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Abstract

Abstract

Increased penetration of renewable energy sources in the electrical grid due to the rapid increase
of power demand and the need of diverse energy sources; makes Distributed Generation (DG)
units an essential part of the modern electrical grids. Integration of many DG units in the smart
grids requires control and coordination between them and the grid to maximize the benefits of the
DG units. Smart grids and modern electronic devices require high standards of power quality,
especially voltage quality [118].

In this research, a new methodology has been presented to improve voltage quality and power
factor in smart grids. This method depends on using voltage variation and admittance values as
inputs of a controller which controls the reactive power generation in all DG units. The results
show that the controller is efficient in improving voltage quality and power factor [118].

Keywords: Voltage quality; power factor; smart grids; distributed generation; renewable energy;
power quality.



Abstrakt

Abstrakt

Diky vzrustajici poptavce po obnovitelnych zdrojich energie, ktera je vyvolana rychlym nartustem
spotfeby energie se stavd decentralizovana vyroba elektrické energie nedilnou
soucasti moderni elektrické sité. Dobra kontrola a koordinace mezi nimi a siti zvySuje vyraznym
zpusobem jeji pfinos. Chytré sit¢ a moderné elektronické zafizeni maji vysoké naroky na kvalitu
energie a to pfedevsim na kvalitu napéti[118].

V této praci byla piedstavena nova metoda pro zlepSeni kvality napéti a vykon pro chytré site.
Tato metoda zavisi na vyuziti stfidani napéti na vstupu a ovladaci, ktery kontroluje vyrobu energie
ve vSech Céstech decentralizované sité. Vysledky ukazuji, ze ovlada¢ ucinné zlepsuje kvalitu
napéti a vykon sité [118].

Kli¢ova slova: kvalita napéti, vykon sité, chytré sit€, decentralizovana vyroba elektrické energie,
obnovitelné zdroje energie, kvalita napéti.
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Chapter 1
1 Introduction

Renewable energy sources (RES) especially wind, solar and biomass have become an
important part of modern grids, and it is predicted that the number of RES units will increase
rapidly within the European Union where, according to [1], the share of renewable energy
sources (RES) will rise substantially, achieving at least 55% of gross final energy consumption
in 2050. Further, renewables will account for almost one-third of the total electricity output in
the world by 2035 [2]. According to International Energy Agency (IEA), renewable power
capacity will grow by 50% between 2019 and 2024. This expected increase is 1 200 GW that
is equivalent to the total installed power capacity of the United States. Wind farms will
contribute 29% of this growth. Also, China will contribute for about 40% of expansion of
global renewable capacity and about 50% of global distributed Photovoltaic (PV) growth over
the forecast period. Moreover, heat generated from renewable energy is expected to expand by
about 20% over this period. Furthermore, electrical power from renewable sources used for
heat is anticipated to rise by approximately 40% [3], [118].

Due to the high penetration of renewable energy sources in the electrical systems, the electrical
power system changed from centralized generation to distributed generation (DG) or
decentralized generation. DG can be defined as on-site generation which is directly connected
to the distribution networks in order to support the grid on distribution levels [4]. There are a
lot of benefits of DG, such as reducing transmission and distribution costs and increasing the
efficiency of energy [5]. Also, DG units play an important role in minimizing pollution,
especially CO2 [6]. Moreover, DG could play a big role in security and emergency energy
systems for cities, as mentioned in [7]. In addition, photovoltaic energy systems in homes
increases the efficiency of networks both in capital and utilization rates [8]. DG units could
also be used to maximize the voltage profile and minimize power loss [9]. These units vary
between non-traditional units such as wind turbines, photovoltaic farms, and fuel cells, as well
as traditional generators such as micro turbines, therefore, modern grids have become more
complex [10]. The increased numbers of DG units in the grids require operators and designers
to deal with a greater number of power sources and more complex systems [118].

The increased complexity of electrical grids and high sensitivity of modern devices demand
high quality, reliability, and flexibility in the modern electrical networks. The rapid
development of technology and control systems has driven electricity companies and operators
to transition from conventional grids to smart grids. The term ‘smart grid’ according to the
(EV) vision, refers to the intelligent integration of all generations and consumers in order to
provide a reliable, secure, economic, and sustainable energy supply [11]. In fact, many
technical and business challenges have been raised with respect to the integration of the DG
units in smart grids [12], [118].

Power quality is one of the essential needs of obtaining a reliable energy supply in smart grids,
where the appropriate power quality maintains the extent of compatibility between all the
equipment of grid parts [13]. The importance of power quality is based on serious problems
that could occur when power quality is lacking-such difficulties could include, but are not
limited to, troubles related to essential business applications, sensitive industrial processes, and
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important public services, i.e., hospitals and traffic control [14]. Power quality issues could be
classified into five categories: short duration variation, long duration variation (and power
factor), transients, voltage imbalance, and waveform distortion [15]. Long duration variations
have long term impacts on voltage quality, so it is important to minimize them as much as
possible [118].

Voltage control and minimize its variation over the time is one of most important apects of the
voltage quality in the smart grids. DG units which are equiped with full scale converters have
the capability to generate reactive power separately from active power [16]. As there is a strong
relationship between voltage and reactive power, we can control full scale conveters in the DG
units in order to control the voltage. The topolgy of the electrical grid is prone to change
because of adding new DG units or loads over the years. Also, the power by DG units and loads
is changeable continuously. Therefore, the need to control the voltage in robust way becomes
more essential [118].

The used grid in this dissertation is meshed one which has a combination of radial and loop
parts. We used both of the voltage deviation values for all grid busbars and the influence of the
DG unit location (i.e., admittance values) as main parameters to control the voltage, minimize
voltage variations and power losses as well. VVoltage deviation and admittance values have a
significant impact on the reactive power flow and voltage profile. The used data in the
simulation model are from a real network. We made different scenarios of loads to test the
performance of the model in various cases. In this work, we focus on improving voltage quality
by minimizing the long duration variations of voltage and improving power factor to achieve
better voltage quality. The model is created using MATLAB Simulink software [118].
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Chapter 2

2 Literature Review

2.1 Conventional electrical grid
2.1.1. Infrastructure of conventional electrical networks

In general, conventional electrical grid usually made up of many systems which include
generation, transmission, distribution, and consumer (load) systems. Generation system which
is the most complicated one usually consists of large-scale centralized generation plants which
are combined together where the typical modern unit in these plants has rated value of over
1,000 MW. A transmission system is normally used to transfer bulk of power from the large-
scale centralized generating plants to distribution systems. The used voltages in the
transmission system over long distances are high, extra, and ultra-high voltage levels. Standard
voltage levels which are used in transmission systems are 275 kV, 400 kV, 500 kV, 765 kV,
and 1100 kV. Regarding distribution systems, their mission is to receive the supplied electric
power from transmission system then deliver it to the consumers. It could be noticed clearly
the passive role of the distribution network It is therefore important to note that the role of a
distribution network is passive because its work is limited by transferring electrical power from
generation and transmission systems to consumers. The standard voltage levels of distribution
system involve 11 kV, 20 kV, 33 kV, 66 kV, 110 kV, and 132 kV. The design and infrastructure
of the traditional grid relies on the requirements which have been written in the 1950s, when
the main purpose was to keep the lights on. This design based on using large-centralized power
plants to supply power to the load centers over an electro-mechanical grid. This approach called
producer-controlled model as there is only one way or power flow. In such grids, there is no
two-way direction which allows grid and consumers to interact with each other [17],[18].

In general, conventional electrical grids have vertical structure. In such grids, the electric power
which has been generated by the generation system will pass through transmission system to
distribution network which in turn supply the electric power to the load centers. Vertical
structure of the conventional electrical networks is illustrated in Figure 2.2 shows where
electric power flows in one-way mode, starting from generation system, then going through
transmission system till reaching distribution networks which feed it to the final loads. Control
system which uses in such grids is a centralized one and known as Supervisory Control and
Data Acquisition (SCADA) systems which will supervise energy production process and
distribution. SCADA is the responsible system of visualizing and mapping any operational
activity in the electrical network. Actually, SCADA systems is very useful in reducing costs
and minimizing unnecessary power generation because it can control the transmission and
distribution of power locally or remotely according to the current demand and peak loads as
shown in Figure 2.3 [17],[19].
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Generating plants

Transmission systems

Flow of electricity

Loads

Figure 2.1 Principles of vertical structure of conventional power systems whereby the flow of
electricity is unidirectional [17]

| T e i b e L e e o o sl

Bulk Generation Transmission Distribution Customers

Operational Control . !
|

L cem—

Figure 2.2 Architecture of the traditional electric power grid [19].

2.1.2 Main characteristics of conventional electrical networks

The main properties of conventional electrical grids are:
(i) The vertical structure of conventional electrical grid.

(ii) Power flow is one way and it is especially true for distribution networks.
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(iii) The price of electric power is strongly related to which utility the consumer is linked. That
means, there is no choice for consumers of choosing the company which they want to buy
electricity from it, thereby, consumers play a passive role. [17]

2.1.3. Environmental impacts of conventional electrical networks

The electrical power network has been providing many useful services to the societies since a
long time with some intermittent problems such as blackouts. Although, currently the used
energy by the countries is only a small part in form of electricity. The harmful effects of
electrical power generation due to the emissions comes not only from power plants but also
from other part of its fuel chain. These emissions could be categorized into solid, liquid,
gaseous and radioactive emissions. In general, power plants depend basically on energy sources
in form of petroleum, coal, gas, and biomass. Furthermore, the efficiency of the electrical
generation system which convert the traditional forms of energy such as petroleum or gas is
relatively low. The inefficiencies of these electrical generation systems are transformed into
emissions such as CO2 which has big impact on environment especially in countries such as
USA where most of the energy came from fossil fuels sources. In fact, the electrical sector is
responsible for about 40% of the CO2 emissions in USA as shown in the Figure 2.4 [20].

Actually, the real problem is not necessarily from missions themselves, but it it is because of
their influences on the environment. For instance, breathing in of air containing high levels of
sulphates with specific other emissions can cause an increase of the premature death
probability. In fact, Sulphur dioxide can has some benefits at low concentrations that it can
increase growth of certain plants, but at high levels it will decrease the growth of them. If
Sulphur dioxide combined with water, it forms acids which have a corrosive impact on a
various material. [21]

Commercial
4%

Residential
6%

Industrial

17% Electric Utilities

40%

Transportation
33%

Figure 2.3 CO2 Emissions in the USA [22].

Global Emissions by Gas
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Actually, the most significant greenhouse gases which are emitted by human activities on the
global scale are:

. Carbon dioxide (CO2).

. Methane (CH4).

. Nitrous oxide (N20).

. Fluorinated gases (F-gases). [23]
Figure 2.5 shows the percentage of them.

Global Greenhouse Gas Emissions by Gas

F-gases 2%

\\Nitrous
‘\Oxlde
\\6%

Methane \
16%
\ Carbon Dioxide
(fossil fuel and industrial
processes)

Carbon Dioxide
(forestry and other o
land use) 65%

11%

Figure 2.4 Global Emissions by Gas [24]
Global Emissions by Economic Sector
Greenhouse emissions can be divided by the economic activities the cause releasing them. We

can notice in Figure 2.6 the contribution of each sector in the global emissions. The figure
shows that energy sector causes about 35% of the global emissions.

. Electricity and Heat Production.

. Industry

. Agriculture, Forestry, and Other Land Use
. Transportation

. Buildings
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. Other Energy [23], [24]

Global Greenhouse Gas Emissions
by Economic Sector

N\ Other
Y Energy

\ 10%

Electricity and
Heat Production

Industry S

21%

Agriculture, Forestry
Transportation and Other Land Use

14% 24%

Figure 2.5 Global Emissions by Economic Sector [24]
2.2 Motives and drivers of the Smart Grid concept

Actually, achieving efficient transmission and distribution of electricity is an essential need for
sustainable development and growth throughout the world. Nevertheless, electrical grids will
have to face big challenges in this field in the 21st century. The most important challenges that
the European Union has to deal with are [25],[26]:

* Decreasing the available primary energy sources (PES)such as nuclear, fossil fuel energy
sources.

* The rapid increase of PES prices.
* The fact that Central Europe imports about 70 % of its energy needs.
* The environmental issues and the increasing influences of greenhouse emissions.

Figure 2.7 shows the expected number of years of fossil and nuclear PES production that left
in the Earth with the most hopeful projected reserves. This data is according to the present
information about the geological sites of production and the present demand of the world. It
can be noticed that the data about the reserves that are exploitable at the current locations are
close to each other in both information sources. In fact, we can notice that the main difference
in the figures is related to the expected increase of energy resources which could be invested
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by non-traditional technologies such as hydraulic breaking of rock for gas exploitation, in
addition to, the difference in the known reserves [26].

(a) (b)
um =1 527
Uranium [ 25| ~1Gt HCE/® Uranium [ 42
IF’etro_ - 157
aum
Petro - . ]
foum 43 | .~4BGt HCE/a® — 3,2Gta Natural . .
Gas —
Natural 88 | -26 GtHCEAR" Lignite 1264
Gas coal |
Coal | - 3.2 GtHCEA" Hard | 1425
Coal
0 40 80 120 1e0 Assumed Availabity, 0 50 100 150 200  >1000 Assumed Availability,
y years
- : o
Annual world demand 20101n 10 tons (Gf) I:l Reserves Assumed resources, untraditional exploitation

HCE (hard coal equivalent)

Figure 2.6 The reserve expectations for primary energy and the annual world demand (Sources
a[27], b [28])

Moreover, it has been noticed that the electrical grids had many changes in the recent years
that have made the present grid unable to face the challenges of the future [29]. Therefore, the
modernizing of electrical networks becomes an extreme need, which has improved into the
development of the Smart Grid concept. In general, this concept is widely understood as way
forward to solve issues which are related to increasing energy consumption, energy efficiency,
integration of distributed generation, power quality, and power supply reliability [30].

Therefore, the development and evolvement of the Smart Grid concept has been induced due
to the following factors:

e Aging of traditional electrical grids as well as the emanation of new applications
e Environmental issues and political factors
e Current electricity market and the liberalization of it.

e Participation and motivation of consumers as active players to support the electrical network
[17]

2.3. Smart grid

2.3.1. Background and history of Smart Grid evolution

In 2001, an accurate description of the future grids has been published in Wired Magazine [31].
This description that was recognized later as a Smart Grid concept, states ‘“The best minds in
electricity R&D have a plan: Every node in the power network of the future will be awake,
responsive, adaptive, price-smart, eco-sensitive, real-time, flexible, humming, and
interconnected with everything else.”
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The concept of Smart Grid has been evolved in the recent years in different location in the
worldwide such as North America [32],[33] and Europe [34],[35],[36], as well as India, China
[37],[38],[39].[40], and South Africa [41].

In Europe, the European Technology Platform for the Electricity Networks of the Future has
been formed following a statement by research community and industrial stakeholders during
the first International Conference which held in December 2004 on the Integration of
Renewable Energy Sources and Distributed Energy Resources. After that, the development of
Smart Grids was started by the Smart Grids European Technology Platform for Electricity
Networks of the Future in 2005. The goal was to set up, promote and evolve a vision for the
needed development of European electricity networks in 2020 and future [42],[17].

