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Abstract

The recent improvements in the renewable energy-related technologies, as well as the growing
awareness about the global warming effects, drive to a rapid development of the distributed
energy sources. Some countries had already adopted to establish the renewable energy on their
grid, and many are on the progressing stage to expand their renewable share on the grid to
lessen the pollutions from the fossil-based electricity production for accomplishing the set
targets of diminishing the greenhouse gas emissions. However, despite the positive impacts,
the rapid growth of renewable penetration can make adverse effects on the grid. Such a wide
spread of distributed renewable generation demands the current grid infrastructure to be
transformed and renovated to adopt high penetration levels of distributed generation. As many
are still unaware about the downside of distributed generation penetration, this thesis strives to
study some of the possible consequences of such generation and tested its influence on the
electrical parameters based on the UK legislative requirements. To study the impact of
distributed generation a prototype network model provided by the IEEE has chosen to integrate
the distributed generation plants. The distributed plants have penetrated to the 33kV
distribution voltage level, and numerous studies are conducted using the ETAP software. The
methodology adopted is the scenario-based approach, and the distributed production plants
employed are the most widely available renewables, wind, and PV plants. Various scenarios
are assigned based on the penetration level of distributed generation, and the influences on the
different electrical parameters compared with the help of simulations from different tests. The
parameters examined to investigate the impacts are the influence on voltage, frequency, short-
circuit fault level and harmonics due to the distributed penetration. The achieved results show
that any penetration below 30% is tolerable based on the UK standards while the higher
penetration resulted in substantial variations from the approved ranges on the electrical
parameters. Therefore, any penetration beyond the 30% limit necessitates further attention and

modification of the existing grid infrastructure before the DG integration.
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1. Introduction

1.1. Background

The increased awareness of about the greenhouse emission and its adverse effect like
global warming lead many countries to think about an alternative approach to generate
electricity apart from the carbon-emitting fossil fuel-based technologies. It drives to the
development of the renewable-based electricity generation. Currently, in worldwide, the
renewable sector market is undergoing a rapid growth. The latest developments in the
renewable generation technologies, as well as the improvements in the method or techniques
used for the electricity generation from the natural resources, are the main reasons. The fast
growth of the renewables as well as the emergence of the cogeneration systems, and new
energy storage technologies can significantly reduce the carbon emissions, thereby
contributing to the commitment of the most developed countries to meet their greenhouse gas
emissions reduction targets (as per the Kyoto protocol). Because of the comprehensive
research and introduction of new techniques and technologies, the electricity generation from
the renewables is becoming cheaper. Hence, the use of renewable as an alternative supply is
also increasing in the developing countries like India. The implementation of various
renewable energy mixes such as wind, photovoltaics, and hydro are becoming a common
trend across the worldwide. In general, any such decentralized generation that penetrates the
distribution network is called distributed generation (DG). In the EU, it is expecting that the
renewable energy generation mix will reach around 30% in 2030 as per the set targets
(European Commission, 2016), and in the UK, aiming for 15% of energy demand from the
renewable sources by 2020 (DECC, 2011). Therefore, the growth of the electricity generation
from the renewables or distributed sources is expected to continue. However, apart from the
economic and energy markets capabilities, this rapid growth raises a significant question that
whether the technologies are technically mature and available to support this boost?

Electrical power systems mainly constitute of generation, transmission, and
distribution systems. The renewable systems are not always centralized and unable to
generate bulk amount of electricity; hence, its shared over the network and such generations
are becoming enviable. However, the traditional network design was not intended to include
such generation on large scale. Thus, the conventional network main characteristic of central
generation from big plants to the distribution network and then to the customers are no longer
a single method of flow of electricity. Therefore, the large decentralised electricity generation
might create problems with the electrical system. For many countries, the distributed
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generation has proven to be a good solution for the various environmental, technical,
political, and economic obstacles. For instance, it increases the reliability of the overall
system, covers the peak load by consuming less power from the utility, and hence, decreases
the electricity bill and covers the step increase of power demand. However, it is required to
perform an intensive technical analysis to determine the impacts on large-scale installations.
The knowledge about the higher penetration level makes the policymakers to limit the
generation under the permitted limit. Any integration beyond this limit requires the current
infrastructure to be modified to adapt to the high distributed penetration. Otherwise, the
unlimited growth of distributed generation may lead to a catastrophic failure of the electrical
power system.

Therefore, in this thesis, various studies are handled to understand and determine the
impact of DG penetration into the distribution network. Also, tried to determine the possible
penetration level into the network. As PV and wind are the most commonly available and
widely used distributed generation technologies, the impacts from these investigated in this
thesis. It is always advisable for any electrical network that the voltage, frequency, and
current should not increase beyond a limit for the general safety, and to avoid the damage of
different types of equipment connected with the network. For instance, the protection system
is principally designed based on the maximum fault level current, and hence, any increase
above the maximum limit would harm the system. As the electricity fed from the distribution
network to the customers, the changes in the electrical parameters of the distribution network
might create problems at the consumer ends as well. Hence, the impacts of PV and wind
distributed generation on the distribution voltage, current and frequency levels are studied in
this thesis. Also, the introduction of power electronics devices within the PV and wind
electrical systems that were not present in the traditional system is expected to create some
additional problems related to the power quality. Therefore, the power quality problems,
mainly the harmonics created due to the introduction of DG systems are also studied.

