during normal
and faulted conditions and the mitigation of unbalanced vol-
tage sag have been performed by using two D-STATCOM
and two BESS based STATCOM controllers. The com-
pensation for two different cases (i.e. voltage sag of
42.3% and 43.4% on phase A and phase B respectively
and when voltage sag of 13% on only phase B) has been
performed. It has been observed that the existing con-
trollers can mitigate the voltage sag of up to 13% depth
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in any of the phases. If the depth of the voltage sag in
any phase is more than that, the controllers cannot restore
the voltage up to the operating limits. By using the exist-
ing controllers, the unbalance in voltage has been re-
duced to a small value for the case when the voltage sag
in one of phases is not more than 13%, but this voltage
unbalance is still not in the acceptable limits. This has
been verified in simulation results. The compensation of
voltage unbalance in the network grid is proposed by

using bigger energy storage units rather than existing one.

In future work, the controllers will be tested in island
conditions as well.
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ABSTRACT

High quality electricity services are the prime objectives in the modern power systems around the world. One of the
main players to achieve this is the protection of the system which needs to be fast, reliable and cost effective. The study
about the protection of the Low Voltage (LV) CIGRE distribution grid and networks like this has been proposed in this
paper. The main objective of this paper is to develop protection against short circuit faults which might appear any-
where in the network. The protection of the power networks that comprises of renewable energy generation units is
complicated because of the bidirectional flow of the current and is a challenge for the protection engineers. The selec-
tion of the protection devices in this paper is made to protect the network against faults in grid connected and island
mode of operation. Ultra-fast fuses are proposed in order to protect the inverters used for Photovoltaic (PV) and battery
applications. The disconnection of the PV solar panels when in island mode is made by proposing switch disconnecting
devices. ABB is currently using these kinds of disconnection devices for the purpose of protecting solar panels against
over voltages in the case of islanding. The over speed protection of the existing Wind Turbine Generator (WTG) in the
CIGRE network in case of grid loss is also proposed in this paper.

Keywords. Current Based Protection; Voltage Based Protection; Over Speed Protection; Fuse; Under Voltage Relay;
Circuit Breaker; Switch Disconnector

1. Introduction potential electrical shocks to the people. If a short circuit
is not removed or a faulty portion is not quickly isolated
from the healthy system, it will spread into healthy part
of the network and may cause over loads and possibly
the damage to the transmission lines/cables, bus bars and
other equipments. It is therefore, necessary to protect the
power system against the short circuits by using short
circuit protection devices and ensuring their proper coor-
dination in order to avoid false tripping.

A test distribution network set up by CIGRE compris-
ing WTG, PV solar generation units and sensitive equip-
ment such as VSCs at different locations has been chosen
for the study. The single line diagram of this distribution
system modeled in DIgSILENT power factory software
15.0 together with appropriate protection devices is

The purpose of the electrical power system is to deliver
good quality, safe and reliable power to the consumers,
load centers, industrial plants, etc. The quality and secu-
rity of power system are disturbed due to the system
faults and failures occurring. Faults usually occur due to
the lightening flash over, insulation failure, physical
damage, short circuit to ground or short circuit in live
conductors [1]. A short circuit fault is the most common
fault in power systems. A short circuit fault carries huge
amount of the current other than the normal operating
current. The excessive amount of the current flowing
through a circuit can generate tremendous heat which
poses risks of fire, damage to the other equipments and

"Corresponding author. shown in Figure 1

3 /S\‘ﬂ’Ject;lCIHSSIﬁcationlilsmm C;“ds- In this network, there are two PV solar generation
authors are mutually agreed. .

3) It’s the original work of all the authors. units of 3 kW and 4 kW connectéd at bus RC and RD

4) We did not submit this manuscript before. respectively. There is one fixed-pitch fixed speed wind