The concept of Smart Grid in USA has been evolved officially by US Energy Independence
and Security Act through its publication in December 2007 by which it is specified by the
following points [43]:

1. Shifting the United States toward greater energy security and independence.

2. Protecting consumers.

3. Increasing the participation and production of renewable energy sources,

4. Increasing the efficiency of vehicles, products, and buildings.

5. Encouraging research on and circulate greenhouse gas vision and possible storage options.

6. Enhancing the energy performance of the Federal Government [43].

US Energy Independence and Security Act has a title X111-Smart Grid, Sec. 1301 in which the
Smart Grid is defined by the following statement of policy:

It is the policy to assist the modernization process of the electricity transmission and
distribution system in United States to maintain a secure and reliable electrical network
infrastructure that can be capable to meet future growth of power demand and to attain all the
following points, which together describe a Smart Grid [17]:

1. Increased use of controls technology and digital information to enhance security, efficiency,
and reliability of the electrical network.

2. Incorporation and deployment of distributed generation units, including renewable energy
sources.

3. Dynamic optimization of energy resources and operations in the grid as well as promoting a
full cyber-security system.

4. Deployment of ‘‘smart’’ technologies (automated, real-time, interactive technologies which
optimize and improve the physical process of devices and consumer devices) for
communications, metering concerning network processes and status, and distribution
automation.
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5. Development and integration of demand-side resources, demand response, and energy
efficiency resources.

6. Deployment and incorporation of peak shaving technologies and developed electricity
storage, including hybrid electric and plug-in electric vehicles, and thermal-storage air
conditioning.

7. Integration of ‘‘smart’’ devices and consumer devices
8. Provision to consumers of control options and timely information.

9. Identification and decreasing of unnecessary or unconscionable obstructions to adoption of
smart grid services, practices, and technologies [17].

10. Advancement of standards for interoperability and communication of equipment and
devices which are connected to the electrical network, including the infrastructure serving the
network [17].

The definition of Smart Grid which has been mentioned above is very wide. It includes many
aspects of electrical network management and operation [44]. The vision of Smart Grid
involved in this definition aims at enhancing efficiency, security, reliability, and of all aspects
of the electrical power system, including distribution, transmission, generation, and customer
sites. Actually, many entities concentrate their vision of the Smart Grid almost on the
possibility customer services authorized by evolved metering infrastructures. [17]

2.3.2. Comparison between Smart Grid and conventional electrical
networks

In fact, conventional electrical networks apart from being out-of-date and old, have recently
been under various changes. The most essential changes that proved to be complicated for the
grids to adapt include the following [17]:

(i) Controlling and handling the dynamic situation between electrical utilities and electricity
market stakeholders because electricity market becomes liberal in the recent few years which
require the implementation of new methodologies, approaches, and tools with the help of most
advanced and modern technologies

(if) Accommodating the modern evolution in automotive industry in terms of electric vehicles
(EVs) will be a new type of load that puts additional potential on the electrical grid.

(iii) The increased integration and penetration of distributed energy resources (DERS) based-
generators, particularly renewable energy sources (RESs) based-generators and energy storage
systems into electrical grids, especially at distribution voltage levels [17].

However, these changes have negatively affected the protection, management, and operation
of electrical grids in many ways. Additionally, in the recent years, an advancement has been
happened in automatic control, communication, digital, and other technologies. This
advancement has opened new opportunities, possibilities, and windows to discover new
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solutions and treat electrical grid’s problems efficiently. This in turn has led to firstly ruminate
on modernizing traditional electrical grids and finally to the evolution of the Smart Grid
concept [17].

Actually, Smart Grid is different from the current traditional grids in many points. In table 2.1
it is possible to see the main differences between the Smart Grid and conventional electrical
networks, especially distribution network [17].

Table 2.1 Fundamental differences between the Smart Grid and conventional electrical
networks [45]

Feature/component Conventional network Smart Grid
Communications MNone or one-way, typically Two-way, real-time
not real-time
Customer interaction Limited Extensive
Metering Electromechanical Digital (enabling real-time
pricing and net metering)
Operation and Manual equipment checks Remote monitoring, predictive,
maintenance time-based maintenance
Generation Centralized Centralized and distributed
Power flow control Limited Comprehensive, automated
Reliability Prone to failures and Automated, proactive protection,
cascading outages, prevents outages
essentially reactive before they start
Restoration following Manual Self-healing
disturbance
Topology of Radial, generally one-way Network, multiple power
distribution networks power flow flow pathways

In order to tackle all challenges which have been mentioned before, developed countries in
Europe and America continuously plan to develop smart grid and take it as an essential part of
national energy strategy [46],[47],[48]. Furthermore, many other countries also start to design
and implement smart networks successively. As a result of that, smart grid has been a new
trend of power grid evolution and development in the whole world [49].

Even though, the goals and driving force of smart grid are not precisely the same in different
countries, the following three features of smart grid are widely believed as the most important
differences from the conventional power grid [47],[48],[50]:

1. Maximizing profits, as well as, reducing costs, energy consumption and emissions
remarkably.

2. Nearly preventing all the risks of longtime and large-area blackout, except those being
caused by physical damages that have large-scale.

3. Improving the acceptability and integration of renewable energy sources which have

intermittent nature and give electrical power grid the ability to adapt various power sources
[49].

24



2 Literature Review

2.3.3. The main features of Smart Grid

For the preservation of energy and to cover the energy demand by all loads including the
industrial and commercial consumers, smart grid has some very significative and essential
features which are needed by the utility [51]. According to EU vision, the main characteristics
of the smart grid are [52]:

1. Flexible: Smart grid must fulfill the needs of customers, as well as, responding to the
challenges and changes ahead.

2. Reliable: smart grid must guarantee and improve security and quality of supply,
proportionate with the demands of the digital age with resilience to uncertainties and hazards.

3. Accessible: which means giving connection access to all network users, especially for
renewable power sources in addition to high efficiency local generation with zero or low carbon
emissions.

4. Economic: Smart grid have to provide best value through efficient energy management,
innovation, and ‘level playing field’ regulation and competition [52].

Regarding US vision, the main features of the smart grid is as shown in Figure 2.8 [51].
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Figure 2.7 Key features of Smart grid [51]
As shown in fig 2.8, the following functions are accomplished by smart grid [51], [17]:

1. Self-healing: which means that the grid itself automatically rapidly senses, detects, analyses,
responds and then restores. In other words, the grid has the capability of automatically repair
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and remove potential faulty devices and disconnect them from the grid before they completely
fail, and the capability of reconfiguring the electrical network system to ensure the energy
continuity to all customers.

2. Integrates and empowers the consumer: it is the capability to integrate the consumer
equipment and devices and behavior in electrical network regarding designing and operation.
If Smart Grid concept has fully implemented, consumers will have an access to the needed
control, options, and information, so they will capable to engage in electricity markets.
Furthermore, well informed consumers can modify their electrical energy consumption based
on balancing their energy resources and demands with the capability of the electric system to
meet their demands. In fact, when the consumers participate in the electrical grid, they help in
shifting or reducing peak demand which will lead to minimize operating expenses of equipment
and utilities.

3. Power quality requirements by users: the power quality in the grid is proportionate with
consumer and utility needs: this will be achieved by supervision, diagnosing, and responding
to power quality problems. Deficiencies in power quality will lead to business problems by
costumers. The Smart Grid will supply the power with varying grades of quality at different
pricing levels.

4. Fully enables and is supported by competitive electricity markets: where it will assist the
creation of new markets of electricity and additional tools that ensure electricity trading in
effective way. This will give consumers and third parties ability to bid their energy into the
electricity market. The reaction of consumers to price increases will automatically cause a
decrease in demand and energy usage. Therefore, the market will have lower-cost solutions,
which in turn will a reason of a new technology development.

5. Optimize asset utilization and operate efficiently: It is expected that implementing the Smart
Grid concept will improve significantly the performance of the electrical power system due to
many reasons such as reducing power losses, improving load factors, and the big advancement
in the outage management performance. It is also expected that if the Smart Grid concept has
been fully implemented, the grid will be equipped with additional intelligence. Therefore,
engineers and planners will have extra knowledge to build and design ‘‘what is needed when
itis needed,’’ increase the assets’ life, repair equipment before unexpected or sudden fails, and
manage the work force that is responsible for maintaining the electrical grid. This in turn will
lead to reducing the maintenance, operation, and capital costs.

6. Accommodate all generation and storage options: in the smart grid, it will be easy to integrate
all kinds and capacities of electrical generation systems including nuclear plants, thermal
plants, and RESs, such as wind and solar farms which are environment friendly.

7. Tolerant of attack: The smart grid is able to operate resiliently and mitigate physical and
cyber-attacks and has the ability of rapid recovery from disruptions. Thus, the Smart Grid will
be resilience which will prevent any attack from anyone even those who are well equipped and
determined. Moreover, security protocols will be designed appropriately in which they will
contain elements of prevention, detection, supervision, mitigation, and response to ensure
reduction the effects on the electrical grid, consumers, and economy [17],[51].
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2.3.4. Benefits of smart grids

Actually, the smart grid will bring a wide variety of benefits. These benefits include the
following [17],[53]:

1. Improves power reliability: This could be done by decreasing the period and frequency of
faults and interruptions in the electrical grid.

2. Optimizes facility utilization and averts construction of backup (peak load) power plants:
This is achieved by better demand of the management side and using advanced metering
infrastructures.

3. Improving the power quality: This is achieved by keeping the magnitude of voltage in its
statutory limits by advanced technologies such as various sensors in the grid, communication
technologies, and two-way information system.

4. Enhances capacity and efficiency of existing electric power networks: using automation,
active control and management in the distribution levels of the electrical grid. In addition,
empowering the customers by home automation.

5. Automated and predictive maintenance and operation in addition to self-healing responses
to system disturbances: this is achieved by network sensors which provide better monitoring
of the grid in addition to distributed grid management and control.

6. Facilitates expanded deployment of renewable and distributed energy sources: by improving
the integration of distributed energy sources especially renewable energy sources such as solar
and wind energy. Also, by using plug in electric or hybrid cars.

7. Reduces greenhouse gas emissions: due to many reasons such as using electric vehicles,
integration of renewable and distributed energy sources, and reduction of power losses in the
electrical grid.

8. Presents opportunities to improve grid security and resilience to disruption by natural
disasters and attacks: The improvement can be achieved by using automated operations and
sensors which will lead to threats reduction of blackouts. Also, it can be done by using properly
coordinating the operation of transmission and distribution with intelligent deterrent,
coordinated restoration, and emergency control.

9. Reducing the consumption of fossil fuel by decreasing the need for gas turbine generation
during peak usage periods and facilitating generation of electricity from renewable energy
sources, such as wind, solar, and hydro sources.

10. Increases consumer choice, and enables new products, services, and markets: there will be
a dynamic interaction between suppliers and consumers. The information about electricity
prices from different suppliers will be available under smart grid environment which would
naturally let consumers to choose the least electricity price supplier. Therefore, this will create
healthy competition in the electricity market, which in turn will give benefits to consumers and
play an important part in optimizing the operation of the power system network
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11. Provides consumers with actionable and timely information about their energy usage: by
advanced metering infrastructures so they will be able to know the consumption and generation
of energy [17],[53].

2.3.5. Smart grid composition

The composition of smart grid is highly complex. The National Institute of Standard and
Technology (NIST) in the USA proposed conceptual domain model. This model supports
planning, requirements development, documentation, and organization of the various
combinations of networks and devices which form the smart grid. As a result of the, NIST
divided the smart grid into seven domains, as described in table 2.2 and shown in Figure 2.9
[54].

All domains and sub-domains include types of services, interactions, and stakeholders which
set decisions and exchange information necessary for achieving desired goals, such as: outage
management, distributed generation aggregation, and customer management. In general,
services are done by one or more roles within a domain. For instance, corresponding services
may include home automation, load control and near real time wide-area situation awareness
(WASA), distributed energy resource (DER) and customer demand response [54].

Table 2.2 Domains and Roles/Services in the Smart Grid Conceptual Model [54]

Domain Roles/Services in the Domain

| | Customer The end users of electrnicity. May also generate, store, and manage the
use of energy. Traditionally, three customer types are discussed, each
with 1ts own domain: residential, commercial, and industral.

2 | Markets The operators and participants in electricity markets.

3 | Service The orgamizations providing services to electrical customers and to
Provider utilities.

4 | Operations The managers of the movement of electricity.

5 | Generation The generators of electricity. May also store energy for later

distribution. This domain includes traditional generation sources
(traditionally referred to as generation) and distributed energy
resources (DER). At a logical level, “generation” includes coal,
nuclear, and large-scale hydro generation usually attached to
transmission. DER (at a logical level) 1s associated with customer-
and distribution-domain-provided generation and storage, and with
service-provider-aggregated energy resources.

6 | Transmussion | The carners of bulk electricity over long distances. May also store
and generate electricity.

7 | Distribution | The distributors of electricity to and from customers. May also store
and generate electricity.
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Figure 2.8 Interaction of Roles in Different Smart Grid Domains through Secure
Communication [54]

Actually, roles in the same domain have similar objectives. Although, communications within
the same domain could have different features and could have to meet different requirements
to get interoperability [54].

For effective and functional operation of the smart grid, the roles in a specific domain often
interact with roles in other domains, as described in Figure 9. Furthermore, particular domains
could also contain some parts of other domains. For instance, the Regional Transmission
Organizations (RTOs) and Independent System Operators (ISOs) in North America have roles
in both the operations domains and markets. In the same vein, a distribution utility is not fully
contained within the distribution domain where it is possible to include roles in the operations
domain, such as a distribution management, and in the customer domain, such as monitoring.
Moreover, a vertically integrated utility could have roles in many domains [54].

In fact, the conceptual model is prepared to be a functional tool for regulators at all levels to
find the best way to achieve public policy goals, along with business objectives, encourage
investments in modernizing the electric power infrastructure and building a clean energy
economy [54].
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2.3.6. Infrastructure of the smart grid

The basic infrastructure of Smart Grid consists of the following four systems as shown in
Figure 2.10. These systems are [17]:

1.Electrical power system
2. Electricity marketing system
3. Intelligent protection, automation, and distributed control system

4. Communication and information system
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power system automation, and distributed information system system
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|
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—» Interfaces between intelligent protection devices, automation and distributed control
system, and varnious electrical power system components

Figure 2.9 The Smart Grid basic infrastructure [17]

30



2 Literature Review

2.3.7. New Trends in Distribution Systems and New Types of Load

In fact, the new challenges for electrical power distribution network are related to the universal
goals to reduce the CO2 emissions and greenhouse emissions, to increase the proportion of
renewable energy in the balance of energy and to improve the energy efficiency [26].
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Figure 2.10 Changing conditions in the distribution networks due to DER integration [26].