At first, the thesis was intended to conduct the research based on the existing UK
network model. However, the opportunity to access the original data and the permitted
timeframe were limited. Therefore, decided to use the most viable accessible data for
approved distribution system models. Thus, it guides to the IEEE test feeder distribution
model; the one which is widely used by different researchers. Then, the analysis outcomes
from the test model are evaluated based on the UK standards.



1.2.  Problem statements

The rapid growth of renewable penetration into the distribution network might create
an unfavourable effect on the power system network. Therefore, in all countries, where the
distributed renewable generation expands widely, it is necessary to think about the problems
related with the distributed penetration and the maximum penetration level that would not
create problem to the electrical power network system. As in the other developed countries,
for the UK, the wind and PV systems are expanding widely. Hence, it is desirable to have an
understanding about the impacts due to the distributed systems into the electrical network.
Therefore, in this thesis, based on the IEEE test feeder distribution network, the effects of
distributed renewable penetration into the grid and the possible limits of penetration level is
studied.

1.3.  Overall Aims
The overall aim of this thesis is to study about the distributed generation (DG) and its
impacts on the grid.
The main objectives are:
e To study the distributed generation (DG).
e To examine the impact on the grid voltage because of the DG penetration.
e To investigate the influence of the short-circuit fault current levels due to the DG
penetration.
e To examine the frequency impacts at the grid because of the DG penetration.

e To review the harmonic effect on the grid voltage due to the DG penetration.

1.4,  Methodology

The methodology adopted in this thesis is the simulation and analysis of different
scenarios. The IEEE 30 bus test feeder network is selected to model and to study the impacts
of the distributed generation penetration into the grid. The most appropriate method was to
model the real network. However, by considering the available time frame, a representative
prototype network is used for this thesis. The IEEE 30 bus distribution network feeder has the
voltage levels like the UK distribution voltage levels, and the network parameters used in the
test feeder based on the relevant international standards like IEEE standards. Therefore, it
can consider as a prototype of the actual electrical network system. Thus, the IEEE test feeder
is modelled in the software and studied the impact due to the DG integration into the
network. The computer software used in this thesis for simulation is one of the widely used

power system analysis software, ETAP (“Electrical Transient and Analysis Program”). ETAP
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provides the most comprehensive renewable energy models, and, performs various complex
power system related calculations such as load flow analysis, short circuit fault level,
transient stability, and harmonic analysis as per the ANSI or IEC standards. These features
are used in this thesis to perform the DG integration issues related to voltage, fault level
current, frequency, and harmonics. The results are compared with the UK legislative

framework and evaluated whether the variations are within the permitted limits.

1.5.  Thesis outline

This thesis includes five chapters and the order given below.
Chapter 1 — Introduction

This chapter provides the background of the thesis and explains the problems

intend to investigate. Also, the main objectives established, and described the adopted
methodologies and the thesis outline.
Chapter 2 — Literature Reviews

This chapter gives a detailed description of the distributed generation, conventional
electrical network, and how the introduction of the distributed generation changes the
traditional power network system. Also, it describes the growth of PV and wind distribution
technologies and outlines the importance to study about the DG integration. In addition, this
chapter illustrates the different distributed generation technologies with a much more detailed
study about the mostly used PV and wind generation techniques. Later, a comprehensive
study about the technical challenges of DG implementation is presented and explains the
background of the problems with the help of numerous research papers. Also, briefed the UK
recommended variation limits on the electrical parameters.
Chapter 3 — Methodology

This chapter provides a detailed explanation of the chosen distribution network, and

the software used for the simulation to study the impacts of DG integration on the grid. Also,
illustrates the different procedures and methodologies adopted to build the models. In
addition, the chapter details the various tests performed on the models to study the DG
penetration impact. Finally, it ends with the explanation of the different scenarios used in this
thesis for the DG integration studies.
Chapter 4 — Simulation Results and Discussions

This chapter presents the simulation results carried out on the software based on the
selected scenarios. The results shown based on the different tests such as load flow analysis,

short-circuit fault level, transient and harmonic analysis conducted in this thesis. Also,



provides the detailed interpretation of the results of each of scenarios. The end of this chapter
highlights the key outcomes based on the different results.
Chapter 5 — Conclusions and Future Work

The final chapter presents a summary of the thesis outcome. Furthermore, outlines a
recommendation for the future work by considering the limitation of this thesis and possible

extension from the current study.



2. Literature Reviews

2.1. Introduction

This chapter includes learning from the various literature that have covered to study
the distributed generation and its effect on the grid. Some of the main topics covered in this
chapter are a review of the distribution network and how it differs from a traditional system.
Also, briefed some of the commonly available distributed generation technologies with a
more detailed study about the solar and wind farm electricity generation. In addition, some of
the possible impacts on the network due to the DG integration are identified and explained
the root cause and its influence on the grid. In the end, a short study on the UK recommended
standards regarding the impact level have described. It is used to evaluate the simulation

results.