Open Access SGRE



490 Protection of Low Voltage CIGRE Distribution Network

""""" C Grid
""" FQ/E(I)_RO
........... . g:
........... @CS
R - b A CEL L
Adg— o . e
Ba— 3l —3RI
<@t - - —_—Rt -
PEREEE FA R3RIL oo F 0
o F4 . B2 RA-RE - -
F12 F3 R3 e
Ba——— % R3R4IFS pg - - -
Co——33 RORD | ramsfEI0 R4
DC-Link | = Fl1 RS-R
———at ED R6-
coep2f e | FE OF13 ‘R6RITF14 - - - -
A S — FARLIRT ~
Fva PO RD RIRERIOLe
o . o F18) fFle -
rrrrrrr | R8-Ra-
 podike | - Al 2 1
I————1 F2d =
. L Bg—a} Flg_ﬁl'xig._...ml’f
I W S " Ro-R17- 1F20
'L—Df L N A— I
: "~ F2s RIORC F23p— - - |-
MoE [Ty F2ROREED B2 g
iB“.f:g::::Rc: CUUUIRI0 Rk 2B

Figure 1. The singleline diagram of CIGRE network modeled in DIgSILENT power factory [2].

turbine generator of 5.5 kW connected at bus R19. The
WTG is operated close to unity power factor by using a
shunt capacitor. There are two batteries connected at bus
RA and at bus RB. These Distributed Generating (DG)
units are integrated into the grid by using 0.4 MVA, 20
kV/0.4 kV DyN transformer. The neutral of the trans-
former is grounded with low impedance, (i.e. Z=
(0.0032+j0.0128)Q . Unbalanced loads are aggregated
at the 0.4 kV voltage levels and are connected at bus RC,
RD, RE, R11 and bus R17. The detailed data concerning
different cables/lines used in the network are given in
Table 1 in the appendix.

STATCOM controllers for both the PV systems have
been developed in order to control oscillations in the DC
link and AC voltages by injecting or absorbing the de-
sired amount of the active and reactive powers [3]. The
controllers for the Battery Energy Storage Systems
(BESS) are developed and are able to control the flow of
active and reactive powers through the lines [3]. These
controllers also charge/discharge the batteries at different
charging rates [3].

The different components of the CIGRE network (i.e.
transformer, WTG, lines, bus bars, battery inverters and
PV inverters) can be protected either by circuit breakers
or by fuses. Typically, transformers below 1000 kVA are
protected by using fuses [4]. According to Schneider
electric [5] and Danfoss, Low voltage inverters for PV
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applications and battery storage are protected against
short circuit currents by using fuses. Therefore, this study
about the protection of LV CIGRE distribution network
against short circuit current is mainly performed by using
fuses as protection devices. The under voltage relays are
used to clear a fault if fuses are unable to clear faults in
some conditions. These relays are also used in the case
when fuses take longer time to clear fault, such as fault
with some fault impedance. The disconnection of the PV
solar panels is made by using switch disconnection de-
vices in this study.

The ratings of fuses selected to protect different com-
ponents of CIGRE network are labeled in Figure 1 and
are presented in Table 2 in the appendix. Fuses are se-
lected to allow passage of normal current plus a marginal
percentage (i.e. 25%) to allow excessive current only for
short duration [5-7].

Some of fuses selected in Table 2 of the appendix are
even little less than 125% of the rated current because the
next available fuse is of bigger rating. For example, fuse
selected for the load-RE is 40 A, whereas 125% of the
rated current in the phase C of this load is 43.4 A which
is higher than the fuse rating. A 40 A fuse is selected
because next available fuse is 50 A, therefore, if 50 A
fuse is selected for this load, then it might cause delay in
the protection. The selected rating of fuses denoted by <’
shown in the Table 2 is different because of coordination
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purposes.
The paper is organized as follows: Section 2 presents

the simulation results when protection is made against
3-phase faults with and without fault impedance. The
over speed protection of the WTG in the case of grid loss
due to 3-phase fault is also described in this section. The
protection of the CIGRE inverters is presented in section
3. The disconnection of the solar PV cell structure in the
case when in island is also described in this section. Sec-
tion 4 presents the results about the protection against
single-phase to ground fault and the disconnection of the
WTG in that case. The protection of the CIGRE network
in its central part is presented in section 5. Finally, the
conclusion about the paper is presented in section 6.

2. The Protection of the Network against
3-Phase Faults

The study about the protection of the network in this case
is carried out by introducing a 3-phase fault with and
without fault impedance at the different locations of the
CIGRE network. The fuses and under voltage relays
available at the different locations are used to clear this
kind of fault.