Currently, in many countries, the renewable energy sources have the preference to in-feed by
law. A considerable part of the renewable energy will feed into the electrical power distribution
networks from a large number of small sized distributed energy resources (DER). As a result
of these trends, the operation status of the electrical distribution networks will modify
fundamentally. The modifying status is explained in Figure 2.11. Traditional way of flow is in
a top down direction (left) is illustrated too in the figure [26].

However, due to the connection of DER in the LV and MV electrical grids, bidirectional load
flows between the LV, MV and HV electrical grids will occur. Where, if the load level is lower
than the generation one, a reverse power flows will occur. And, due to the meteorological status
which directly impact power generation levels are volatile, the balance of load generation may
change multiple times during the day. As a result, the power flow in the electrical power
network changes its direction multiple times during the day and becomes volatile as well [26].

On the other hand, the targets in regard to environmental protection and energy efficiency will
also be achieved through alteration of conventional combustion engine cars by electric cars (e-
mobiles). Actually, the main benefit is seen that the electric fuel for the electric cars comes
basically from renewable energy sources. Nevertheless, the needed electrical power for the
rapid charging of one electric car may be as much as 15-20 kW. This value is up to 52-70 %
of the tripping power of the 35 A fuses in the LV electrical power grids [26].

Therefore, the synchronized rapid charging of a number of electric vehicles along a LV feeder,
will creates a critical state for most LV electrical power grids [26].

Moreover, the targets in regard to energy efficiency improvement will also be supported by a
paradigm change regarding the heating systems for households, public buildings and small
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enterprises. Recently, program have been initiated to install small power units for cogeneration
of heat and power (CHP) of electric and thermal energy [26].

Furthermore, a considerable enhancement of the heating efficiency is anticipated from heat
pumps installation. In the next few decades, the connection of heat pumps will increase
remarkably [26].

2.4. Power Quality

In general, the problems which are related to the quality of electrical supply concerns all the
actors present: network operators, network users as producers or consumers of electricity and
various interacting parties such as suppliers of electrical power or services [55].

In fact, the operation and integrity of specific electrical and electronic devices and machines
has always been affected by disturbances [56]. There are different paths where these
disturbances can enter the sensitive equipment through [55]:

1. Electricity supply.

2. Input and output of signals, radiation, grounding.... etc.: however more localized
compatibility problems are in industrial sites [55].

The electrical supply system includes a three-phase system of voltage waves that are featured
by amplitude, sinusoidal waveform, frequency, and symmetry of the three-phase power system.
Actually, there is no perfect supply and the four features that have been mentioned above are
affected by disturbances even if they are reduced to low values which do not interfere with the
sensitive devices [55].

2.4.1. Importance of Power Quality

Power quality becomes more essential in the electrical power systems due to the following
reasons [57]:

1. Increase the emission of distorted current waveforms because of increased use of power
electronics.

2. Decrease in immunity of some sensitive devices and equipment with increasing use of
electronic power supplies with inappropriate filtering.

3. Higher integration of manufacturing processes especially in industrialized countries so that
a loss of supply in one production line can lead to an economic losses and significant delays.

4. Regulator concerns and applying minimum power quality standards.

5. Electrical power consumers becoming more rights conscious [57].

32



2 Literature Review

2.4.2. Ensuring power Quality of electrical grids

The operators of electrical distribution grids must ensure a reliable, consumer friendly, ecologic
and economically efficient electrical power supply to the community with the best possible
level of power quality [26].

Power quality term is based on the following three pillars [26]:
» reliability of supply.

* voltage quality.

* service quality.

2.4.2.1. The reliability of supply

It is proved by statistical analyses of such signs as the average time of electrical supply
interruptions, the frequency of electrical supply interruptions, or the electrical energy not
delivered on time. By applicating probabilistic methods calculation, it is possible to evaluate
the reliability indicators in the planning phases which are related to new erections,
enhancements or extensions of electrical distribution grids. Generally, the most used reliability
indicators are presented in Table 2.3 [26].

Actually, the European benchmarks show that the highest reliability of supply (SAIDI) is
achieved with 16 min/a. Figure 2.12 shows the benchmark of the European regulators. In fact,
the majority of supply interruptions are occurred because of faults in the MV networks [26].

Table 2.3 Globally used reliability indies [58]

[ndex Name Definition Unit

SAIFl  System average interruplion Interruption frequency per customer served n/a
frequency index

SAIDI System average interruption  Service unavailability per customer served Min/a
duration index

CAIFI Customer average Interruption frequency per customer interrupted n/a
interruption frequency
index

CAIDI Customer average Mean duration of a customer interruption Min/a
interruption duration
index

ASAL  Average system availability Measured/required system availability %
index

ENS  Energy not supplied on time Sum of the energy amounts not delivered in time MWV A/

of all customer interruptions a
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Figure 2.11 European benchmark of the system average interruption duration index [59]

2.4.2.2. The voltage quality

It is affected by the technical parameters of the electrical grid (such as network impedance
value or short circuit power), the features of the electrical network assets and the technical
parameters and operations of the electrical grid users [26].

The majority of the applied electric power plants, electrical machines, devices and equipment
(from powerful converter controlled motors down to small household electrical devices) more
or less cause reverse impact on the electrical network voltage at the access points. The network
users may affect the voltage quality on all voltage levels due to their demand processes of them.
The damping magnitude of the voltage quality disturbances is related to the technical
parameters of the electrical grid and its assets where the lower the impedance, the higher the
damping and vice versa [26].

On the other hand, the impact of the users may also affect the frequency of the electrical grid,
the voltage value with fast or slow changes that may have an sporadic character (i.e. flicker-
voltage fluctuations producing the subjective effect of fluctuations in the lighting density of
lighted objects by the perception chain of an electric light- eye- brain), the distortion of the
sinus curve of voltage by the dissymmetry of the line to ground voltages (unbalances) or the
harmonics [26].

Also, harmonics (sine-shaped oscillations where their frequency is an integral multiple of the
fundamental electrical grid frequency) are produced from non-linear loads and are very intense
when generated by frequency converters or inverters. The typical harmonics are specified
ordinal numbers and have an odd ordinal number such as 1st, 3rd, 5th etc. by which the 5th
harmonic has often the biggest impact [26].

Furthermore, some actions such as short circuits, switch operations and atmospheric lightning

may cause transient over-voltages and fast voltage sags. An overview of the voltage quality
disturbances, their reasons and the negative consequences is illustrated in Table 2.4 [26].
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Table 2.4 Disturbances of the voltage quality and their impact [26]

_Type of Shape of disturbance Possible causes Consequences
disturbance
Successfully cleared | Shutdown of
. fault equipment,
Voltage dips Start-up of large particularly

motors

electronic devices

Low voltages, over
voltages

=%

Uncontrolled active
or reactive power in-
feed

May harm equipment
within adequate
design margin

Harmonics,
harmonic
distortions

Non-linear load
resonance DC/AC
converter

Voltage distortion
causes additional
heating in motors
Misoperation of
electronic device

Flicker, voltage
fluctuations

Start-up of large
motors

Electric arc furnaces

Weakening of
components
Malfunctions
Annoyance of human

Transient over-

Lightning strike

Misoperation of
electronic device

interruptions

voltages Switching events Reduced lifetime of
equipment
Insulation failure
Shutdown of
Supply

Faults

equipment
Misoperation of
electronic device

Phase unbalances

Unbalanced loads

Risk of disconnection
of the overload phase
Machine overheating

In fact, the requirements of voltage quality for MV and LV networks are specified in the
CENELEC standard EN 50160. This standard determines the allowable maximum bandwidths
and tolerances regarding the rated voltages of public LV and MV electrical grids. This standard
is included in the supply contracts between the electrical grid users and distribution grid
operators. Where the distribution grid operators guarantee the voltage quality according to the
requirements of EN 50160 and the network users have to ensure a convenient level reverse
impact. The convenient measures have to be implemented in cases of deviations [26].

High harmonic distortions may need the installations of harmonic filters which make a
resonance circuit for the related ordinal numbers of the harmonics [26].

Actually, providing a convenient voltage quality is often the precondition for the distribution
of industries. The main requirements of EN 50160 are shown in Table 2.5 [26].
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Table 2.5 Bandwidths and requirements of EN 50160 for voltage quality [60]

Parameter LV MV Verifi-cation Requirement
Frequency S50Hz £ 1 % 50Hz =1 % 10 s Average 095 % in | year
50 Hz + 4 %.— 500 Hz + 4 %.— 100 %
6 % 6 %
Rated voltage 230V phase to NMetwork related
ground

Slow changes

Fast changes

Voltage

dips < | min

Harmonic
distortions

Interruptions
<3 min

Interruptions
=3 min

+10 %, —15 %
=10 %

Mormal 5 %,
Infrequently 10 %
Py=1*
Indicative p/a a
few tenth to a
thousand
Limits for
v = 5=25
from = & %
to < 0.4 %
Indicative pfa a
few tenth to
several 100
=10 up to <50

+10 %

MNormal 4 %

Infrequently & %

Py < I*

Indicative pfa a few
tenth to a
thousand

Limits for

v= 5-25

from = 6 %

to < 0.4 %
Indicative p/a a few

tenth to several

100

=10 up to <50

1} min Average

Sequence of 12 P,

values (600 s)
within 2 h

1} min Average

Sum of planned
and unplanned

100 5
95 % during
a week
* 05 % during

a week

Majority << 1 s,
Dip < 60 %

95 % of a week

T0 % <1 s

Depending on
the region

minutes

*P Flicker intensity, It long term, s¢ short term
2.4.2.3. The service quality

It describes the relationship quality between the companies of electrical power supply and the
power consumers. As a consequence of the splitting of the electrical power supply processes,
the consumers will be in active connection with the electrical power trader, with the distribution
grid operator, and with the provider of meter service (if this function is not allocated to the
distribution grid operator). As a result of that, all three players of the electricity market have to
supply service quality in their consumer relations [26].

Actually, the service quality does not have a direct influence on the secure electrical power
supply of the consumers and their connected plants, machines or devices. Thus, there is no
general standards of the service quality yet. Nonetheless, individual countries in the European
Union apply guidelines regarding the main features of service quality. It could be shown in
table 4 an overview of the most common features of service quality in Europe with the
bandwidth durations in addition to the possible financial penalties in case of violation [26].

The overview in Table 2.6 illustrates a wide range relying on the laws which has been
determined in the various European countries. For instance, in Germany the meter and the
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installations of the consumer connection have to be completed within two days, and there are
generally not any penalties for such case [26].

While, in Spain and Italy, connections’ establishment can take up to five days and there are
penalties which may reach 30 €. Furthermore, in Ireland the installation can take three days
and penalties are the highest where they may reach 50 € [26].

Regarding liberalization, any consumer can contract and choose the meter service provider and
the trader himself, but he has to rely on the local acting distribution network operator [26].

Table 2.6 Service quality characteristics, bandwidth of limits and penalties [58]

Service characteristic Time limits Penalties, €

Appointments scheduling 2-3 h 0-35

Connection and meter 2-5d 0-50
installation

Estimation of charges for 5-20d 0-65
simple works

Response to metering problems 5-20d 0-35

Response to queries on charges 5-20d 0-30
and payments

Number of meter readings 1-6 0-30
per annum

Response to consumer letters 8-20d 0-20

Response to consumer claims 5-20d 0-35

2.4.3. Steady State voltage
2.4.3.1. Voltage value and power factor

In fact, the voltage decreases with increasing customer load, particularly further away from the
transformer, due to the interaction between customer current and the impedance of the
electrical supply system. The value of voltage reduction seen at a specific installation is related
to the load current drawn by all the customers which are connected to the transformer and the
position of the installation along the line. Actually, the maximum voltage drop occurs during
peak loading period especially at the far end of the supply line. The voltage value at the point
of connection must be in arange of 1, + 10%. Voltages greater than the nominal voltage could
cause equipment and machines insulation to degrade faster than intended and as a result of this
reducing lifetime. On the other hand, if voltages are less than the nominal voltage, equipment
and machines can fail to operate as intended. The equipment of motor-driven can fail to start
or motors could overheat and trip or even be damaged [57].

Furthermore, wiring within a customer’s installation has impedance and participates to voltage
drop up to the point where customers’ equipment or machine may be connected. Therefore,
installations must be wired with conductor that has an adequate cross-section so that the
maximum voltage drop from the point of connection is not exceeding the allowed limits [57].
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Power factor is a related issue to voltage. Power factor can be improved by reactive power
compensation which could be done using many methods [57].

2.4.3.2. Long-Duration Voltage Variations

Long-duration variations includes deviations of root-mean-square (rms) at power frequencies
for longer than 1 min. American National Standards Institute (C84.1) determines the steady-
state voltage tolerances anticipated on an electrical power system. In fact, a voltage variation
will be considered as long duration when the ANSI limits are exceeded for longer than 1 min.
Moreover, long-duration variations can be over voltages or under voltages. Generally, the
reasons of over voltages and under voltages are not the faults of the electrical power system,
but load variations on the electrical power system and switching operations in the system.
These variations are displayed as plots of rms voltage versus time [61].

A. Overvoltage

Overvoltage is an increase in the rms value of voltage greater than 110% at the power frequency
for a time duration longer than 1 min [61].

Generally, over voltages are usually the consequence of load switching operation. Moreover,
the over voltages occurred because either the electrical power system is too weak for the
required voltage regulation or voltage controls are unqualified. In addition, incorrect tap
settings on electrical transformers may also lead to over voltages in the electrical system [61].

B. Undervoltage

An undervoltage can be defined as a decrease in the rms value of voltage to less than 90 percent
at the power frequency for a time duration longer than 1 min [61].

Under voltages are the consequence of switching actions that are the opposite of the events that
result over voltages. A load switching on can cause an undervoltage until voltage regulation
device on the electrical power system can bring the voltage back to within allowance limits.
Overloaded circuits may also be the reason of under voltages [61].

C. Sustained interruptions

A sustained interruption is defined as long-duration voltage variation that the supply voltage
degreases to zero for a time duration longer than 1 min. Generally, voltage interruptions which
are longer than 1 min are permanent and need intervention of human to repair the electrical
power system for restoration. The term continued interruption indicates to determined power
system phenomena and, in general, has no connection to the usage of the term outage.
Moreover, utilities use interruption or outage to express phenomena of similar nature for
reliability reporting studies. Although, this leads to confusion for end users who think of an
electricity outage as any interruption of electrical power that shuts down an operation. This
might be as little as one-half of a cycle. According to IEEE Standard 100 [62] definition of
electricity outage, this term does not refer to a specific phenomenon, but indeed to the situation
of a component in a system that has failed to function as anticipated. Furthermore, the usage
of the term interruption in the context of power quality observation has no connection to
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reliability or other statistics of continuity service. Therefore, this term has been specified to be
more specific concerning the absence of voltage for long time periods [61].