2.1.1. Distributed generation concepts and definition

Traditionally, an electrical power system network consists of four different stages
such as generation, transmission, distribution, and consumption. Electric generation is the
place where electricity produced by using different technologies and are usually close to the
primary energy resource locations (e.g.: - coal mines or water reservoirs). The consumption is
the last stage of the network where a consumer uses this generated electricity. Normally, as
the consumer is located far away from the generation places, electricity requires to supply
through the diverse network such as transmission and distribution network. This includes a
high voltage (HV), medium voltage (MV), and low voltage (LV) networks. The different
voltage levels have achieved with the help of a transformer and have connected by different
types of equipment such as a circuit breaker, and the electricity transmitted through the
overhead and underground cables. Normally, the distribution network is designed to operate
radially. In a radial network, the power flows in one direction and is from the higher voltage
levels to the low voltage levels at the consumer end. A traditional conception of the electrical
power supply network is given below in figure 2-1.

In the UK, the voltage levels at the power network vary depending on the purpose; the
transmission voltage level is ranging from 400 kV to 275 kV whereas the distribution
voltages are in the range of 132 kV to 230 V. The structure of a UK power supply industry
(ESI) has shown in figure 2-2.



LEVEL 1 GENERATION
<} ENERGY
LEVEL 2 TRANSMISSION FLOW
|1
LEVEL 3 DISTRIBUTION
<<
LEVEL 4 CUSTOMERS AN

Figure 2-1 A traditional electrical power supply network block diagram (Vignolo & Zeballos, 2002)
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I 1| *rm}

m | I \ | Transformer
240V

Small commercial Light Industry Heavy Industry
and residential medium Factories Large Factories

Figure 2-2 The UK electricity supply industry structure (UK Parliamentary, 2001)

Nowadays, the electricity generation is not only limited to one location but also the
energy demand met by a combination of generation mix from the centralized traditional
plants as well as the distributed sources. The evolutions in technology, environmental policies
of governments, and the expansion of electricity and finance markets are some of the main
reasons for the development of such distributed generation (Vignolo & Zeballos, 2002). The
increasing use of the renewables to reduce the environmental pollution can be considered as
the main driving force for the rapid expansion of the distributed generation in the world. The
term “distributed generation” includes all use of small electric power generations. It can
locate either on the utility system or at the site of a customer or at an isolated site which not

connected to the main electrical power grid (Willis & Scott, 2000). The large-scale
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distributed generators are located either at the LV or MV side. The traditional distribution
network was considered as a passive network as this network doesn't have generators units,
and the power flows in one direction from high voltage levels to the lower levels like the
water flows. However, with the introduction of the distributed energy generations, the
electricity network cannot view as a passive system, and it becomes an active system. It
means that the integration of DG at different voltage levels allow the power to flow in the
opposite direction of the conventional systems as well; that is, from low voltage levels to high
voltage levels (Revuelta, et al., 2016). The new conceptional electric supply network has

given in below figure 2-3.
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Figure 2-3 Electric supply network with DG (Vignolo & Zeballos, 2002)

There are many definitions available for the distributed generation. According to the
Institute of Electrical and Electronics Engineers (IEEE), the distributed generation defined as
“the generation of electricity by facilities sufficiently smaller than central generating plants as
to allow interconnection at nearly any point in a power system. A subset of distributed
resources” (Dondi, et al., 2002). Despite there is no complete definition of DG, the main
features of it can be established as (Revuelta, et al., 2016):

e It connected to a distribution network.

e Itis common that some part of the generation used by the same facility, and the
remaining unwanted part exported back to the grid.

e There is neither a unified planning nor a centralised dispatchability for such

generation.



The distributed generation resources involve renewable energies as well as

cogeneration systems (CHP). The renewable energy is the energy from naturally available

resources such as sunlight, wind, tides, waves, biomass, geothermal heat, etc., and

cogeneration systems make use of both electricity and heat. The heat from the cogeneration

system can employ for district schemes or the space heating of the same plant. According to

the installed size, the distribution system has divided as given in below table 2-1.

Ratings Categories
1W < 5kW Micro-distributed generation
SkW < 5SMW Small distributed generation
SMW < 50MW Medium distributed generation
S50MW < 300MW Large distributed generation

Table 2-1 The categories of DG based on ratings (Ackermann, et al., 2001)

Some of the main advantages (Thong, et al., 2005) identified for the DG are:

The main idea of a DG to increase the reliability of the power supply to the customers
by using the locally available supply. Hence, reduce the transmission as well as the
distribution energy losses via power networks, and avoids the black-out due to
insufficient conventional electric generation. The DG can be utilised effectively in
remote areas or in times of peak demand, where, it might be a cost-saving solution
(for instance, electricity for an island).

The connection of DG to the grid could improve the voltage profile and power quality
of the system, and often support the voltage stability. Therefore, the systems can
withstand higher loading conditions, and slows down the new construction or
modifications of the transmission or distribution systems.