2.1. Protection of the Network in Case of 3-Phase
Fault without Fault Impedance

For the first case a three phase fault with fault impedance
of zero ohm ( Z; = 0) is applied at time equal tot =5 s at
the terminals of the WTG (i.e. bus R19). This kind of
fault must be isolated from the grid side and from the
WTG side in order to ensure reliability and security in
the other parts of the network. The procedure of clearing
the fault from both the sides of the applied fault is de-
scribed below:

The voltage at the WTG bus (i.e. bus R19) due to this
kind of fault becomes zero and hence, the active power
output of generator becomes zero. According to the tech-
nical regulations 3.2.1 for electricity generation facilities
with a rated current of 16 A per phase or lower, a WTG
must be disconnected if its terminal voltage falls below
09 p.u.

When a short circuit appears at the terminals of an in-
duction machine which is operating as WTG in this net-
work, the current produced by WTG starts to increase to
a very high value before decaying completely to zero as
shown in Figure 2. The rise in this current at t = 5 s is
because of inrush current flowing to the faulted point.
The induction machines deliver about six times rated
current during this time [8-10]. This fault characteristic is
due to the inertia in the presence of field flux produced
by the induction from the stator. This flux decays on the
loss of voltage because of the fault at the terminals of the
machine. This current decays to zero as shown in Figure
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2 and is because of the loss of field excitation (i.€. loss of
stator flux).

The current shown in Figure 2 decays to zero before
reaching to the activation time of fuse F9 (i.e. 273 ms at
this value of current as seen in Figure A in appendix).
The observed current is not within the range of the se-
lected fuse operating characteristics; therefore, the isola-
tion of the WTG from the faulted point is not possible by
using the fuse in this case.

An under voltage relay is then used. The voltage is
sensed by relay R1 shown in Figure 1 and sends trip
signals to the circuit breaker which disconnects the WTG
from the faulted point. The time of operation of this relay
depends on how low the voltage is at the terminal of the
WTG. According to ANSI CS84.1-1995 if the voltage is
below 0.5 p.u then the time to clear a fault should be be-
low 0.16 s and if the voltage is in between 0.5 p.u and
0.88 p.u the time to clear fault should be less than 2 s.
Since the voltage on the terminals of the WTG due to the
fault is zero (i.e. voltage is below 0.5 p.u); therefore, the
fault should be cleared within 0.16 s. The operation of
the circuit breaker receiving the trip signal by relay R1 is
shown in Figure 3. The Breaker status is closed when it
shows 1 on the plot and is opened when it displays 0 on
the plot as shown in Figure 3.

It can also be seen in Figure 1 that a capacitor bank is
used at bus R19 in order to improve the power factor of
the WTG; this capacitor also needs protection against the
fault at bus R19. The voltage of this capacitor decreases
to zero due to the short circuit fault appeared on its point
of the connection as shown in Figure 4. The production
of the reactive current by the capacitor bank which is
required to magnetize the stator winding of the WTG
decreases to zero because of its zero voltage at this time t
= 5 s. This current is shown in Figure 5.

It can be seen in Figure 5 that the capacitor bank de-
livers some amount of the reactive current (Minus sign

Current [KA]

-0.01}

002 46 4.8 5 52 5.4 5.6

Time [sec]

Figure 2. Current of the WTG when fault on itsterminals.
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Figure 5. Reactive current delivered by the capacitor bank
connected at bus R19.

shows current is injected) in order to excite the stator of
the WTG in the normal operating conditions. When the
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voltage at its terminals becomes zero as shown in Figure
4, its current injection also becomes zero as shown in
Figure 5; therefore, the current based protection is not
valid in order to protect this capacitor. The under voltage
relay R2 shown in Figure 1 is used in this regard. The
operation of the circuit breaker used to disconnect the
capacitor bank is same as shown in Figure 3 because
both the relays are sensing the same voltage and are
connected at the same bus.

As three single phase loads are connected on the bus E
which makes the voltage on this bus unbalanced, the
short circuit current flowing through the upstream cable
RE-R19, which is connected on bus R19 (i.e. faulted bus)
will also be unbalanced. The current flowing through the
three phases of the cable RE-R19 is shown in Figure 6.
In normal operating condition, a current with magnitude
of 16.5 A is flowing in the three phases of the cable
RE-R19. This current increases to 2.56 kA at the instant
of fault at t = 5 s as shown in Figure 6. The short circuit
currents in the three phases during the fault are a little bit
different because of the voltage unbalance.