2.5. Distributed Generation

Actually, distributed generation (DG) is a relatively new approach to describe the new type of
generation at the customer side, that is smaller than the conventional power station in a
competitive market of electricity. Regarding the term “Distributed Generation” it is
synonymous and strongly connected with the terms such as embedded generation and dispersed
generation. Some countries set a specific definition of distributed generation, according to the
capacity of the power plant, the voltage level to which it is connected, environmental impact,
power delivery area and point of connection. Though, these criteria are necessary, but they are
not sufficient. In general, these definitions follow some national and technical documents that
used to specify the main aspects of the management or connection of distributed generation
and not from any basic consideration of its impact on the electrical system. So, the practical
definition of DG unit is “an electric power source connected directly to the power network,
preferably at the customer side of the meter, sufficiently smaller than the controlling generating
plant.” We can notice that this definition does not specify the capacity of the distributed
generation unit as the maximum capacity depends to the voltage level of electrical distribution
system [63],[64].

Distributed generation units can be connected to electrical distribution system at a various
voltage levels range from 120/230 V to 150 kV. Only very small units may be connected to the

lowest voltage power grids, but large generation units of some hundreds of megawatts must be
connected to the high voltage electrical distribution systems as shown in Figure 2.13 [63]
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Figure 2.12 Connection of distributed generation units [63]
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Actually, the connection of these DG units to the electrical distribution grids leads to many
challenges because these electrical networks were designed to supply power to loads with flows
from the higher to the lower voltage levels. Conventional distribution grids are passive with
few measurements and very limited active control. Generally, the design of conventional
distribution grids is basically to accommodate all sets of loads without any action by the
operator of the system. [63]

Furthermore, due to the fact that supply and demand of electrical power must be balanced on a
second-by-second basis, the power injection from distributed generation units needs an
equivalent power reduction in the output of the large central power plants. Currently, central
power generation supplies electrical energy but also many ancillary services, such as voltage
and frequency control, reserve and black-start, which are crucial for the stability and operation
of the electrical power network. Due to the increase use of distributed generation units, they
have to provide the ancillary services that are required to keep the power grid functioning with
fewer central power plants being operated [63].

2.5.1 Categories of DG
DG units may categorize according to capacity as follows:

Micro DG (between 1 W and 5 kW)

Small DG (between 3 kW and 5 MW)
Medium DG (between 5 and 50 MW)
Large DG (between 50 and 300 MW) [64].

We can notice that the DG definition does not determine the used technology. Therefore, DG
includes all kinds of renewable sources, combined heat and power (CHP) applications are
modular applications [64].

2.5.2. Specifications for DG Concepts

In order to define the DG in narrow way, the following specifications should be existed:

1. As voltage between transmission and distribution systems is different and related to country,
DG units have to be closer to the loads more than high levels of voltage. Therefore, DG is
limited to the distribution electrical grid.

2. Generation capacity range is pivotal in defining DG units, but there is no universal agreement
on maximum generation.

3. Some DGs use renewable energy sources; some do not.
4. There are various technologies for DG units and, hence, cannot be used to narrow the
definition. Also, generation mode, area, or ownership do not define DG. For instance, both

traditional generators and independent power producers can own a DG.

5. DG units should be able to generate reactive power, but some DGs cannot and, hence, this
may not be an adequate criterion for definition [64].

40



2 Literature Review

2.5.3. DG Benefits

Distributed generation units can play a vital role in reducing investments in transmission and
distribution capacity. In fact, from a planning point of view, DG nits can be installed close to
main load, which will reduce losses in the electrical grids from an operations point of view and
minimizing the costs for controls and operations. DG is preferable to help reduce power losses
in electrical distribution grids and to serve as back-up and stand-alone generation [64].

We can summarize the benefits of DG by the following [64]:

1. Grid support: DG units can participate to provision of ancillary services needed to sustain
stable operation of the electrical network.

2. DG combined generation and heat capacity: DG units have provided cogeneration and
trigeneration that provide electricity, heat, and steam for various applications.

3. Environmental concerns: DG can have a significant impact in improving or performing
environmental regulations.

4. Fuel diversity: DG units use different fuel sources at optimized prices, depending on the
technology.

5. Because of fuel diversity, any shortage in fuel DG that is nonrenewable is considered to be
risky and costly. So, it may not help in mitigation blackouts and degrades the security of the
electrical power system, therefore asserting the need for higher regulating power of backup
generation

6. DG moves the electricity markets to Liberalization to form a new environment within a
competitive market and because of different technologies makes it hard to generalize.

7. Power quality and system frequency: Policies are very important to ensure that DG units
adhere to quality of power supply and be able to sustain frequency of the electrical system.
Also, high voltage levels approved for DG connections relative to the utility companies have
to be suitably controlled in order to obtain voltage security to respond to the changes in

electricity markets. Moreover, DG market is economically attractive due to the flexibility in
construction of centralized generation and transmission lines [64].

2.5.4. DG policies

The main policy issues regarding DG include the following [64]:

1. High cost of implementing and installing different DG technologies, a concern of
stakeholders and policy makers.

2. A policy to verify economic efficiency of DG to liberalize the electricity market.

3. Less choice between more expensive DG units and expensive fuel, a fact that has
discouraged choosing of DG units when we want to compare with the central generation costs.
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2.6. Wind Farms

By the end of twentieth century, most countries started big investments in the field wind energy
systems. This is due to the fact that wind generation depends on renewable energy source and
instability of fuel prices. The cumulative installation of wind turbines has grown very fast over
the last two decades. The capacity of installed wind power generation is expected to exceed
760 GW by 2020, making this type of renewable energy a pivotal portion of the new and smart
energy supply systems. Figure 2.14 shows the total capacity installed from the end of 2011 till
the end of 2016 [65]. The participation of wind generation in the total power generations differs
from one country to another according to many reasons such as wind availability and fossil
fuel costs. Statistics and information of World Wind Energy Association (WWEA) show that
China, USA, Germany, India and, Spain, produce about 67% of total global wind capacity. The
increase of wind farms utilization is due to many reasons especially rapid progress in wind
technology. The wind turbine rating can be taken as an example of this progress; where in 1980
wind turbine rating began with 50 MW and reached 10 MW by 2012 [65],[66],[67],
[68],[59],[70].
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Figure 2.13 Global cumulative wind power capacity from 2001 to 2020 [65]

In fact, power electronics have become more developed with growing capacity coverage, and
have added considerable improvements to wind turbines performance. The effect is not only
reducing mechanical stress and increasing energy production, but also enabling the wind
turbine to act as a controllable power source that is much more suitable for power network
integration [67].

The individual size and the power capacity of wind turbines have also increased significantly.
Figure 2.15 [67] shows the increased sizes of wind turbines between 1980 and 2020. The figure
shows the development of power electronics with its functional role and capacity coverage are
also illustrated., The average capacity of wind turbines installed in Europe was 2.7 MW for
onshore and 4.2 MW for offshore in 2015. At present, cutting-edge 8 MW wind turbines with
a diameter of 164 m are on the market [67], [71]. Currently, most of wind turbine manufacturers
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have issued their products in the range of 4-6 MW, and it is anticipated that more wind turbines
above 4 MW will be installed in the next decade. This trend is mainly induced by the need to
reduce the cost of electrical energy per kilowatt hour [67],[72].
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Figure 2.14 Developments of power electronics for the wind turbines between 1980 and 2020
(E); gray area inside the turbine circle indicates the power rating coverage by power
electronics; D means diameter of the rotor [67].

2.6.1. Wind Turbine types

We can classify wind turbine types according to their electrical connection the network.
Nevertheless, there are more combinations such as fixed speed pitch or variable speed active
stall control, but they do not have a role in practice any more [73]. The types are as following:

Type 1 wind turbines: This type operates at fixed speed using squirrel cage induction
generators as shown in Figure 2.16. The control of aerodynamic power is achieved using
passive aerodynamic stall or active stall blade control. The control of reactive power is done
using capacitor banks or active power electronics [73].
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Figure 2.15 Type 1 wind turbines [73].

Type 2 wind turbines: This type uses a wound rotor induction generator instead of squirrel
cage and work within a limited operating range as shown in Figure 2.17. Speed control is done
using controlled resistors in the rotor circuit. Generally, for aerodynamic power limitation pitch
control is used. Reactive power control is achieved using capacitor banks or additional active
power electronics [73].
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Figure 2.16 Type 2 wind turbines [73].

Type 3 wind turbines: This type uses a wound rotor induction generator in addition to a
converter on the rotor side which is rated for partial load as shown in Figure 2.18. Therefore,
it is possible to control of active and reactive power independently within a wide speed
operating range. Also, pitch control is generally used for aerodynamic power limitation. This
turbine type is also called doubly fed generator system (DFG) because both rotor and stator
can supply power to the network [73].
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Figure 2.17 Type 3 wind turbines [73].

Type 4 wind turbines: This type is based on converters connected to the stator side of the
generator which are rated at full turbine power as shown in Figure 2.19. This type is called a
full size converter (FSC) turbines. Pitch control is used for aerodynamic power limitation.
Various types of generators might be used for this wind farm such as permanent magnet
synchronous generators, wound rotor synchronous generators, and squirrel cage induction
generators. Usage of a gearbox is related to the type of generator [73].
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Figure 2.18 Type 4 wind turbines [73].
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2.6.2. Concept Model of Wind Turbine Generators

In this section, a generic model that is in time domain will be introduced. Also, it explains the
different controls in WTGs. Figure 2.20 shows the control model of WTG [74].
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Figure 2.19 WTG control blocks and dynamics [74].
Main parts of the Model:
1. Wind power model: The power in the air streams is given by [75]:
_1 3
Pyina = EpArvwind (2.1)

This part expresses how a WTG extracts power from the air. The model’s main goal is to
introduce the C, curves such that the extracted power from the air is:

1
Precn = ECppArv\?vind (2.2)

2. Rotor model: This part explains the dynamics of the generator and turbine speeds owing to
the mechanical and electrical torques [74].

3. Reference speed: This section expresses reference speed calculation. The reference speed
dynamics are relying on the generated electric power such that at steady state w,.r =

f (P.ec)- This speed is fundamental to control the turbine and generator speeds [74].

4. Pitch control and compensation: This block models the dynamics of the Pitch. This control
calculates the Pitch angle according to the differences between the rated power and the ordered
power, and between the generator speed and the reference speed. Actually, the Pitch angle has
big effect on the efficiency of power extraction. This control is essential to keep the WTG
generating the rated power for a wider range of wind speeds [74].
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5. Reactive power control: This model controls the generated reactive power from the WTG,
and it can be done in the power factor setup or the supervisory voltage setup. The first condition
occurs when the WTG is considered as one unit, while the second condition is used when the
WTG is working as one part of many units [74].

6. Electrical control: Unlike the previous control block where the control was for the reactive
section that supplies the generator, the electrical control shows how the active current can be
generated and controlled [74].

7. Active power and inertia controls: In general, these controls are not activated. The main
objective of these two controls is to control the power order generated by the WTG. This
management is related to the changes in bus frequency. Both of these controls provide
additional power when the frequency is lower than normal bus frequency (reference frequency)
and vice versa. Whereas, the active power control supplies additional power by setting up the
maximum rated power and cutting out the available power to the WTG if needed. Also, inertia
control does the same, but by supplying additional power from the rotor inertia [74].

8. Converter and Generator model: This model explains how the output of the WTG is delivered
to the electrical power network. This block is feeding the electrical network by active and
reactive power using one branch for each power [74].

9. Terminal voltage and electrical network model: The terminal voltage is the connection
between the network model and the converter and generator model. The wind turbine is
connected to the electrical network in order to work. Therefore, the network should be modeled
so we can have an algebraic equation (the network equation) from Kirchhoff’s law, that relates
the dynamics of the WTG to the network. The terminal voltage will be given as following [74]
[76]:

(V3?2 = [2(Perec- R + Qgen-X) + E2).V? + (R? + X?)(P20cQ2en) = 0 (2.3)
2.6.3. PMSG modeling

The dynamic modelling of PMSG can be illustrated in d-q reference system as in the
following equations [77],[78]:

Vgq = (Rg + qu). g + welglq + w1y (2.4)
vga = (Ry + pLy)-ig + weLgig (2.5)
Where [77]:
R is the stator resistance.
Lq and L, are the inductances of the generator on the d and g axis.

Y is the permanent magnetic flux and w, is the rotating speed of the generator which could
be described by [77]:

a)e = pn wm (2 6)
Where [77]:
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P, 1S the number of pole pairs of the generator.

w,y, 1s the mechanical angular speed.

The electromagnetic torque of the PMSG can be described as [77],[78]:

3 . .o
T, = Epn[l/)flq(l'd - Lq)ldlq]
If i; = 0, the electromagnetic torque is described as in [77]:
3 .
T, = ;pnlpflq

The dynamic equation of the wind turbine is expressed by [77]:

dcvm
]i; =T — Ty — Fop

Where [77]:
J is the moment of inertia.
T, is the mechanical torque developed by the turbine.

F is the viscous friction coefficient.

2.6.4. Model of the Full scale converter system in wind farms

(2.7)

(2.8)

(2.9)

Full scale converter (FSC) systems have been used in wind turbines since more than two
decades. Currently, there is a wide variety of generators such as, asynchronous machines,
synchronous wound rotors or permanent magnet synchronous machines, with gearbox, with a
higher number of poles and a reduced gearbox and without gearbox. A typical structure of the
model is shown in Figure 2.12. But from a network connection point of view, choosing the
generator and the machine side converter does not has impact on the behavior in terms of the
electrical network if machine side converter and line side converter are not connected by a DC
link which is very common in modern wind turbine. Therefore, the generator and machine side

converter are represented as controllable current source [73].

The FSC works as a fast-acting voltage source and the impedance Z can be defined as [73]:
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Figure 2.20 Key components of FSC system [73].
Z="Z5c+ Zpy (2.10)
Where:
Z;sc- choke impedance
Z - transformer impedance
2.6.5. Model structure of generator and converter

Figure 2.22 shows the generator model implementation using active, reactive current and
turbine voltage as input, and real and imaginary parts of the current as output [73].
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Figure 2.21 Core of generator model of machine and current control [73].

2.6.5.1 Current Limitation

Figure 2.23 shows the output current limitation of the generator model. In fact, current
limitation can be divided into three main sections [73]:

A. Control Limits

Generally, active and reactive current output limitations can be expressed as a function of the
voltage. Even though, the actual implementation could be different, a good approximation can
be accomplished by specifying the limits of active and reactive currents as function of voltage

[73]:

iyr' = maX(iII/DI;TIfP (vWT)) (2.11)
ir'] = max |7 |, fo (vwr)) (2.12)
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Figure 2.22 Current limitation block model [73].

Where il and iS5 are the active and reactive current reference values from the turbine
controller [73].

There are main causes for implementing an active current limitation as function of voltage.
There reasons are [73], [79]:

1. Active current limitation to fulfill specific network codes.

2. Implementing a reactive current priority during faults of the electrical network.
3. Network stability limits at weak network connection points.

Whereas the causes for reactive current limitations as function of voltage are:

1. Emulating a specific reactive current control during grid faults.

2. Implementing specific converter limits

B. Dynamic Limits

Dynamic control limits are important for an improved representation of active power recovery
after faults in the electrical network. After network faults, a slow recovery of active and reactive

51



2 Literature Review

n

power or currents could be required. Figure 2.23 shows these currents ig,,.." and Q i‘?VT’ref
[73].