The payback period and construction cost of DGs are less compared with the
traditional systems such as coal or nuclear power plants. Also, the increase in
efficiency is achieved especially with CHP.

Unlike the conventional systems, most of the DG technologies are helping to reduce
or eliminate the emission of harmful gases such as the carbon dioxide, nitrous oxide,
and other greenhouse gases.

In many countries including the UK, the governments are subsidizing the renewable

energy development, and it also creates an additional income opportunity for the



public. For instance, currently, in the UK, as per the Feed-in Tariff* (FIT) government

scheme, any solar PV of a capacity <10 KW receives an income of 4.01 p/kWh, and

between 10-50 kW, it is 4.25 p/kWh. In case of wind (<50 kW), hydro (<100 kW),

CHP (<5 kW) the generation tariffs are 8.46 p/kWh, 8.07 p/kWh and 14.52 p/kWh

respectively (Energy saving trust, 2018).

The DG is closely related to the use of renewables, and among the renewables, solar
and wind resources are employing widely in the world. The controlling of many such
distributed resources makes new challenges to a safe and efficient operation of electrical
networks. The problem partly solved with the introduction of microgrids, where such entities
coordinate the renewable resources in a more decentralized way so that less controlling
related burden on the main grid and maximising benefits from renewables (Hatziargyriou, et
al., 2007). The concept of a smart grid defined as “a type of self-managing network with
dynamic optimization techniques that uses real-time measurements to minimize losses, to
maintain the voltage levels, to increase security, and to improve the system management”
(Revuelta, et al., 2016). The data collected by smart grid and other associated subsystems
allow the operator to quickly identify the best approach to solve the problems in the network.

The below section describes the major renewable technologies, PV and wind in detail

and some of the other distributed generation techniques.

2.2.  The wind power technology

As wind power considered as one of the primary sources of renewable energy the
electricity formation from wind has been growing rapidly. As per the latest Global Wind
Energy Council (GWEC) statistics, the cumulative global installed wind capacity had reached
539.7 MW (GWEC, 2017). Both onshore and offshore wind generation is expected to grow
rapidly. The onshore wind is a proven and mature technology, and with advancement in the
technology over the last few years, the electricity produced from sites with lower wind speed
has increased. Moreover, the wind turbines have become longer with taller hub height and a
larger rotor diameter to generate more power. The deployment of the wind turbine in sea
lakes showed better use of wind resources than at land-based sites (IEA, 2018), and it
resulted in rapid growth of offshore wind turbines. The below statistics (Figure 2-4 and
Figure 2-5) shows the global trends of wind power generation.

! Feed-in Tariffs (FITs) is a UK Government program that encourages the use of renewables-based technologies
(Energy saving trust, 2018).

10



1000 1800

800

1600
s S
z 5
O 600 ; 1400 o
> [ g
3 = | :
= O 2
T 400 - ﬁ : 1200 =

200 1000

°
0 800
2016 2017 2018 2019 2020 2021 2022
-®- Generation china @ Europe @ North America @ APAC . Latin America . Africa

Eurasia . Middle East . Accelerated case

Figure 2-4 Onshore wind generation and cumulative capacity by region (IEA, 2018)
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Figure 2-5 Offshore wind generation and cumulative capacity by region (IEA, 2018)

In the UK also witnessed similar trends; both offshore and onshore wind generation
rose by 27 % and 37 % respectively in 2017 compared with a year earlier (UK government
statistical press release, 2018). As wind considered as the major renewable resource in the
UK, the growth is mainly because of the government policies to increase the share of energy
consumption from the renewable resources.
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As the share of electricity generation from wind is expecting to increase in the
upcoming years, it is necessary to study and understand the possible integration issues

because of such rapid growth.

2.2.1. The wind power system
The below block diagram (Figure 2-6) represents the major components of a wind

power system.

Wind power
Power
Electronics
Gearbox S SRREALOE

Rotor Converter

U
Power

Transformer

Figure 2-6 A typical wind power system components (Pandey, et al., 2012)

The wind power is used to turn the blades around a rotor. The rotor is connected to the
generator via a gearbox/shaft, and it spins a generator to produce electricity. Thus, a wind
turbine utilised the kinetic energy from the wind and converted to electrical energy. The
output of the wind turbine (Revuelta, et al., 2016) is given by

1
P= ECPpV3A

Where,

P — The power in watt (W);

Cp — Power coefficient, a measure of the effectivity of the rotor aerodynamics;

p — The air density (1.25 kg/m3)

V — The wind speed in m/s;

A — The swept area of rotor disk in m2

Thus, the generator produces an AC output; but, because of the fluctuating nature of
the wind, the AC power needs to convert to the DC power, and later, it turned back to AC
with the help of power electronics converters (Blaabjerg, 2012) before integrating with
electrical grid. Also, with the help of a power transformer, the voltage stepped-up according
to the network grid. The different power curve regions of a wind turbine system according to
the wind speed has given in figure 2-7.
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Figure 2-7 The control regions in a modern wind turbine. (Chena, et al., 2018)

In the region 1, the wind speed is too low below the cut-in speed, and hence, the
generation is zero, and the turbine is in standby mode. The situation is same in case of high
wind speed, i.e. in region-4, where the turbine stops to prevent the damage. In region 2 where
the wind speed is higher than the cut-in speed and below the rated speed, the rotor is
regulated to achieve maximum blade efficiency and produce the maximum power output. In
the case of region 3, when the speed is between the rated and the cut-out speed, the wind

turbine produces the entire turbine rated power.