Fuse F8 is used to disconnect this faulty section of the
network from the grid side blows in 313 ms according to
the inverse time current characteristics of this fuse as
shown in Figure A in the appendix. It can be seen in
Figure 6 that the disconnection in the different phases is
made at different times since the current is bit different in
all the phases. Hence, the fault has been isolated from
both the sides of network (i.e. grid side and WTG side).

A WT receiving a constant wind speed, and with no
transfer of electrical power, rapidly increases the speed
of the generator. Therefore, it is essential that the wind
turbines stop automatically if the generator is discon-
nected from the electrical grid [11]. The Danish wind
turbines are required to be protected either by aerody-
namic brakes or mechanical brakes [11]. Aerodynamic
braking uses pitch angle mechanism and it is used for
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Figure 6. The current flowing through cable RE-R19.
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pitch controlled wind turbines or active stall controlled
turbines and is expensive for small wind turbines like the
ones considered under this study. Mechanical braking is
the most common method used for the small wind tur-
bines [12,13] and this mechanism is used to stop the 5.5
kW wind turbine used in the CIGRE network in the case
of the loss of the grid supply in this paper.

The block diagram of the mechanical brake model de-
veloped in DIgSILENT power factory version 15.0 is
shown in Figure 7.

The brake model comprises a switch together with a
first order time lag function which is represented by the
transfer function 1/1+sT, where T is the time constant
that ensures the actuation time of the brake. During nor-
mal operating conditions, the generator operates at the
speed of 1 p.u and the position of switch remains at 1.
However, if the speed of the rotor increases beyond 1.2
p-u [13], the switch changes its position from 1 to 0 and
makes the shaft reference speed equal to zero which in
turn reduces the mechanical torque of the machine in
order to stop the generator. The actuation time (i.e. 10 s)
of the brake [14,15] is ensured by setting the time con-
stant (T) of time lag function

The braking mechanism is activated at t = 5.6 s as the
generator speed observed is more than 1.2 p.u and the
brakes are applied on the turbine shaft. The speed of the
WTG with braking mechanism is shown in Figure 8. It
can be seen in Figure 8 that the WTG has been stopped
in the case of grid loss due to 3-phase fault within the
actuation time of t = 10 s.

Speed

Speed=1p.u 1 1/14sT |

Speed=0 Switch

0

Figure 7. The model of mechanical brake.
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Figure 8. The speed of the WTG with braking mechanism.
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2.2. Protection of the Network in Case of 3-Phase
Fault with Fault Impedance

A three phase fault with a fault impedance of 0.1 ohms
(Z; = 0.1) is applied on the terminals of WTG (i.e. bus
R19) at the time equal to t = 5 s. The short circuit current
flowing through the faulted line in the case of fault with
fault impedance is small compared to the fault without
fault impedance. The inclusion of fault impedance delays
the tripping of the over current protection devices. The
current flowing through the three phases of the cable
RE-R19 in this case is shown in Figure 9.

It can be seen in Figure 9 that the current flowing in
the three phases of the cable increases at the instant of
the fault at t = 5 s. The currents in the three phases during
the fault are a bit different because of the voltage unbal-
ance.

Fuses F6 (backup) and F8 are used to disconnect this
faulty section of the network from the grid side. Both
fuses have the same rated current; therefore the coordina-
tion of these two fuses in made in a way to ensure the
disconnection of the portion nearest to the faulted point.
The rating of fuse F6 is therefore selected higher than
that of fuse F8 as shown in Table 2. By doing this the
three single phase loads are not disconnected due to this
fault, since the disconnection is made at the point where
fuse F8 is used.

It can be seen in Figure 9 that the fuses in the different
phases blow at different times since current are slightly
different in all phases and hence the faulty section from
the grid side is isolated. The voltage on the bus RE and
bus R19 is shown in Figure 10 respectively.