The main causes of the dynamic control limits are [73].:

1. Limiting voltage changes to restrain overvoltage following network faults.

2. Limiting DC-link voltage variations because of very fast changes of active power.
3. Limiting gearbox and shaft loads.

Moreover, a delay may be happened after the voltage starts rising until the active power
increases. The reason of this is the control delays in the converter, phase angle jumps after fault
clearance and a settling time needed by the phase locked loop to synchronize after voltage dips
to very low voltages [73].

C. Physical Limits

In fact, the physical limits for the maximum current which the system can feed into the
electrical network is defined by short term thermal current limitations. These current limits of
the doubly feed generator and full scale converter are always defined by the converter because
it has far shorter time constants than the generator. Generally, active current has the priority
during steady state operation while a reactive current has the priority during very low or high
voltage states to reduce the voltage changes in the grid. If we considered that maximum allowed
current for the wind turbine is iy7 4, the limitations of active and reactive current according
to the priority will be as follows [73]:

ilﬁ/T,ref = ilﬁ/T,ref" (2-13)
iVQVT,ref = iI?VT,ref" (2-14)

» I3 2 L} n
lS/T,ref = \/(lWT,max) - (LII;VT,ref )2 (2-15)
iII/JVT,ref = J(iWT,max)z - (il(/gl/T,ref")2 (2-16)

Commonly, converters are designed to have a very short overloading capability which allows
to feed higher currents for a limited time period, particularly during faults [73].

2.6.5.2 DC-Link Energy Absorber

The electrical energy that can be supplied into the electrical network when faults occur is
limited both for physical causes and limited maximum current of converters. As the supplied
electrical energy by the wind may not necessarily change, a network fault with voltage below
90% of the nominal voltage will cause an increase of the rotor speed. It’s possible to reduce
the input power from the wind by changing the blade pitch angle, but the duration of network
faults is small compared to the time constants of the pitch system [73].
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Wind turbines that use full scale converter are generally equipped with a controlled resistor in
the DC-link or another technique to absorb at least a part of the energy supplies by the generator
that cannot be injected into the network in the case of grid faults [73].

2.6.5.3 Resulting Generator and Converter Model

The resulting generator model of the full-scale converter model including current limitation,
transformer and DC-link energy absorber is shown in Figure 2.24. In fact, this model does not
exactly represent the real turbines where functionality may be implemented either in the wind
plant control, the converter or the turbine control. However, it allows a modular model design
[73].
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Figure 2.23 Aggregated generator model for Full scale converter [73].

2.6.6. Control Structures for Grid Converter

In the following, a few control structures for the grid side converter are discussed. Control
strategy for distributed generation can be implemented in various reference frames like
synchronous rotating frame (dq), stationary frame (ap), or reference frame (abc) [80].
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2.6.6.1 The dg Control

This control structure uses the abc—dq transformation module in order to transform the control
variables from their main frame (abc) to another frame which rotates synchronously with the
frequency of the network voltage. Therefore, the control variables become dc signals. For this
control structure, there is a need for the information about the phase angle of utility voltage to
perform the abc—dq transformation. Generally, proportional integral controllers (PI)
controllers are used with this control structure. Normally, a transfer function of a (PI) controller
is given by [80]:
Kj

Gpi(s) =K, +— (2.17)

N

Where [80].:
K,, is the proportional gain of the controller.
K; is the integral gain of the controller.

The dqg control structure involves cross coupling and feedforward of the network voltage
values. As network voltage feedforward is used, the dynamics of this control structure is
expected to be high when the network faces voltage fluctuations. Each deviation of the voltage
amplitude of the network will be transformed and reflected into d and g axis components of the
voltage, which will lead to a fast response of the control system [80].

2.6.6.2 Stationary Frame Control

Generally, the control variables of the stationary reference frame control such as network
currents are time varying waveforms. Therefore, (PI) controllers face many difficulties in
removing the steady state error. So, this situation needs another type of controller that should
be used [80].

The proportional resonant (PR) controller [81],[82],[83],[84] got a large popularity because of
its ability of removing the steady state error during the regulation process of sinusoidal signals,
as is the case of af or abc control structures. Furthermore, this controller is suitable for on-
grids systems because it is easy to implement a harmonic compensator for low-order harmonics
without affecting the controller dynamics [85]. The typical transfer function of resonant
controller is as follows [80]:

S
GpR(S) = Kp + Klm (218)
This controller works on a very narrow band around its resonant frequency w. Therefore, it is
possible to use harmonic compensator for low-order harmonics without affecting the behavior

of the current controller [85]. The harmonic compensator has a transfer function that is defined
by [80]:

s
s2+(wh)?

Guc(S) = Xn=3s57Kin (2.19)
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Where h indicates the harmonic order that the compensator is designed for.

Both equations of the resonant controller and harmonic compensator use information about the
resonant frequency that the controller works with it. In order to get the best performance of the
resonant controller, this frequency must be the same as the network frequency. Therefore, there
IS a necessity to perform adaptive adjustment of the controller frequency if network frequency
variations are registered in the utility grid [80], [86].

2.6.6.3 The abc Frame Control

Actually, the abc frame control is one of the first control structures which are used for pulse
width modulation (PWM) driven converters [87], [88]. The biggest disadvantage of this type
of controllers was the need of high sampling rate to achieve high performance. At present, the
fast development of digital devices such as microcontrollers and digital signal processors, made
the implementation of nonlinear controllers for on-grid systems very actual [80].
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Figure 2.24 (a) Representation of single-phase circuit used to derive the DB controller
equation, where Lt = L; + L, and Ry = R; + R, (b) Single-phase representation of the LCL
filter used to calculate the gains of the controllers [80].

In such type of frame control and when an isolated neutral transformer is used, as is the case
of distributed generation using a Ay transformer as network interface, only two of the network
currents can be controlled in an independent way. The third current is the negative sum of the
other two currents according to Kirchhoff current law. Therefore, it is necessary to implement
only two controllers in this case [89]. In the following, there is a description of the
implementation of PI, PR, and deadbeat (DB) controllers in stationary abc frame [80].

1. PI Controller

The portability of the PI controller to another reference frame using transformation modules
between the frames has been derived in [89]. Furthermore, the equivalent of PI controller
in abc frame has been derived in [90] as shown (4). The complexity of the controller matrix is
due to the off diagonals terms because of the cross coupling terms between the phases [80].

K + Kis Kp Kis+\/§Kiw0 Kp KiS—\/gKin_
P s24wk 2 2(s2+w3) 2 2(s2+w3)
G(abc)( ) = 2] _Kp Kis—V3K;wo K. + Kis Kp  Kis+V3Kjwg 220
pr (S)= 272 p T o2 - (2.20)
3 2 2(s2+w3) s2+wd 2 2(s2+w?)
_Kp  KistV3Kiwo  Kp  Kis—V3K;wg Kis
2 2(s2+w3) 2 2(s2+w3) P s24wk
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2. Resonant Controller

The PR controller is already defined in stationary frame, therefore, its portability to the main
frame is a straight solution. So, the controller matrix is expressed as showing in the following
equation [80]:

K, + ral 0 0
Ki
GO = 0 K+gls 0 (2.21)
Kis
l 0 0 Kb-+sz+wéj

In such case, there is no cross-coupling terms for phases interaction. Therefore, the previous
equation cannot be used when the neutral of the transformer is isolated. Hence, only two
controllers are necessary in this case [80], [89].

3. DB Controller

DB controller has high dynamic response so it is widely implemented for sinusoidal current
regulation in many systems and applications [80],[91],[92],[93],[94],[95],[96],[97].[98]. The
main principle of DB controller is to calculate the derivative of the controlled variable in order
to anticipate the influence of the control action. This type of controllers has theoretically a very
high bandwidth, therefore, tracking of sinusoidal signals is very effective. Nevertheless, if the
saturation of the control action and PWM are considered, the DB controller shows slower
response [80].

Using Kirchhoff's law, it is possible to derive the equation of DB controller for a single-phase

circuit that is shown in figure 2.24 (a). In such situation, the equation for the current through
the inverter i;is defined as follows [80]:

TE = =00 + - (U0 = Ug () (2.22)

Where [80]:

Ly is the total inductance upstream of the grid converter.
Ry is the total resistance upstream of the grid converter.
U;(t), Uy (t)are the inverter and grid voltages, respectively.

The discretized form of (6) is defined by [80]:
ii((k + DTy) = e ®r/L0Ts j,(KTy) — Ri(e-<RT/LT>Ts — D(U;(kTs) — Uy (kTy)) (2.23)
T

By solving (7), the controller equation will be as follows [80]:

o5 = () (=) e

1-z71
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Where a and b can be calculated by [80]:
a = e~ Rr/L1)Ts (2.25)
b=—— (e~ Rr/LDTs _ 1) (2.26)
RT
Eventually, the controller equation can be described as [80]:

Ui((k + DTs) = Uy((k — DTy) + %Ai(kTs) = 2Ai((k = DTy) + Ug((k + DT;) =
Uy, ((k — DTy) (2.27)

In this case, the controller equation also has been derived taking into account a single-phase
circuit. Hence, it is necessary to implement only two controllers in the case of an isolated
neutral transformer where the third grid current is calculated by the Kirchhoff's law [80].

2.6.7 Control Structure of Wind Turbines

Figure 2.25 shows control structure of wind turbines which includes both fast and slow control
dynamics, where it illustrates the general control structure for a wind turbines, including
turbine, generator, converter, and filter. In fact, power flow in and out of the wind farm
generation system must be controlled carefully. Therefore, the generated power by the wind
turbines has to be managed using mechanical parts such as pitch angle of blade. At the same
time, the whole control system must follow the power generation commands that are given by
distribution  system operator DSO or transmission system operator TSO
[99],[100],[101],[102],[103],[104],[105],[106].
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Figure 2.25 Aggregated generator model for Full scale converter [99].

More developed features of wind turbine control could be considered such as the maximization
of the generated electric power, providing network supporting functions in normal and
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abnormal operations, and ride through operation of the network faults. In wind turbines that
work in variable-speed concept, the generator current will be changed by controlling the
generator side converter, and therefore the rotational speed of turbine can be modified to
generate maximum power based on the available wind power. In terms of operation under
network fault, proper control of many subsystems in the wind turbine is necessary such as the
generator/grid side converters, pitch angle controller, and braking chopper/crowbar [99].

Eventually, the main controls of wind turbine such as current regulation, grid synchronization,
and dc bus stabilization have to be done quickly by the wind power converter, where the typical
used controllers are proportional integral controller and proportional resonant controllers [99],
[104], [107], [108]

For instance, Figure 2.26 shows the control methods for a DFIG in wind turbines. Below
maximum power generation, the wind turbine will change the rotational speed proportional
with the wind speed and maintain the pitch angle 6 fixed. When wind speed is very low, the
rotational speed will be modified to get the maximum allowable slip of generator in order to
avoid over voltage of generator output. A pitch angle controller is used to sustain the power in
its allowed limits when the turbine output power is above the nominal power. The total
electrical power of the wind turbine is adjusted by controlling the DFIG by means of rotor side
converter. The used control technique in the network side converter is just to fix the dc-link
voltage. There is also a trend to use a crowbar connected to the rotor of DFIG to make the
control behavior under network faults more effective [99], [109], [110].
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Figure 2.26 Control of a wind turbine with DFIG [99].

Figure 2.27 shows additional example of control structure that is used for full-scale converter
in wind turbine. The advantage of this kind of turbine systems is that the dc link performs
control decoupling between the turbine and the grid. In such systems, the dc link will give an
option for the wind turbines to be connected with energy storage units, that can improve the
control of active power flow into the electrical system. Moreover, this feature will improve the
capabilities of the wind turbines to support the electrical network. In this system, the generator
side converter controls the generated active power of the wind turbine, whereas the grid side
converter controls the reactive power. DC chopper is typically used to avoid overvoltage of dc
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link in case of network faults, when the additional turbine power must be dissipated due to the
quick drop of network voltage [99].
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Figure 2.27 Control of active and reactive power in a wind turbine with multipole PMSG
[99].

2.6.8 Voltage profile stability in wind farms systems

Voltage stability, which also called load stability, is strongly related to reactive power shortage
in the electrical grid. Reactive power compensation was usually performed by combining var
compensators, like capacitor banks. Nevertheless, power electronics are used now to improve
voltage stability and this type of equipment is called as Flexible Alternative Current
Transmission Systems (FACTS). These devices are used in addition to traditional capacitor
banks. The main features of these devices include their capacities to improve voltage profile of
the electrical grid and dynamic behavior of the whole electrical system in addition to enhance
power quality. The implementation of FACTS devices is basically justified because of their
dynamic contribution of voltage control, reactive power, and quick response of these devices
[111].

Reactive power sources protrude as the best devices for enhancing voltage stability in the
electrical networks. Thus, the impact of wind energy on electrical networks is concentrated on
several points related to stability, power quality, security, and operation of electrical systems
[111].

« All the devices must work together to feed stable and reliable voltage supply stable within
particular limits of magnitude and frequency. Connecting of many wind farms could lead to
voltage changes. Therefore, some countries have determined a higher short-circuit level at the
connection point, generally between 20 and 25 times the wind farm capacity. Although, there
are some examples with a lower short circuit level and successful operation of electrical
systems [111] [112].

» Power quality is connected to the voltage variation and harmonic distortion in the electrical
grid. Nevertheless, combining wind energy in electrical networks may affect the supplied
electrical power to the customers. In order to reduce this influence, wind energy conversion
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systems which composed of variable speed wind turbines are equipped with power electronics.
Power electronics are capable of improving power quality because electronics converters can
be controlled to reduce voltage fluctuation, harmonic distortion, or Flicker [111].

* The protection system of electrical system is affected by wind farms because of wind power
injection which will change power flow, therefore traditional protection systems could fail
under faults [111].

* The electrical grid was passively operated and kept stable under most cases. Nevertheless, if
an increase in wind energy penetration is considered, the electrical grid can not be operated
passively anymore. Lately, new specifications for wind farm units have been designed to keep
electrical systems stable under different types of disturbances like low voltage ride-through
capability [111].

2.6.9 Voltage stability improvement and FACTS devices
2.6.9.1 Static Var Compensator (SVC):

Static Var Compensator (SVC), according to the IEEE, is a shunt connected static var generator
or absorber which has an output can be adjusted to exchange capacitive or inductive current to
control particular parameters of the electrical network basically the bus voltage [111] [113].

SVCs can be divided to:

1. Thyristor-Controlled Reactor (TCR).
2. Thyristor-switched capacitors (TSCs).

3. Thyristor-Switched Reactor (TSR).

Figure 2.28 shows a single-phase equivalent circuit of TCR. In this device, shunt reactor is
dynamically controlled from a minimum value (zero) to a maximum value using conduction
control of the bidirectional thyristors. In this way, SVC works like a variable shunt reactance
that build by the parallel connection of the inductive reactance X, that is controlled by the
bidirectional controlled thyristors and the shunt capacitive reactance X, [111].
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Figure 2.28 Single-phase equivalent circuit of the shunt SVC (TCR) [111].