2.2.2.  The different wind turbine types
A concise explanation of the different wind turbine generator (WTG) topologies

provided below.

a) Type1lWTG:

Normally, type-1 WTG is pitch-regulated and drives by squirrel cage induction
generator that directly coupled to the grid (Fox, et al., 2007). As the wind turbines
always work at approximately constant speed, these types of WTG generally called as
fixed speed wind turbine. A capacitor bank is also used to improve the power factor
by reactive power compensation (Li & Chen, 2008). A typical type 1 WTG system
has shown in figure 2-8.

N Plant
\] Feeders
AV
generator
|
Y PF control

—— capacitors
Figure 2-8 Type 1 WTG (Muljadi, et al., 2010)
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b) Type 2 WTG:

In this type, wound rotor induction generator is used instead of the squirrel cage type,
and whose rotor winding is brought out via slip rings and brushes. An external rotor
resistance is electronically modulated to control the speed (Fox, et al., 2007). The
energy extracted from the external resistor dumped as heat loss in the external
resistance (Li & Chen, 2008). Here also, the capacitor bank is used for reactive power
compensation to improve the power factor. A typical type 2 WTG system has shown
in figure 2-9.

N Plant
I I Feeders

generator
v L ac PF control
} 7~ capacifors

to

: de
Slip power
as heat loss —

Figure 2-9 Type 2 WTG (Muljadi, et al., 2010)

Type 3WTG:

This configuration is known as DFIG (doubly fed induction generator). The turbine is
pitch-regulated and features a wound rotor induction generator with a partial-scale
power converter. This AC/DC/AC power electronics converter is connected between
the rotor terminals and grid as shown in figure 2-10 (Li & Chen, 2008). The generator
stator winding directly coupled to the grid. The converter circuit, through injecting a
controllable voltage at the rotor frequency a variable speed operation of the wind
turbine is resulted (Holdsworth, et al., 2003). The power converters can be used to
provide the required reactive power compensation, and for a smooth grid connection.
As the rating of the power converter is around only 25-30 % of generator capacity, it
makes this type more attractive and popular from an economic point of view (Li &
Chen, 2008). A typical type 3 WTG system has shown in figure 2-10.
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Figure 2-10 Type 3 WTG (Muljadi, et al., 2010)
d) Type4 WTG:

In type 4 WTG, a pitch regulated turbine, and an induction or synchronous type
generator used. It also utilises an AC/DC/AC power converter and through which the
entire generator power processed. Like type 3, type 4 also supports faster active and
reactive power over a wide range of speeds. The major distinction with the previous
type is the generator rotates at a low speed because of the direct connection of the
generator rotor with the hub of the turbine rotor (Li & Chen, 2008). Therefore, the
generator is usually designed with a larger diameter and small pitch to deliver more

torque (Dubois, 2004). A typical type 4 WTG arrangement shown in below figure 2-

11.
‘n’ Plant
| Feeders
, '\/‘ — ac (— dc
L | 8memior i g 1o
p dc ac
\/‘
full power

Figure 2-11 Type 4 WTG (Muljadi, et al., 2010)

2.3. The solar power technology

Solar power technologies use sunlight to convert into useful energy forms. It utilises
both light and heat from the sun. Such energies from sun harnessed by using the various
progressing technologies such as “solar heating, solar photovoltaic, solar thermal electricity,
solar fuels, solar architecture and artificial photosynthesis” (Hyder, et al., 2018). Among
these, the photovoltaic systems are considering as most popular applications. The main

advantage of solar PV is that the manufacturing of PV’s can be done in large plants as well as
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for small areas. Hence, it allows large scale deployments as well as deployment in very small
quantities (IEA, 2018). The significant drop in the cost of solar PV system in the last decade
can be considered as the main driving force for the substantial expansion of the global PV
market (Nemet, et al., 2017). The total solar PV capacity has reached almost 300 GW and
generation crossed over 310 TWh in 2016 (IEA, 2018). The utility-scale installation
accounted for a major part of it, that is, 55 % and the rest is in distributed applications that
include “residential, commercial and off-grid” (IEA, 2018). The photovoltaic is expecting to
lead renewable electricity capacity growth and the anticipated global trend for the next few

years given in figure 2-12
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Figure 2-12 The solar PV generation and cumulative capacity by region (IEA, 2018)

In the UK also witnessed similar trends; the generation from solar photovoltaics
increased by over 10 % in 2017 compared with a year earlier (UK government statistical
press release, 2018). The UK witnessed a rapid growth of solar PV in the recent years, and in
2016, “solar photovoltaic generation showed the largest absolute record increase of the
renewable technologies, rising by 2.9 TWh (38 %) to 10.4 TWh in 2016” (BEIS, 2017).