It can be seen in Figure 10 that the voltage on both the
buses is equal in normal operating conditions and it de-
creases at the instant of the fault. When the fault is
cleared from the grid side; the voltage on bus RE returns
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Figure 9. Current flowing through cable RE-R19.
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Figure 10. Voltage on bus RE and bus R19.

to the nominal values and the voltage on bus R19 de-
creases to zero. The switching in these voltages at the
time of the fault clearing is due to the opening of the dif-
ferent phases at different times. It can also be seen in
Figure 10 that the voltage at the terminal of the WTG is
decreased to 0.56 p.u during the fault and it again de-
creases to zero when grid is isolated from the generator.

Since a fault is only cleared from the grid side and it
should also be cleared from the generator side; the dis-
connection of the WTG can be made either by a current
based protection device or a voltage based protection
device.

The current delivered by the WTG is shown in Figure
11. It can be seen in this figure. that there is a surge of
the current produced by the WTG at the instant of the
fault. This current decreases to the value as shown in
Figure 11. The reduction in the current shown in Figure
11 is because of the reduction at its terminal voltage. At
the time when the grid is disconnected, this current de-
crease to zero since the WTG has lost grid excitation
current. As there is only short time rise in the WTG cur-
rent and it further decreases during the fault; fuse F9
does not detect this fault and hence the disconnection of
the WTG is not possible by using a fuse in this case.

Therefore, an under voltage relay is used in order to
disconnect the WTG in this case. The current of the
WTG in the case when an under voltage relay has iso-
lated the WTG from the faulted point is shown in Figure
12. Since the voltage on the terminals of the WTG is
greater than 0.5 p.u during this fault; then according to
ANSI CS84.1-1995 standards the relay R1 sends a trip
signal to a circuit breaker which disconnects the WTG
from the grid within 2 s.

The speed of the WTG in case of the loss of grid in-
creases beyond the acceptable limits. The mechanical
brakes are applied in order to stop the generator as is
done in the previous case.
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Figure 11. Current delivered by WTG in the case when fuse
isused as protection device.

0.04

0.035}
0.03
0.025
002} i

0.015¢

Current [KA]

0.01
0.005 \
0 —

-0.005

-0.01 .
0 10 15
Time [sec]

Figure 12. Current delivered by WTG in the case when
relay isused as protection device.

To study about the size of the fault impedance where
the prescribed protection devices do not detect the fault,
various tests have made by applying 3-phase fault at bus
R19 using the different values of the fault impedances.
The summary about the range of the protection devices at
the different values of fault impedances is presented in
Table 3 in the appendix.

The voltage at bus RE and bus R19 and the current
flowing through cable RE-R19 during the fault at differ-
ent values of the fault impedances have been presented in
this table. The time of the operation of fuse and an under
voltage relay have also been shown and decision is made
that up to which size of the fault impedance these protec-
tion devices (i.e. fuse and an under voltage relay) can
operate. This table describes that the protection devices
can only operate in a certain range in the case of the fault
impedance up to 0.6 ohms. This table also shows that
voltage based protection in general is faster than current
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based protection in all the cases presented in this table.
Now in the case, if the fault impedance is high as for
instance 2 ohms as for an arc, the protection devices
shown in Figure 1 obviously will not work in this condi-
tion according to Table 3. The procedure about the
clearing of such kind of faults is described in [16,17].

3. The Protection of thelnvertersUsed in
the CIGRE Network

To study about the protection of the inverters used for the
PV and battery applications in the network; a fault should
be applied on one of the lines or the buses in the close
vicinity of the inverters. A 3-phase short circuit fault
with fault impedance of zero ohm ( Z; = 0) is applied on
line R10-RC which is connected to the bus RC where
PV1 is connected in this regard. This is the line which is
fed through the grid and a PV1 inverter; therefore, there
is bidirectional flow of the current towards a short circuit
point. There will be a surge of the current flowing from
the VSC3 towards a faulted line. The VSCs are very sen-
sitive to over currents. The over currents in VSCs lead to
the thermal degradation of the IGBT valves and it may
also cause a permanent damage [18-20]. The IGBTs can
withstand maximum currents of 2 p.u for 1 ms [21]. It is
therefore, necessary to protect the IGBTs of the inverters
by using ultra-fast protection devices. The fuse F25 is
modeled as an ultra-fast (i.e. I-t characteristics are set in
such a way that it blows very quickly) and acts instantly
to protect VSC3 when the short circuit fault appears in
line R10-RC.