The value of the instantaneous current supplied by SVCs is calculated using the following
equation [111]:

[ = { X—UL (COSAgpe — COSWE)  Agpe < WE < QAgpe + € } (2.28)
0 Aspc tES Wt < Agpe + T
Where:
U is the voltage of SVC at the Point of Common Coupling (PCC).
X, is the total inductance of SVC.
Qe 1S the firing delay angle [111].
€ is the conduction angle of the SVC which is calculated using [111]:
€= 2(T — Agpc) (2.29)

It could be noticed that when the delay angle g, increases, the conduction angle € [111]. The
control of the output current using the SVC device is based on the control of the firing delay
angle of thyristors. Therefore, the maximum current is injected when the firing delay of 90
degrees. At the same time, a partial current contribution occurs when the firing angle delays is
between 90 and 180 electrical degrees. This is a factor of improving the inductance of the SVC
device and makes it possible; in addition to decrease its share of reactive power and current
[111].

Using Fourier analysis, it is possible to get the fundamental component of current as shown in
the following equation [111]:

I = 2(n-asyc)+sin2asyc |, (2.30)
Xy,
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Which can be reduced to be [111]:

Iy = Bsyc(asyc)U (2.31)
Where [111]:

2(m—asyc)+sin2agyc

Bgyc(asyc) = (2.32)

Xy,

The maximum value of Bgycis 1/X;, which gets along with a conduction angle of 180 and
represents the maximum conduction of the thyristors. The lowest value of Bg, is 0 and it
corresponds to a conduction angle of zero or firing angle equals to 180. It’s not allowed to use
thyristor firing angles lower than 90 because they lead to an asymmetric current that composed
of high component of continuous current [111].

Voltage-current characteristics could be defined as the ratio between the voltage variation and
the variation of the SVC compensating current over the full control range [111]:

U = Uref + XSLI (233)

Generally, the typical values of Xg; range from 0.02 to 0.05 p.u., referring to the base value of
the SVC. The SVC will work as a fixed reactance under limit conditions. Figure 2.29 shows
the characteristic curve of an SVC. Therefore, the supplied reactive power by the TCR might
be calculated using the following equation [111]:
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Figure 2.29 Voltage-current characteristics of the SVC [111].

UZ
stc(asvc) = X_c - UZBSVC (asvc) (2.34)

Optimum location and sizing of FACTS devices are the most important points for power grids
operation especially grids with high wind power penetration in addition to keep the efficiency
and security of the electric power system [111].
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2.6.9.2 Static Synchronous Compensator (STATCOM)

According to IEEE definition, a STATCOM is a static synchronous generator operated as a
shunt-connected static var compensator which has capacitive or inductive output current that
could be controlled independently of the AC electrical system [111].

STATCOM device is a static compensator which is connected in parallel to the electrical
network in order to compensate the reactive power. This device is capable to absorb or inject
reactive power in the grid in a controlled way regardless of the network voltage [113],[114].
The main part is the Voltage Source Converter (VSC) that can convert the DC input voltage to
an AC output voltage at the fundamental frequency with a controllable phase and a specific
amplitude. The AC output voltage is controlled in dynamical way to inject or absorb the needed
reactive power to the electrical grid [111].

PCC

'st 'l‘PETﬂﬂET

EEH

Figure 2.30 Equivalent circuit of the STATCOM [111].

The VSC generates a voltage U_S[ = U, 26, at the fundamental frequency with controllable
voltage magnitude and phase. The VSC is connected to the electrical network that has a voltage
Ul = U;£6; by means of an inductive impedance Z,;, which represents the impedance of the
coupling transformer and the filters. Figure 2.30 shows the equivalent circuit of the STATCOM
[111].

The interchange of active and reactive power between the STATCOM and the electrical
network could be illustrated as following [111]:

Pg = Uiz'gsh —UiUg [gsh- COS(Si - 6st) + bsp. Sin(6i - 6st)] (2-35)
Qst = _Uiz- bsh - UiUst[gsh- Sin(ai - 6st) - bsh- COS(6i - 651&)] (2-36)
Where [111]:
1 .
Yon = Zen = gsn + jbsn (2.37)
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The ability of STATCOM to inject reactive power into the network is related to the maximum
voltage and the maximum current which is allowed by the semiconductors, as illustrated in
figure 2.31 [111] that shows voltage-current characteristics of the STATCOM.
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Figure 2.31 Voltage-current characteristics of the STATCOM [111]

The operation principle of the VSC-based STATCOM is related to the control technique for
managing the power interchange between the network and the converter and it depends also on
the output voltage of the converter. If the amplitude of the voltage converter equals to the
network voltage, the interchange of reactive power between the STATCOM and the network
is zero too. But, if the STATCOM is controlled in a way that converter voltage is less that the
network voltage at the PCC, U, < U;, the STATCOM will absorb reactive power which will
draw lagging current. In contrast, if the converter voltage is higher than the grid voltage U, >
U;, reactive power will be injected into the network [111] [115].

Practically, it is very important to control also the active power interchange between the
STATCOM device and the network by controlling the phase angle 6; s, = §; — 6, between

the converter voltage (U_S{ = U, £6;) and the PCC voltage (U; = U;£6;) so that the converter
absorbs active power from the network to keep a constant voltage for the DC-link [111].

There are many control strategies of STACTOM devices [116]. The most typical ones are two
that are listed below [111]:

* Voltage local control at the PCC voltage: The main objective of this control technique is to

regulate the PCC voltageU; to be constant and equal to its reference value Uiref. This condition
is illustrated mathematically as a restriction of operation [111]:

U -U =0 (2.38)

* Reactive Power control at the PCC: There are many cases which require the STATCOM to
inject reactive power into the network according to the needs and orders of the TSO. Such type
of control can be applied when a coordinated control is needed for FACTS devices and wind
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farms deliver reactive power to the whole electrical network [117]. The restriction of operation
for this control strategy can be expressed as follows [111]:

Qs — QLT =0 (2.39)

st

65



3 Methodology

Chapter 3
3 Methodology

3.1. General approach

There are a lot of factors that affect the voltage profile and power factor of the electrical grid
such as topology of the electrical grids, location of the DG units, length of the transmission
lines, load changes over the time, generated active power and faults occurrence. These factors
will be studied and included in the methodology and results section [118].

The new approach involves a new important parameter in the proposed controller which is the
admittance value between the DG unit and the busbars in addition to the voltage variations of
busbars. These two parameters have a significant impact on the reactive power flow and voltage
profile. The used data in the simulation model are from a real network. We will use different
scenarios and cases to check the efficiency of the controller by changing loads values, wind
speeds and under fault conditions. In this work, we focus on improving voltage quality by
minimizing voltage variations and improving power factor to achieve better voltage quality.
The model is created using MATLAB Simulink software [118].

The new technique depends on the admittance’s values between DG units and busbars, in
addition to the voltage deviation values of busbars as an input of the controller which will
control the reactive power generation from all DG units in order to improve the voltage quality
and power factor in the grid. In fact, controlling voltage in far busbars is a very hard mission if
we do not have close control tools to these busbars. As DG units become an essential part of
the smart grid, we can use them as a voltage control tool. DG units could be equipped with full
scale converter, so they are capable to generate reactive power separately from active power.
Moreover, there is a strong relation between the voltage profile and reactive power.
Technically, we will get better a voltage profile when the reactive power is generated closer to
the busbars. The admittance values between DG units and busbars give us a very good
parameter for how far the DG unit is from the busbars, so we will be able to identify the suitable
reactive power which must be generated [118].

Let’s assume that we have a simple electrical system that consists of only generator,
transmission line and load. The net reactive power at the load side will be:

VsV, Vi
e X—”
L

XL

Qv =0, —0Q¢ = | (3.1)
Where:

Q, : The demanded reactive power.

Q¢ : The supplied reactive power.

Vs : Sending voltage (nominal voltage).

I}, - Measured voltage at receiving end.

X, . Reactance of the transmission line.
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é : Load angle

If we assumed that & ~ 0 = cos & = 1 therefore:

Vs.Vn V2
o = |22 - | (32)
This will lead to the following equation:
Vs+ /VSZ—4QN.XL
Vp=——5—— (3.3)

This equation shows that if we controlled the net reactive power at each node, we can control
the voltage values of nodes.

The ideal case will be when V;, = Vs and it occurred when Q, = 0. Therefore, we have to
increase supplied reactive power.

In our methodology, we assume that we have a general electrical system, as shown in Figure
3.1, which consists of many generators, G1, G2, G3, etc. which feed many loads through
transmission lines between busbars. These loads are connected to n busbars. In this electrical
system, there are also many DG units equipped with converters [118].
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Figure 3.1 General electrical system [118].
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The DG units used in this research are wind farms type 4, which consist of a permanent magnet
synchronous generator PMSG and have a full-scale converter. These wind farms are capable
of generating both active and reactive power separately. The structure of the control system is
illustrated in Figure 3.2. The input signals of the controller are the measured values of voltage
and admittance, and the output control signal is Q,r [118].

LA 3 % il o

_| _| _| Filter Transformer
Wind farm
r 4 DC link 4 H H |
Generatc;r- Sid‘e Cor{verter Grid- Side Converter Control |
Control System System |
I
I

Qref
Measures of Vn and Ynk values ]
— —— — — ——— —

Due to the impedance of transmission lines and load changes, we will not obtain nominal
voltage at the busbars and there will be voltage deviations. Therefore, we will assume that
voltage values at busbars are V;,V,, V3, ... ... I}, voltage deviations are dV;,dV,, dV;, ... ... dV,
and voltage deviations percentages are dV; %, dV,%, dV;%, ... ... dV,%. The voltage deviation
percentage is defined as in the following equation [118]:

Figure 3.2 Control system structure [118].

avoe =25~ 100
%0 X (3.4)
Vs

where Vs represents the nominal voltage and V;, represents the measured voltage of busbar n
[118]. Using equation (3.3), we will get:

VS_VS+— ‘JV§_4-QNXL Vst V52—4QN.XL
AV, % = 2 x100=1-——3° """ 100 (3.5)

Vs 2Vs

Therefore:

/V2—4Q X
av,o% =2 -2 "y 100 (3.6)

2 2Vs

First, we will measure the impedance values Z and, by inverting them (as Y = %), we can get

admittance values between each busbar and the DG units, where for the first busbar the
admittance between it and DG units will be Y; 4, Y15, Yic, oo oo Y;z. These values represent the
admittance between busbar 1 and DG unit A, B, C, ..., Z respectively, as well as the same for
other busbars. So, we will obtain the end result of all admittance values according to the
following equation [118]:

68



3 Methodology

YlA YlB YIZ
y =|"2a Y - Yoz (3.7)
Yoa Yap o Yoz

Now, we will identify a new factor which we will call admittance factor y’. The admittance
factor for the first DG unit is [118]:

Vi _ Yy
Yigt Yip+Yic++Yz  ¥i_ Vi
where k represents DG unit (A, B, C, ..., Z) [118].

Yia = (3.8)

As well as the same for other busbars and DG units.

Obviously, the admittance factor will be bigger for the closer DG unit and vice versa. So, we
will get the admittance factors matrix as shown in the following equations [118]:

Yia Yip Yiz
YE _ Vi Yhi_aYik YroaYik
Y4 Yap Yz
Y ZXE Yo XE_, Yo YE_ Yor (3-9)
Yna Y Yz
- £=A Ynk Z%:A Ynk i=A Ynk-
Yia YiB v Yiz
y' = Yaa Vg - Yoz (3.10)
Yna Yng - Ynz

DG units are equipped with converters so, they are capable of changing the angle between
voltage and current consequently the generated reactive power. In smart grids, obtaining a
steady and stable voltage with small voltage variation from the nominal voltage is very
important, especially for highly sensitive electronic devices. In our methodology, DG units
have been controlled to produce reactive power according to the voltage deviations of busbars
and the varying admittance factors between busbars and DG units. To compensate for any
increase in voltage deviation, we need to increase the generated reactive power. In the same
vein, the generated reactive power must come from the closest DG unit which will have the
highest value of the impedance factor. For the first busbar, the voltage deviation percentage is
dV;% thus, the generated reactive power as a percentage value is given according to the
following equation [118]:

1 V§—4-QN1.XL1
avy ] 2 2Vg (3 11)

0 _ __="1 — !
Q14% = v - V14~ - V14
Allowed

where dVy;0wea 1S the maximum allowed voltage deviation in the electrical grid [118].

dvV allowed
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The same was done for other busbars and DG units. Therefore, we obtain the matrix of reactive

power percentages for all DG units as shown in the following equations [118]:

Q%
(1 VS — 4Qu1-Xia 1_JVE—4Qm X 1_ V& —4Qm X
2 2V . 2 2V y 2 2Vs y
dVAllowed o dVAllowed AE dVAllowed o
1_ V¢ —4Qny-Xp 1_yVE—4Qn2-Xip 1_ V& = 4Quy- X1
_|2 2V, y 2 2V, y 2 2V, y (3.12)
dVAllow?fl. 2 AVaitowed 2p AVautowea e
1_VVE = 4Qun-Xin 1_ V& = 4Qun-Xin 1_ V& = 4Qun-Xin
2 2Vs ) 2 2Vs , 2 2Vs y!
dVAllowed I dVAllowed InB dVAllowed n
Q1a% Q1% Q2%
0% = Qz.é% Q2% Q2% (3_13)
QnA% QnB% an%
Next, we can find the total reactive power which must be generated by DG units. For the DG
unit (A) we find [118]:
Qu% = Q12% + Q24% + -+ + Qna% = XiL1 Qia% (3.14)
where i represents busbar number.
The same applies to other DG units. Therefore, the total needed reactive power for all DG units
are obtained by the following equation [118]:
Q4% i=1Qia%
0% = | 97| = [Li=1 Qiz% (3.15)
Qz% Z?=1 Qiz%
The generated reactive power as a real value [Var] will be [118]:
Q4= Q4% .Qr4 (3.16)
where Q4 is the maximum reactive power of the DG unit (A).
The same applies as well for other DG units. Therefore, the total required reactive power for
all DG units is [118]:
Qa Q4% .Qrs
e b el it @17
Qz Qz% .Qrz
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Consequently,
Qnitmew) = Qn1 — (Q1a + Q15 + - +Q12) = Qn1 — X710
So, we will get a new values of Qy; as shown in the following equation:

Qn1 — (Qua + Q15 + - +Q12) Q1 — Xi=1 Qui
Qnz — (Qza + Qap + - +Q22) | _ [Qn2 — X2, Qi

Qn (new) —

Qun = Qna + Qnp + -+ 10y = 32, Qi

Therefore, the new voltage deviation for bus No.1 will be:

1 JV§—4(QN1—ZL'Z=1 Q11)-Xr1
dVl(new) =37 2y

For the rest busbars, the values of voltage deviation will be:

" JV§—4(QN1—2%=101i).XL1

2 2V

1 JVSZ—4(QN2—Z%=1QZi).XLz

dV(new) = > Vs

1 \/VSZ —4(Qnn _Zizzl Qni)-XLn

L2 2Vs i

The active power losses for a line x-y for instance will be:

AP (V)2 (mdVedVy)?  (=dVy+dVy)?
Y Ry—y Rx-y Rx-y
2 _ _ 2_ 2
AP ( Vs 4QNx-XLx Vs 4'QNy-XLy)
x=y = 4.Ry_y.Vs?
QNy-X1y—Qnx-XL 1 4
APx_y = nyj_/y.VS; X _ Z_Rx_y.VSZ . \/VS - 4QNXXLX + 4QNyXLy + 16QNxQNyXLxXLy

Thus, active power losses after reactive power compensation will be:

_ (Qny=XF 1 Qy)-X1y—(Qnx—YF=1 Qxi)-X1x 1 4
APx—y(new) - Rx—y-Vsz - 2.Rx_y.V52 . (VS - 4(QNx -

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

1
iZ=1 Qxi)-XLx + 4(QNy - iZ=1 Qyi)-XLy + 16(QNx - iZ=1 Qxi)(QNy - iZ=1 Qyi)XLxXLy)2

In terms of cos ¢, the new value of it will be:

Px—y + Zizzl P(x—y)i

COS Py_y =
\/(Px—y + ZiZ=1 P(x—y)i)2 + (Qx—y + Zizzl Qli + -+ Zizzl Qni)2
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The proposed control algorithm of busbar 1 is shown in Figure 3.3 [118]:

( Start )

Measures of
busbar 1

Get values of nominal
voltages, admittances and
total reactive power of DG

units

!