As the share of electricity generation from PV also is expecting to increase in the
upcoming years, it is good to study and understand the possible integration issues because of

such rapid growth.
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2.3.1. The solar PV system

The photovoltaic (solar cells) are the “electronic devices that convert sunlight directly
to the electricity” (IEA, 2018). This method called the “Photovoltaic effect?. Depending on
the materials used the PV technologies usually classified into three generations. The first
generation uses “wafer-based crystalline silicon technology”, the second generations based
on “thin-film PV technologies” and the third include technologies such as “concentrating PV
and organic PV cells that are still under the demonstration” (IRENA, 2012). A typical grid
connection scheme of a PV panel system has given in below figure 2-13.

/" Inputside control O\ [/ Grid side control ) Grid
L] | °° ”{ L1 |
\ T de ac T I

MPPT  Energy Isolation St
\control storage

PV
module Power converters

Figure 2-13 Grid connection scheme of a PV plant (Revuelta, et al., 2016)

As the output from the single photovoltaic cell is typically around 1 to 2 W, to
generate much higher output, many PV cells are grouped in series and parallel combination to
form a PV module. Then, several such PV modules are electrically connected again in the
series-parallel method as in the figure 2-13 to generate the power at the required levels. The
approximate power output from a PV panel is given by the below equation (Revuelta, et al.,
2016).

G

Prp = _Pmp.ref[l + V(T - Tref)]
Gref

Where,

Py - The maximum power outputs.

G - The incident irradiance.
Gres - 1000 W/m2,
Prp,rer - The maximum power output under standard testing conditions.

2 The Photovoltaic effect is “when two different (or differently doped) semiconducting materials (e.g. silicon,
germanium), in close contact with each other generate an electrical current when exposed to sunlight. The sunlight
provides the electrons with the energy needed to leave their bounds and cross the junction between the two
materials. This occurs more easily in one direction than in the other and gives one side of the junction a negative
charge with respect to the other side (p-n junction), thus generating a voltage and a direct current (DC). PV cells
work with direct and diffused light and generate electricity even during cloudy days, though with reduced
production and conversion efficiency” (IRENA, 2012)
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y - The maximum power correction for temperature.
T - The measured temperature.
Trer - The temperature for standard testing conditions reference (25°C).

The DC converter at the output of the PV panels (shown in figure 2-13) used to adjust
the voltage to proper levels from the panels. The DC/AC converter is connected to convert
the DC output to AC and to make the voltage and frequency according to the grid conditions.
The output voltage of the module limited by the increased cell temperature. Hence, to obtain
maximum power output, a “maximum power point tracking (MPPT)” circuit is used with
storage elements, and those are attached with the DC/DC converter (Jenkins, et al., 2010). A
typical voltage-current characteristic of a PV module has given in figure 2-14. The isolation
transformer shown in the figure 2-13 at the grid side is used to avoid the injection of DC into
the network, and a filter circuit is used to remove the harmonic components (Jenkins, et al.,
2010).

Max power
4 point

o.c. voltage drops
with increasing

cell temperature ¢\

V (Volts)

Figure 2-14 Typical voltage/current characteristic of a PV module (Jenkins, et al., 2010)

2.4. Other Distributed generation technologies

Some of the other commonly used DGs are given in this section

2.4.1. Micro Gas Turbine (Cogeneration or CHP)

A micro gas turbine (MGT) is composed of a “centrifugal compressor, radial turbine,
combustor, and recuperator” (Kim, et al., 2018). A rectifier and inverter have connected to
the output of the generator. The is the most commonly used design is the compressor and

turbine installed on a single shaft and has shown in below figure 2-15.
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Figure 2-15 A micro gas turbine scheme (Kim, et al., 2018)

A micro-turbine utilises the flow of gases to convert the “thermal energy into the
mechanical energy”. The combustible gas is mixed with air and compressed in the
compressor. Later, the compressed combusted mixture at high temperature and pressure
drives the turbine, and it impulses the generator to generate the electricity. The recuperated
unit recovers some of the exhaust steam and transfers it to air flow at the inlet. Hence, it
raises the temperature of the inlet air supplied to combustors. Further, the recovered exhaust
steam can use for the cogeneration schemes, where recuperator outlet gas is transferred into a
heat exchanger to make hot water, and then for the space heating purposes (Pilavachi, 2002).
To achieve the required voltage and frequency level before connecting to the grid, the output
from the generator converted to DC, and later, turns it back again to AC. Some of the
advantages of the MGTs are “larger specific power, noise reduction, and emit much fewer
pollutants, especially NOx” (Kim, et al., 2018)

2.4.2.  Fuel Cells

Hydrogen can be considered as an important clean renewable energy source as it is
widely available in the universe. A fuel cell uses the hydrogen potential and generates
electricity. The process involved in the electricity generation process is the same as the
battery, “the conversion of the chemical energy to the electrical energy.” A typical fuel cell

scheme that usually available shown in figure 2-16.