The current of the VSC3 is shown in Figure 13. It can
be seen in Figure 13 that fuse F25 is blown when the
current flowing through VSC3 increases abruptly during
the short circuit. The line R10-RC is protected by using
fuse F23. The current flowing through this line is shown
in Figure 14.

It can be seen in Figure 13 that fuse F25 quickly iso-
lates the inverter from the grid and fuse F23 disconnects
line R10-RC from the healthy portion of the network
within 68 m s as shown in Figure 14.

PV inverters operate in a certain range of voltages. If
voltage goes beyond limits, it will stop its operation [21].
A three phase short circuit fault on the AC terminals of
PV1 inverter causes the voltage to go down to zero and
hence there is no transfer of the power from a PV1 to-
wards the grid. The de-link capacitor charges during this
period and when it is fully charged there is no path for
the current to flow and the PV operates at no load condi-
tions. Due to this reason the dc-link voltage increases
very fast. PV generating units in real applications are
normally disconnected from the DC bus in order to pro-
tect the insulation of PV cells against over voltages. In
such a case, the PV panel presents open circuit voltage
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Figure 14. Current flowing through R10-RC line.

(i.e. it is the voltage across the terminals of a PV cell
when the current flowing through the external circuit
(1, ) is zero) at its output with no power generation. The
current flowing into the dc-link capacitor is shown in
Figure 15.

It can be seen in Figure 15 that there is no flow of the
current into dc-link capacitor in the normal operating
conditions, since all output power of PV1 is integrated
into the grid via VSC3. At the time of grid isolation,
dc-link capacitor starts charging through current pro-
duced by PV1. Soon after 146 ms, this capacitor is fully
charged as shown in Figure 15 and a PV 1 at this time
operates at no load and switch-disconnecting device (i.e.
D1 as shown in Figure 1) isolates PV1 in this condition.
The coordination between fuse F25 and switch discon-
necting device D1 is made in such a way that, fuse F25
disconnects VSC3 from the grid due to current surge
produced at the time of fault (i.e. t = 5 s) according to its
inverse time current characteristics. The disconnection of
VSC3 from the grid causes the voltage rise at the DC bus
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where PV1 cell is connected. Based on the voltage levels,
D1 decides the disconnection of PV1 cell from the DC
bus. The current produced by PV1 and the voltage at DC
bus in normal and at a time of its disconnection is shown
in Figure 16.

The protection of other the PV inverter in the grid is
also done in the same way by using fuse F13 and dis-
connection of the PV cell structure is made by D2. The
protection of the battery inverters is made by using ul-
tra-fast fuses F17 and F22.

4. Protection of the CIGRE Network against
Single Phase to Ground Faults

The majority of faults in the power system are single
phase to ground faults [22], and consequently it draws
unbalanced currents resulting in unbalanced voltage sags
in the network. A single line to ground fault with a fault
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Figure 15. Current of dc-link capacitor.
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Figure 16. PV1 current and DC bus voltage during normal
and island operation.
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on phase A having fault impedance of zero ohms is ap-
plied at time t = 5 s on line R4-RE in order to observe the
performance of the fuses used in the network. The Fuse
F6 opens the faulty phase ‘phase A’ from the grid side
and fuse F9 opens the same phase from the WTG side.
The voltage on bus E due to this kind of the fault is
shown in Figure 17.

It can be seen in Figure 17 that the voltage of the af-
fected phase (i.e. phase A) becomes zero when the fault
appears on time equal t =5 s. The voltages in the healthy
phases increase during the fault and come back to the
steady state value when the fault is cleared. The detailed
explanation about the rise of the voltage in the healthy
phases during the fault has been presented by the authors
in [23].

In case of a WTG connected to unbalanced voltages,
the stator currents will be unbalanced. These unbalanced
stator currents creates unequal heating in the stator
winding which might degrade winding insulation and
thereby reducing the life time of the stator winding [24]
[25]. The current produced by WTG in its three phases is
shown in Figure 18. It can be seen in Figure 18 that
there is a huge increase in the current in the phase A of
the WTG as this is the faulty phase. The currents in the
healthy phases during a fault also increase as shown in
Figure 16 and this increase in the current is according to
the magnetization current of the stator winding of the
WTG.