Measures of real
voltage

A 4

Calculate voltage
deviation percentage
and admittaance factors

.

Calculate partial
reactive power
percentages for all
DG units

A 4

Generate and inject the
needed reactive power

A 4

End
Figure 3.3 Proposed control algorithm of busbar No. 1 [118].

The proposed control algorithm for the entire system is shown in Figure 3.4 [118]:
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Start

Measures of Measures of Measures of
busbar 1 busbar 2 busbar 3

Measures of
busbar n

Calculate partial Calculate partial Calculate partial Calculate partial
reactive power reactive power reactive power reactive power
percentages for percentages for percentages for percentages for all

all DG units all DG units all DG units DG units

Calculate total
reactive power
percentages for all
DG units

Calculate needed
reactive power
for all DG units

|

Generate and inject the
needed reactive power

End
Figure 3.4 Proposed algorithm for the entire system [118].

The whole system and controller made using MATLAB Simulink. Figure 7.1 shows the whole
electrical system. Figure 7.2 and 7.3 shows the controller model according to the input data
(Voltage or reactive power value).

3.2. Case Study
3.2.1. Proposed mesh grid

The methodology has been applied to the real electrical system which is shown in Figure 3.5.
The electrical system consists of the following [118]:

1. Two power sources (G1 and G2) which supply electrical energy to the system through
two power transformers 230/66 kV.

2. Eight transmission lines which form the mesh grid. The length of lines is:
(Lop— =50km,L,_3 = 20Kkm, L;_¢ = 25 km, Ly,_; = 30 km, L;_, = 60 km,
L;_4, =50km, L;_, = 35km, L,_¢ = 30 km).

3. Six power transformers 66/20 kV which supply power to six loads.
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4. Six loads with different values (S; = 20 + j6 MVA, S, = 22 4+ j7 MVA, S; = 18 +
j4MVA, S, = 14 + j4 MVA, S5 = 12 + j3MVA, Sg = 12 + j4 MVA).

5. Three DG units which are connected to three different locations (Busbar 1, Busbar 2,
and Busbar 4) with different capacities (S, = 15.56 MVA, Sz = 26.67 MVA, S, =
35.56 MVA.) [118].

These DG units are equipped with a full scale converter. These DG units are connected to the
grid using three transformers which have the parameters as in Tables 7.1, 7.2, and 7.3 [118].

Load 2 Load 3
A
DG(B)
Bus 0 @
| Bus 2 Bus 3 Buls 5
Line 0-2 — |  Line2-3 = | Line 3-5 @
<t | _ I
S Line 1-2
£
Line 3-4
DG(A)
Bus 6
Line 1-4 Line 4-6 |
G2 ———Bus1 ——Bus4 |
DG(C)
Load 1 Load 4

Figure 3.5 Proposed mesh grid [118].

3.2.2. Simulation and procedures

First, we built the Simulink model of the electrical grid then the Simulink model of the
controller that accords to our methodology containing six busbars and three DG units. In order
to construct the controller, we needed to measure admittance values and admittance factors
because they are constant inputs of the controller. Measuring these values could be done by
measuring the impedance between the DG units and busbars and then inverting the impedance

value as Y =% and we got these values from the real grid. Admittance values include

transmission lines and transformers. After measuring the admittance values, we can calculate
admittance factors using equation (3.3). The following constant values have been obtained

[118]:
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(V14
V24
' V3a
Yaa
Vsa
[ V6a

YiB
Y2
Vip
Vi
Vsp
Yo

Yicl 109748
Ya2c 0.0061
Yac| _|0.2566
vac| 10.0038

' 0.2967
Ysel 102688
YecH

00135

0.9900
0.4826

0.0029

0.4030
0.2340

0.0131

0.0045
0.2622

0.9936
0.3003J

0.4972

(3.13)

After building the whole Simulink model, we then divided the results into three groups. The
first group was the (Normal) group which operated the model without DG units. The second
was the (Controlled DG) group which operated the model after integrating the DG units that
were equipped with our controller. The third group was the (DG) group which operated the
model after integrating the DG units but without the proposed controller. Each group was
examined under different values of loads using four ascending values of loads as shown in

Table 3.1 [118].

This controller uses voltage deviation and admittance values as input values in order to improve
the voltage quality in the network. The obtained results from both groups were compared to
specify the proposed controller’s capability of improving the voltage quality and power factor
of the electrical grid [118].
Table 3.1 Loads values for all steps [118].

Load No. | Step1 (MVA) | Step2 (MVA) | Step 3(MVA) | Step4 (MVA)
Load 1 20 + j6 22 + j7 24 + 8 26 + j9
Load 2 22 + j7 24 + j8 26 + j9 28 + j10
Load 3 18 + j4 20 + j5 22 + j6 24 + j7
Load 4 14 + j4 16 + j5 18 + j6 20 + j7
Load 5 12 +j3 14 + j4 16 + j5 18 + j6
Load 6 12 + j4 14 + j5 16 + j6 18 +j7

These groups will be tested in four cases to check the performance of the controller. These
cases are as following:

1.

2
3.
4

Wind speed 15 m/s.

. Wind speed 10 m/s.

Wind speed 5 m/s.
Fault line 2-3 and wind speed 5 m/s.
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Chapter 4

4 Results
4.1 Voltage profile and cos¢

4.1.1 Speed 15 m/s
4.1.1.1 Voltage deviation % of busbars

Figure 4.1 shows the percentage of voltage deviation for each busbar, 1,2,3,4,5, and 6, in two
cases (Normal) and (Controlled DG), and for four steps of load values. We concluded the
following [118]:

1. For busbar No.1: Voltage deviation percentage in the (Normal) case ranges between -1.7%
and -2.7% whereas, in the (Controlled DG) case, the range is between -0.3% and -0.5%.
Moreover, we observed that the controller was able to maintain the voltage values to within a
very narrow range of change (only 0.2%) during the ascent of load values, whereas the range
in the (Normal) case is 1% [118].

2. For busbars No. 2,3,4,5, and 6: The voltage deviation percentage attitude is similar to that
for bus No.1, but with different values and ranges whereby all values of the voltage deviation
percentage, and change ranges of it, are noticeably smaller and narrower for the (Controlled
DG) case compared to (Normal) case [118].

3. We also noticed that the highest voltage deviation percentages are for bus bar No. 5 and 6
because these busbars are radial and connected to radial branches of the mesh grid, so they
obtain power through one transmission line. For these busbars, the voltage deviation percentage
reaches over -10% in the (Normal) case, which is the maximum allowed limit of voltage
deviation percentage [118].

4. Although there is a high voltage deviation percentage for busbars No. 5 and 6, the controller
was able to decrease it remarkably, up to -5.5% for busbar No. 5 and -3.5% for busbar No. 6,
even for the highest load value [118].

5. The percentage values of voltage deviation are smaller, the change ranges are narrower, and
the controller is more efficient for busbars 1,2 and 6. This is due to the fact that they are closer
to the DG units and the power sources G1 and G2 [118].

Figure 4.1 illustrates the voltage deviation percentages for all buses in the two cases (Normal)
and (Controlled DG). For four steps of load values, we can notice the significant impact of the
controller in decreasing the voltage deviation percentages and thus improving voltage quality
and profile [118].
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Figure 4.1 Voltage deviation % comparison between (normal) and (controlled DG) cases
for all busbars (15 m/s) [118].

Figure 4.2 shows the results of voltage deviation % comparison between (normal) and (DG)
cases for all busbars where the controller is not activated in this case. We can notice here
that voltage deviation in the DG case is less than normal case for all busbars. But results that
we got for controlled DG case in the last figure is much better than these results. For instance,
voltage deviation for bus No.1 in step 4 changed from -2.7% in the normal case to -2.23% in
the DG case and -0.5% in the controlled DG case and for bus No.5, voltage deviation were -
11.3% in the normal case and it became -9.4% in the DG case and -5.5% in the controlled
DG case. Moreover, changes ranges are narrower for controlled DG case with respect to DG
case. The changes ranges for bus 1 changed from 1% in the normal case to 0.95% in the DG
case while it is 0.3% for controlled DG case. For bus 5, it changed from 4% in the normal
case to 3.9% and 2.3% in the DG case and controlled DG case respectively. We can figure
out that effect of load changes was less in the controlled DG case with respect to DG case
which shows that the controller was able not only to reduce the voltage deviation of the buses
in more efficient way but also with narrower range.
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Figure 4.2 Voltage deviation % comparison between (normal) and (DG) cases for all
busbars(15 m/s) .

4.1.1.2 Sending voltage deviation % of transmission lines

Figure 4.3 shows the percentage values of the sending voltage deviation for all transmission
lines in both cases (Normal and Controlled DG) and for four steps of load values. It is obvious
that the lowest percentage values of voltage deviations are for lines 01 and 0-2 as they are the
closest lines to busbar 0 which is the slack bus. Further, voltage deviations for lines 1-2 and
1-4 are relatively low because they are located between two DG units. We can also notice that
the highest percentage values of voltage deviations are for lines 3-5, 34, 2-3, and 4-6 because
they are the farthest lines from the slack bus and main generators G1 and G2. In addition to
that, lines 3-5 and 4-6 are radial branches. In fact, the most important thing in these results is
that the impact of the DG unit’s controller is still clear as it was able to decrease the percentage
values of voltage deviations significantly, even for the farthest and radial transmission lines
like 3-5, 3-4, and 4-6. For lines 3-5, the highest voltage deviation in the (Normal) case is
about -10%, while for the (Controlled DG) case, it decreases to less than -4%. Also, for line 4-
6 step 4, the deviation decreased from -8.4% to -1.4%. We can also notice that the changes
ranges are narrower where for line 3-5 the range of changes is about 3.5% for normal case and
1.6% for controlled DG case. For line 4-6, the changes range decreased from 3% to 0.8% [118].
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Figure 4.3 Sending voltage deviation % comparison between (normal) and (controlled DG)
cases for all transmission lines(15 m/s) [118].

Figure 4.4 illustrates the results of sending voltage deviation % comparison between (normal)
and (DG) cases for all transmission lines. These results show a decrease in voltage deviation%
in the DG case with respect to normal case for all steps and transmission lines. Although, these
results for DG case is not good as the controlled DG case. For instance, the deviation for line
3-5 step 4 changed from about -10% in the normal case to about -8% for DG case and -4% for
the controlled DG case. Moreover, the changes ranges become narrower such as for line 3-5
where the range changed from 3.5% for the normal case to 3.3% in the DG case and 1.6% for
the controlled DG case.
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Figure 4.4 Sending voltage deviation % comparison between (normal) and (DG) cases for all
transmission lines (15 m/s).

4.1.1.3 Receiving voltage deviation % of transmission lines

In Figure 4.5, we can see the percentage values of receiving voltage deviation for all
transmission lines in both cases (Normal and Controlled DG) and for four steps of load values.
In general, the results of sending and receiving voltage deviation are similar to each other, but
with some differences in which the voltage deviations are higher for all lines because these
values are for the receiving ends. The impact of the DG unit’s controller is still obvious for all
transmission lines even for the highest step of line 3-5 where it was able to reduce the voltage
deviation from -11.2% to about -5.5%. Also, the changes ranges are narrower in controlled DG
case with respect to normal case [118].
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Figure 4.5 Receiving voltage deviation % comparison between (normal) and (controlled DG)
cases for all transmission lines (15 m/s ) [118].

Figure 4.6 shows comparison between normal and DG cases for receiving voltage deviation%.
Results for this comparison are also similar to the results of the sending voltage but with a
higher deviations as they are for receiving ends. Similar to what we mentioned for the sending
end, deviations for controlled DG case are lower than DG case where for line 3-5 the voltage
deviation decreased from -11.2% in normal case to -5.5% in the controlled DG case and -9.4%
in the DG case. Also, the changes range due to load increase are narrower for controlled DG
case where the range changes from 4% in the normal case to 3.9% and 2.3% in the DG and
controlled DG cases respectively.
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Figure 4.6 Receiving voltage deviation % comparison between (normal) and (DG) cases for
all transmission lines (15 m/s).

4.1.1.4 Voltage drop % of transmission lines

Figure 4.7 shows voltage drop percentage values for all transmission lines in both cases
(Normal and Controlled DG) and for four steps of load values. The most noticeable impact of
the DGs unit’s controller is for lines 0-1, 0-2, 1-2, and 14, as these lines are located between
two DG units or one DG unit and the slack bus. Despite this, we can notice that the voltage
drop for lines 3-5 and 4-6 in the (Controlled DG) case is slightly higher than (Normal) case
and relatively higher for line 3—4 but this does not mean that the (Controlled DG) case for these
lines is worse than the (Normal) case because these differences between voltage drop values in
the two cases are due to the differences in the improvements of sending and receiving voltage
values for these lines, where the controller improves the sending voltage more than receiving
voltage. For example, for line 3—4, step 4, the sending voltage was 60.467 kV in the (Normal)
case and it becomes 65.074 kV in the (Controlled DG) case with an improving value (4.607
kV), whereas the receiving voltage was 59.576 kV in the (Normal) case and it became 63.432
kV, so the improving value is 3.956 kV [118].
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Figure 4.7 Voltage drop (%) comparison between (normal) and (controlled DG) cases for all
transmission lines (15 m/s) [118].

In Figure 4.8, we can see results for voltage drop comparison between normal and DG case. In
general, we can also notice a decrease in voltage drop% in the DG case comparing to the normal
case. But, the amount of decrease is less than the controlled DG case which shows the
effectively of the used controller in improving voltage profile. For instance, at step 4 of line 1-
4 the voltage drop decreased from 5.6% in the normal case to 3.9% and 0.9% in the DG and
controlled DG cases respectively.
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Figure 4.8 Voltage drop (%) comparison between (normal) and (DG) cases for all
transmission lines (15 m/s).