19



Load

Hydrogen | _ Oxygen

g

Hydrogen
ions
Excess e fie ol 5 Water
Anode Cathode
Electrolyte

Figure 2-16 The fuel cell scheme (Revuelta, et al., 2016)

In a fuel cell, under the monitored and controlled condition and in the presence of a
catalyst, the incoming hydrogen at the “anode” is divided into “protons and electrons.” Then,
the protons allowed to pass to the cathode through an electrically isolated membrane, but,
“the electrons are forced to flow through an external circuit to generate the energy”
(Revuelta, et al., 2016). In the catalyst of the cathode, the “oxygen molecules react with
electrons and protons to produce water.” Unlike the battery, for a fuel cell, the hydrogen and
oxygen supplied as a constant flow from outside. Thus, generates electric power continuously
without interruptions. As the output from the fuel cell is constant, an inverter has used before
connecting to the grid. Normally, a single cell provides very less voltage (less than one volt),
and therefore a group of fuel cells is normally "stacked" together to increase the power
output. Some of the advantages of a fuel cell are “high efficiency, low pollution, quiet

operation, etc." (Metra, 2015).
2.4.3.  Small Hydro Generation

The conversion of the potential energy of water into the electrical energy is a matured
technology and widely spread throughout the world. Nowadays, the trend is on the small
hydropower schemes. In general, currently, three different types are most common in the
world (IEA, 2018). First, the “traditional big reservoir type hydro plants”; where the water
stores in reservoir and electricity produced as per the demand by utilising the potential energy
of water in the reservoir. Second, the “run-of-river hydropower plants”; where the electricity
produced mainly from the available flow of water These types include some short-term
storage or “pondage” to have some flexibility for a day or few hours. Last is the “pumped
storage plants”; where water pumped from the low reservoir to upper reservoir when “supply
exceeds the demand” or at times of least power cost, and when the “demand exceeds the
supply” the water flows back from the upper reservoir through turbines to generate

electricity.

20



The output power of a hydraulic turbine (Jenkins, et al., 2010) is given by
P = QHnpg
Where

P — The output power in Watts

Q — The flow rate of the water (m3/s)

H — The effective head of the reservoir (m)
n — The overall efficiency of the plant

p — The density of water (1000 Kg/m3)

g — The acceleration due to gravity (m/s?)

Nowadays numerous researches are continuing to achieve more efficient turbines and

for the maximum exploitation of variable flow rates and heads.

2.5. Contrary Impacts of DG on a distribution system
The below section illustrates some of the common issues and its root causes related to

the DG integration with the grid.

2.5.1. Impact on voltage regulation

Distributed networks originally designed to operate radially without any generating
sources either at the distribution lines or at the customer premises. The introduction of DG
can deteriorate the effectiveness of the voltage regulators in the system in charge of handling
voltage variations and in case of failures within the system (Casavola, et al., 2011). A
distribution network voltage normally regulated with “load tap changer (LTC)” at the
substation, and with supplementary line regulators as well as switched capacitors on the
feeder (Barker & Mello, 2000). The voltage regulation is normally performed based on the
power flows from a substation to the customer loads. The introduction of DG may result in
the change of the voltage profile because of the variation in the direction or the magnitude of
the power flow. The figure 2-17 shows an instance where the introduction of distributed
generations changed the voltage profile at the feeder. In this case, a DG unit introduced at the
downstream of the voltage regulators. The changes in the magnitude and direction can create
problems for the all the types of equipment used within the feeder system, and it could impact
the supply voltage at the customer ends. Thus, it creates safety-related problems within the

power system.
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Figure 2-17 Comparison of change in voltage profile with and without DG units (Barker & Mello,
2000).

It has shown in the above figure that the addition of DG reduced the voltage
magnitude on the feeder. This misleads the regulator into setting a lower voltage than it
originally required at the consumer levels. Thus, the DG reduces the “observed load at the
line drop compensator control, and it makes the regulator to set less voltage at the end of the
feeder” (Barker & Mello, 2000). This makes negative consequences on the system.
Therefore, it is necessary to introduce an additional regulator controller or the movement of
DG into the upstream direction to resolve the problems.

There are chances of voltage regulation problems when the DG penetration become
significant compared with the feeder capacity. For instance, when the DG becomes greater
than 30 % of the feeder capacity, and if it suddenly disconnected following a fault, the load
becomes significantly higher for the feeder and LTC settings to handle. (Akorede, et al.,
2010). It leads to a condition as shown in the figure 2-18. Even if the circuit breaker has acted
suitably to clear the fault, the situation in the figure could remain for a period of 5 minutes or
more (Akorede, et al., 2010). Under this condition, the voltage at the customer end could sag
below the minimum permitted level for the period until the voltage regulation equipment
reacts. This can cause damage to the equipment due to the excessive low voltage.
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Figure 2-18 The changed voltage profile in case of a fault clearance at the distribution feeder with DG
(Akorede, et al., 2010)

The installation of the DG may also result in the higher voltage at the customer
premises. For instance, a small DG system which shares a “common distribution transformer”
with several customers may cause the high voltage at the secondary side (Barker & Mello,
2000). This is mainly due to the reverse power flow, and such voltage swell above the limit
may cause damage to equipment at the customer end. During the normal conditions, that is
without DG, the voltage at the customer end is lower than the primary side of the transformer.
The connection of DG causes power to flow in a reverse direction to nullify this normal
voltage changes and could rise voltage at the secondary side than the primary side of the
distribution transformers (Barker & Mello, 2000).