In order to be on safe side, the WTG should be dis-
connected in this condition. This disconnection is made
by using the under voltage relay R1. As one of the phase
is at zero voltage, therefore the relay sends trip signal to
a circuit breaker which clears the fault within 160 ms in
this case of a fault.

The speed of the generator increases in the case of the
disconnection; therefore, mechanical brakes can be ap-
plied in order to stop it as mentioned previously.
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Figure 17. Voltagein three phases on bus RE.
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Figure 18. Three phase current of Wind Turbine Genera-
tor.

5. Protection of the CIGRE Network in Its
Central Parts

The protection of CIGRE in its central part (i.e. from
node R1 to R10 in Figure 1) is designed in such a way
that it ensures a proper over current protective coordina-
tion in a network. The over current protection coordina-
tion in the central part of CIGRE network is made by
using fuses F15, FA, F14, F10 and F5 as shown in Table
2. Fuse F5 is highest fuse among these fuses due to coor-
dination so if fault occurs nearby the close vicinity of this
fuse, it will take longer time to clear the fault. To over-
come this problem, the protection in the central part is
made by using the under voltage relay.

Again, the fault may occur in the central parts of the
network with some fault impedance. The voltage based
protection can be a better solution in this regard as well.
A 3-phase fault with a fault impedance of 0.1 ohms is
applied on the cable R7-R8 of the CIGRE network. The
fault appears on the cable at time equal to t = 2 s. The
current flowing through this cable is shown in Figure 19.
It can be seen in Figure 19 that 1.6 kA current is flowing
through the cable during a fault and fuse FA blows
within 58 s according to its operating characteristics
shown in Figure A in appendix. The fault persist in the
network for the long time in this case; therefore, voltage
based protection is introduced which clears fault very
fast.

The under voltage relay is used at both ends of the ca-
ble instead of over current protection devices. These re-
lays (i.e. RL1 and RL2) detect the fault if the voltage on
the faulted point decreases below a threshold. The plot of
the current flowing from the both ends of the cable (i.e.
from the grid side and from the DGs side) when under
voltage relays are used at the both ends of the cable is
shown in Figures 20 and 21 respectively.
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Figure 19. Current flowing through cable R7-R8.
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Figure 20. Current flowing through cable R7-R8 from the
grid side.
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Figure 21. Current flowing through cable R7-R8 from the
DGsside.

The under voltage relay used at the grid side end of the
cable measures the voltage and sends trip signal to the
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circuit breaker. It can be seen in Figure 20 that the cir-
cuit breaker has disconnected a faulted section from the
grid side within 100 ms. Similarly, the under voltage
relay used on the DGs side of the cable sends the trip
signal to its circuit breaker which clears fault within 100
ms as shown in Figure 21. The over shoot in the current
as shown in Figure 21 at the instant of fault is due the
current surge produced by the inverter based DG units.

6. Conclusion

The protection against 3-phase fault with and without
fault impedance in different portions of the CIGRE net-
work has been proposed. The clearance of the fault in
CIGRE network is mainly proposed by using fuses be-
cause of economic reasons and if fuses are unable to de-
tect the fault as analyzed for the cases in previous section,
the clearance of fault is done by using the under voltage
relays. The disconnection of the WTG in case of the
symmetrical and unsymmetrical faults is made by using
current-based and voltage-based protection devices. The
over speed protection in the case of grid loss due to
3-phase and single phase to ground fault by using me-
chanical brakes is also studied in this paper. The over
current protection of the inverters is made by using ultra-
fast fuses and the disconnection of PV solar cell structure
in the case of loss of grid is made by using switch dis-
connection devices. The protection of the CIGRE net-
work in case of the forward direction of the current (i.e.
grid side) is made by using the fuses and the protection in
the case of reverse direction of the current (i.e. DG side)
due to islanding is made by using the under voltage re-
lays.
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Appendix
Table 1. The data about the different cables used CIGRE network.
S:No Nodefrom Nodeto  Type Cross section Ro X Ro Xo Installation
mm? Q/km Q/km Q/km Q/km m
1 R1 R2 NA2XY 240 0.163 0.136 0.490 0.471 35 UG 3-ph
2 R2 R3 NA2XY 240 0.163 0.136 0.490 0.471 35 UG 3-ph
3 R3 R4 NA2XY 240 0.163 0.136 0.490 0.471 35 UG 3-ph
4 R4 RS NA2XY 240 0.163 0.136 0.490 0.471 35 UG 3-ph
5 RS R6 NA2XY 240 0.163 0.136 0.490 0.471 35 UG 3-ph
6 R6 R7 NA2XY 240 0.163 0.136 0.490 0.471 35 UG 3-ph
7 R7 R8 NA2XY 240 0.163 0.136 0.490 0.471 35 UG 3-ph
8 R8 R9 NA2XY 240 0.163 0.136 0.490 0.471 35 UG 3-ph
9 R9 R10 NA2XY 240 0.163 0.136 0.490 0.471 35 UG 3-ph
10 R3 R11 NA2XY 25 1.541 0.206 2.334 1.454 30 UG 3-ph
11 R4 RE NA2XY 150 0.266 0.151 0.733 0.570 35 UG 3-ph
12 R6 RD NA2XY 70 0.569 0.174 1.285 0.865 30 UG 3-ph
13 R10 RC NA2XY 35 1.111 0.195 1.926 1.265 30 UG 3-ph
14 RE R19 NA2XY 150 0.266 0.151 0.733 0.570 30 UG 3-ph
15 R8 RA NA2XY 25 1.541 0.206 2.334 1.454 30 UG 3-ph
16 R9 R17 NA2XY 25 1.541 0.206 2.334 1.454 30 UG 3-ph
17 R10 RB NA2XY 25 1.541 0.206 2.334 1.454 30 UG 3-ph

Table 2. Theratings of the different fuses used at different location of the CIGRE network.

Current in normal

Fusecurrent [A] i.e

Name of thefusein

Lines/DGS/VSCSIL oads operation [A] 125% of Inom Fuse sdlected network

Grid 11.5 14.45 20 F1
T/f. Prim 11.55 14.45 16 F2
R3-R11 162 202.5 200 F3
R3-R4 401 501.25 500 1000 F5
R4-RE 304 380 400 500 F6
RE-R19 304 380 400 F8
R4-R5 401 501.25 500 800* F10
R6-RD 199 248.75 250 F11
VSC4 34.68 43.35 40 F13
R6-R7 401 501.25 500 630" F14
R7-R8 401 501.25 500 630" FA
R8-R9 401 501.25 500 630" F15
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Continued
R8-A 162 202.5 200 Fl16
VSC1 50.58 63.32 63 F17
R9-R10 401 501.25 500 F18
R9-R17 162 202.5 200 F19
R10-RB 162 202.5 200 F21
VSC2 36.13 45.16 50 F22
R10-C 162 202.5 200 F23
VSC3 26 325 32 F25
WTG 8.69 10.86 10 F9
Phase A 6.9 8.7
Load RC Phase B 13.9 17.4 20 F24
Phase C 17.4 21.7
Phase A 20.86 26
Load RD Phase B 27.8 34.8 40 F12
Phase C 34.8 434
Phase A 20.86 26
Load RE Phase B 27.8 34.8 40 F7
Phase C 34.8 434
Phase A 4.35 5.44
Load RI1 Phase B 8.7 10.87 16 F4
Phase C 11.74 14.67
Load R17 Phase C 11.74 14.67 16 F20

Table 3. The study about the range of the detection of the protection deviceswith respect to fault impedance.

7 in ohms Vre VRio Ire — Rio Fuse Time Under voltage Time Fast
[KV] [kV] [KA] (F) [sec] relay (UVR) [sec] operation
0.3 0.82 0.80 0.630 Yes 125 Yes 2 UVR
05 0.89 0.87 0.410 yes 4900 Yes 2 UVR
0.6 0.91 0.89 0.339 No - Yes in bus R19 But No in RE 2 UVR
0.8 0.93 0.91 0.260 NO - No - -
10° T T T
104 E \ S— F9 .
——=F6
10°L Fe
* FA
— 10°L 4
(8]
Q
s
) L J
= 10
'_
10° L X:44.42 J
Y:0.2737
[ ]
107 L 4
107 L 4
102 L L L
10 10° 10° 10* 10°
Current [kA]
Figure A. Inverse current characteristics of some of the fusesused in CIGRE network.
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