Thus, the DG penetration impacts the voltage profile, and any potential application
requires deep analysis prior to the installation to ensure that no customers impacted (Barker
& Mello, 2000).

2.5.2.  Impact on power quality

As explained in the previous section, the bi-directional power flow and complex
power (especially the reactive power) management may create fluctuations in the power flow,
and it could affect the quality of power. The large-scale distributed generation switches, the
sudden start or stop of the distributed generators integrated with the distribution power

network also creates voltage fluctuations (Kling & Slootweg, 2002) such as flickering, dips
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and steps outside the permissible limits on the network of other customers (Akorede, et al.,
2010). Harmonics is the other noted problem due to the DG integration.

Harmonics creates distortion on the fundamental sinusoidal wave and introduces
additional issues on the power network. “Harmonics is a sinusoidal component of a period of
a wave having one frequency which is multiple of the fundamental waveform” (Nasrul &
Firmansyah, 2015). Usually, the harmonics divided into even and odd harmonics. In most of
the cases, the even-numbered harmonics are negligible. The reason is the resultant harmonics
is the even multiple of the fundamental components and generates symmetrical waveforms as
the original waves. However, in the case of odd harmonics, the effects are significant as it
changes the fundamental sinusoidal waveform characteristics as shown in the below figure 2-
19. The different odd harmonics and its influence on the fundamental waveform have also
presented in figure 2-19.

FUNDAMEMTAL

THIRD HARMOMIC

. FUNDAMEMNTAL + THIRD
HARMONIC

Figure 2-19 The odd harmonic effects on the fundamental waveform; wave distortion due to 3" (b),
5% (c), 7 (d) and higher harmonics(e) (Nasrul & Firmansyah, 2015).
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In general, harmonics created in the DG power network is either because of the power
source itself such as synchronous generators or due to the power converter technology such
as an inverter that used for the interconnection. In addition, the harmonics can be created
depending on the transmission line parameters, transformer configurations, and other types of
equipment used in the power network such as protection devices. The type and severity of the
harmonics introduced in the distributed generation systems are depending on “power
converter technology and the interconnection configuration” (Barker & Mello, 2000).
Depending on the design of the generator windings, core non-linearities, grounding, and other
factors may create harmonics and distort the waveform as shown in figure 2-19. For instance,
the synchronous generators often designed with winding pitchof 2/3 to limit the of 3™
harmonics production. However, such machines have lower impedance against the flow of
harmonics current from other sources that are connected parallel to it (Barker & Mello,
2000). The “grounding arrangement of generator and transformer” is the key to decrease the
penetration of harmonics in the feeder because such arrangement can reduce or block the
harmonics, especially the most problematic third harmonics (Barker & Mello, 2000).

Renewable sources are integrated with the grid through PWM inverters and are
controlled to behave as current sources to inject active current into the grid. In case of a wind
inverter, it is required to stay under very low voltage condition as well as to regulate the
voltage at the point of common coupling due to the variability of the resource (Sun, 2012).
Harmonics resonance has been found an increasingly common problem at such interface
between grid and inverters. The parts of equipment connected can be damaged by over
currents or over voltages that created due to the resonance following harmonics creation. The
root cause of such a problem is that “such inverter exhibits capacitive output impedance with
its current control bandwidth” (Sun, 2012). In the case of a grid with many DGs, when the
supply voltage of the grid distorted by non-linear loads, the inverter output current may also
get deteriorated. Therefore, the resulting distorted current increase the voltage harmonics in
the grid (Wang, et al., 2011).

Some of the main effects due to the harmonics are “equipment damages, vibrations
and torque pulsations on the rotating machines, additional losses on all machines or devices
or network elements etc., increase in stress on cables, distortion of operating characteristics of

the protection relays*, malfunction of the controls systems, etc.” (Louie, et al., 2006).

3 “Winding pitch is defined as the distance between the starts of two consecutive coils measured in terms of coil
sides” (U.A.Bakshi & M.V.Bakshi, 2008).
4 Arelay is designed to trip the circuit breaker when a fault detected.
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As per the regulatory standard, any DG installation design should comply the IEEE
519 standard requirements(though each countries limit can vary), and in case of larger DG
units, the IEEE voltage distortion limits are also required to meet as explained in Table-3-2
and Table-3-3) (Barker & Mello, 2000). With the introduction of the IGBT technology, it is
possible to generate output sine waveforms which satisfy IEEE requirements, and thus,
eliminated the high level of harmonics current generation due to the old SCR type power
converter technology (Barker & Mello, 2000). It mainly arranged with the suitable design of

the external harmonic filter.

M