4.1.1.5 Sending cos(@) of transmission lines

In Figure 4.9, we can see the sending cos(¢) values for all transmission lines in both cases
(Normal) and (Controlled DG) and for four steps of load values. We can notice the considerable
influence of the DG unit’s controller compared with the (Normal) case specifically for lines 0—
2, 1-2, 1-4, and 0—1 where the sending cos(¢) values are remarkably better than the (Normal)
case, also very close to 1, while cos(¢) for line 0-2 is (0.92-0.96) and for line 1-2 is (0.91-0.95).
Moreover, the change’s range during the ascending process of the load is very narrow. For
example: cos(p) values for line 0-2 ranges between 0.928 and 0.952 in the (Normal) case,
while in the (Controlled DG) case, all the values are about 0.998. The great improvement of
cos(¢) values for these lines is due to the fact that all of them are located close to the controlled
DG units which have controller to regulate the generated reactive power. For the rest of the
lines, we can notice that the sending cos(¢) values are relatively close to each other [118].
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Figure 4.9 Sending cos(p) comparison between (normal) and (controlled DG) cases for all
transmission lines (15 m/s) [118].

Figure 4.10 shows comparison of sending cos(¢) between normal and DG cases. Results shows
that cos(¢@) becomes lower for lines 0-2, 1-2, 1-4, and 0-1 in the DG case with respect to the
normal case. This decrease is due to absence of the controller for the DG units and the decrease
of the drawn active power from the main generators G1 and G2 because DG units feed the
loads with active power too. For the rest of lines, we can notice similar results for normal and
DG cases. But we can also notice that results of sending cos(¢) are better in the controlled DG
comparing to the DG case where cos(¢) values for line 0—2 increased from (0.928 -0.952) in
normal case to 0.998 in the controlled DG case while it decreased to (0.7-0.73) in the DG case.
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Figure 4.10 Sending cos(¢) comparison between (normal) and (DG) cases for all
transmission lines (15 m/s).

4.1.1.6 Receiving cos(@) of transmission lines

Figure 4.11 shows the receiving cos(¢) values for all transmission lines in both cases (Normal
and Controlled DG) and for four steps of load values. The results for the receiving end are
similar to the sending end where we can observe the same improvements of receiving cos(¢)
for the same lines 0-2, 1-2, 1-4, and 0-1 where for line 0-2 cos(¢) is (0.94-0.96) in the normal
case and it becomes (0.98-0.995) in the controlled DG case. But the range of changes is
relatively wider and the values are relatively lower than sending end results. For the remaining
lines, the results are also close to each other for both cases, except line 3—4 where the receiving
cos(¢) values for the Controlled DG case are better than the Normal case [118].
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Figure 4.11 Receiving cos(p) comparison between (normal) and (controlled DG) cases for
all transmission lines (15 m/s) [118].

Figure 4.12 shows comparison of receiving cos(¢) between normal and DG cases. These results
are similar to the sending end but with lower values and wider ranges of changes. Similarly, to
the results of the sending cos(o), results here shows that cos(¢p) becomes lower for lines 0-2,
1-2, 1-4, and 0-1 in the DG case with respect to the normal case. Also, for the rest of lines,
the results are close to each other relatively.
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Figure 4.12 Receiving cos(p) comparison between (normal) and (DG) cases for all
transmission lines (15 m/s).

4.1.2 Speed 10 m/s
4.1.2.1 Voltage deviation % of busbars

Figure 4.13 shows results of voltage deviation % for normal and controlled DG cases but for
speed 10 m/s. These results are very similar to the results of 15 m/s where the voltage deviation
decreased remarkably for all buses in the controlled DG case compared to the normal case.
Actually, numerical results from simulation shows that the voltage deviation for 10 m/s is
slightly higher than 15 m/s and the difference is small about 0.3% for most busbars.
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Figure 4.13 Voltage deviation % comparison between (normal) and (controlled DG) cases
for all busbars (10 m/s).

Figure 4.14 shows comparison of voltage deviation % between normal and DG cases. Results
in this figure are also similar to what we got for 15 m/s where voltage deviation in DG case is
lower and controlled DG case is better than DG case because of lower voltage deviation.
Similarly, to figure 4.13, the voltage deviation for 10 m/s case is slightly higher than 15 m/s
but the magnitude of difference is higher here (0.6%-0.8%) for most busbars.
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Figure 4.14 Voltage deviation % comparison between (normal) and (DG) cases for all
busbars (10 m/s).
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4.1.2.2 Sending voltage deviation % of transmission lines

In figure 4.15 we can see the results of sending voltage comparison between normal and
controlled DG case for wind speed 10 m/s where we can notice significant improvement in
voltage profile and remarkable decrease in voltage deviation for all transmission lines in all
steps. These results are very similar to the results that we got for speed 15 m/s. For lines 2-3,
3-4, 3-5, and 4-6, voltage deviation is slightly higher in case of 10 m/s with respect to case 15
m/s due to the difference of active power generation. This difference ranges between 0.25 and
0.4%.
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Figure 4.15 Sending voltage deviation % comparison between (normal) and (controlled DG)
cases for all transmission lines(10 m/s).

In figure 4.16, we can notice the compassion between normal and DG cases for wind speed 10
m/s. The obtained results are very close to the results of wind speed 15 m/s where the voltage
deviation in the DG case is less than the normal case. Also, if we compared these results with
the results in the controlled DG case in figure 4.15, we can notice also that the controller played
an important role in decreasing voltage deviation. The results for this speed (for lines 2-3, 3-4,
3-5, and 4-6) show also slightly higher voltage deviation compared with speed 15 m/s and this
amount of increase in higher in this case compared with controlled DG case is between 0.6%
and 0.8%.
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Figure 4.16 Sending voltage deviation % comparison between (normal) and (DG) cases for
all transmission lines(10 m/s).

4.1.2.3 Receiving voltage deviation % of transmission lines

In figure 4.17 we can see the results of receiving voltage deviation in controlled DG case with
respect to normal case for wind speed 10 m/s. The obtained results are very similar to what we
got for speed 15 m/s where we are able to reduce voltage deviation using the added controller.
Also, these values are higher than sending values. Anyway, if we checked the numerical results,
we can notice that voltage deviation for all lines except line 0-1 is slightly higher in 10 m/s
case than 15 m/s case and the difference is (0.25% - 0.3%).
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Figure 4.17 Receiving voltage deviation % comparison between (normal) and (controlled
DG) cases for all transmission lines (10 m/s).

In figure 4.18. we can see receiving voltage compassion between normal and DG cases for
wind speed 10 m/s. In similar way to the sending end we can notice that these results are very
close to the obtained results for the case of 15 m/s. It’s obvious that the results in DG case is
better than normal case but controlled DG case shows far better impact on reducing voltage
deviation. These results are slightly higher than the results of 15 m/s where that difference is
about (0.6% - 0.8%) except for line 0-1 where the difference is about 0.1%.

-14 % -

-12 %

-10 %

-8 %

-6 %

Vr deviation%

-4 %

2%

0 %

[ INormal (step 1) |
I Normal (step 2)
I Normal (step 3)
I Normal (step 4) | 7]
I DG (step 1)
I DG (step 2)
DG (step 3)
006 step 4)

Line 0-2 Line 2-3 Line 3-5 Line3-4 Line4-6 Line1-2 Line 1-4 Line 0-1
Lines

Figure 4.18 Receiving voltage deviation % comparison between (normal) and (DG) cases for

all transmission lines (10 m/s).
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4.1.2.4 Voltage drop % of transmission lines

Figure 4.19 shows voltage drop comparison between normal and controlled DG cases for wind
speed 10 m/s. Shown results are very similar to the results of 15 m/s where we are capable to
reduce voltage drop using the controller and getting better voltage profile. The values of voltage
drop are very close to the case of 15 m/s for lines 2-3, 3-5, 3-4, 4-6, and 0-1. But for lines 0-2,
1-2, and 1-4, the values are slightly higher in case of 10 m/s and the difference is between 0.3%
and0.4%.
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Figure 4.19 Voltage drop (%) comparison between (normal) and (controlled DG) cases for
all transmission lines (10 m/s).

Figure 4.20 illustrates the results of voltage drop comparison between normal and DG cases
for wind speed 10 m/s. The results are also similar to what we got for speed 15 m/s where we
got better results for DG case but results for controlled DG case are still far better than these
results. If we checked the numerical results, we will notice that results for all lines are close to
each other except lines 0-2, 1-2, and 1-4 where the voltage drop is slightly higher in case of 10
m/s and the difference ranges between 0.5% and 0.7%.
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Figure 4.20 Voltage drop (%) comparison between (normal) and (DG) cases for all
transmission lines (10 m/s).

4.1.2.5 Sending cos(@) of transmission lines

Figure 4.21 shows sending cos(¢) differences between normal and controlled DG cases for
wind speed 10 m/s. As what we got for speed 15 m/s, we obtained here better results in the
controlled DG case and narrower range of changes especially for lines 0-2, 1-2, and 1-4 with
respect to the normal case. By checking the results from MATLAB we noticed that the values
are close to case of speed 10 m/s but with some small changes where cos(¢) decreased slightly
for lines 0-1,1-4 and 3-4. For line 0-1 cos(p) values were very close to 1 for speed 15 m/s and
decreased to about 0.985 for speed 10 m/s due to the small decrease of generated active power
from DG units. On the other hand, it increased slightly in lines 0-2 and 2-3 due to increased
generated active power from main generators G1 and G2.
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Figure 4.21 Sending cos(¢) comparison between (normal) and (controlled DG) cases for all
transmission lines (10 m/s).

Figure 4.22 illustrates sending cos(¢p) comparison between normal and DG cases for wind
speed 10 m/s. The results are very similar to what we obtained for speed 10 m/s where we got
lower values for lines 0-2, 1-2, 1-4, and 0-1 in the DG case due to the absence of the controller
and generated active power from DG units but for speed 10 m/s we can see an increase in
cos(¢) for these lines due to the decrease of active power generation from DG units when the
wind speed decreased from 15 m/s to 10 m/s. For instance, cos(¢) for line 0-1 was (0.62-0.76)
in case of speed 15 m/s and increased to (0.92-0.946) for speed 10 m/s. But, the case of
controlled DG still better than DG case in case of speed 10 m/s.
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Figure 4.22 Sending cos(¢) comparison between (normal) and (DG) cases for all
transmission lines (10 m/s).

4.1.2.6 Receiving cos(@) of transmission lines

In figure 4.23, we can notice receiving cos(¢) comparison between normal and controlled DG
cases for speed 10 m/s. The obtained results are very close to what we got for speed 15 m/s
where we got better cos(¢) for lines 0-2, 2-3, 1-2, 1-4, and 0-1 with narrower range of change
but results for speed 10 m/s is better than it for 15 m/s where values of cos(p) are higher. Cos(p)
for line 3-4 reduced for speed 10 m/s with respect to speed 15 m/s. For lines 3-5 and 4-6 the
results were almost equal for normal and controlled DG cases. In general, we can say that the
controller has positive impact on improving cos(¢) for most of lines.
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Figure 4.23 Receiving cos(p) comparison between (normal) and (Controlled DG) cases for
all transmission lines (10 m/s).

Figure 4.24 shows receiving cos(¢) comparison between normal and DG cases for wind speed
10 m/s. These results are similar to what we got for speed 15 m/s where cos(¢) values decreased
for lines 0-2, 2-3, 1-2, 1-4 and 0-1 because of high active power generation from DG units. But
when the wind speed changed from 15 m/s to 10 m/s, cos(¢) values increased where for line 1-
4 we got (0.24-0.56) for speed 15 m/s and (0.83-0.85) for speed 10 m/s because decreased
active power generation from DG units will cause more active power generation from main
generators. In general, controlled DG case is still better than the DG case for this speed too.
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Figure 4.24 Receiving cos(p) comparison between (normal) and (DG) cases for all
transmission lines (10 m/s)
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4.1.3 Speed 5 m/s
4.1.3.1 Voltage deviation % of busbars

Figure 4.25 shows voltage deviation % comparison between normal and controlled DG cases
for wind speed 5 m/s. The obtained results are similar to what we got for speeds 15 m/s and 10
m/s where we got less voltage deviation for all busbars and all steps with respect to the normal
case. Although, the voltage deviation for speed is higher than 15 m/s and 10 m/s wind speeds
where for bus 6 (step 4) voltage deviation changed from -3.5% (15 m/s) to -3.9% (10 m/s) and
-4.4% (5 m/s). This emphasizes that the controller is effective even for low wind speeds (low
active power generation).
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Figure 4.25 Voltage deviation % comparison between (normal) and (controlled DG) cases
for all busbars (5 m/s).

Figure 4.26 illustrates the differences of voltage deviation between normal and DG cases for
speed 5 m/s. VVoltage deviation values increased for this speed in compared with higher speeds
where voltage deviation for bus 6 (step 4) increased from -8.1% (15 m/s) to -8.9% (10 m/s) and
-10% (5 m/s) which is slightly lower than voltage deviation in the normal case (-10.33 %). And
we got the same performance for other busbars and steps which conclude that the controller
has significant impact in low speeds.

98



4 Results

16 % . .
I Bus 1
-B 2
-14 % - — TR
[ 1Bus4
12 % | — 1R
N
S-10% i
N
=
_ag 8% -
[-P]
on
S 6% .
(=)
=
-4 % _
2% .
0%
1 2 3 4 1 2 3 4
< > < >

Normal Steps DG

Figure 4.26 Voltage deviation % comparison between (normal) and (DG) cases for all
busbars (5 m/s).

4.1.3.2 Sending voltage deviation % of transmission lines

In figure 4.27 we can see sending voltage deviation comparison between normal and controlled
DG cases for wind speed 5 m/s. Results for this speed are similar to what we got for 10 and 15
m/s as the voltage deviation is decreased remarkably in the controlled case in compared to
normal case. But, voltage deviation in the controlled case for this speed is higher than the other
two high speeds for lines 2-3, 3-5, 3-4 and 4-6 and the magnitude of increase is (0.36% -
0.48%). For instance, sending voltage deviation for line 4-6 (step 4) increased from -1.4% (15
m/s) to 1.8% (10 m/s) and 2.28% (5 m/s).
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Figure 4.27 Sending voltage deviation % comparison between (normal) and (controlled DG)
cases for all transmission lines(5 m/s).

Figure 4.28 shows a comparison between normal and DG cases in terms of sending voltage
deviation for speed 5 m/s. The performance is similar to what we got for speed 10 m/s where
the decreased generated active power from DG units cause to increase in the voltage deviation
for lines especially 2-3, 3-5, 3-4 and 4-6 where the increment is between 0.82% and 1.13%.
These results show that the impact of the decreased generated active power is bigger in the DG
case with respect to the controlled DG case. Also, the controller still shows high efficiency in
reducing voltage deviation.
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Figure 4.28 Sending voltage deviation % comparison between (normal) and (DG) cases for
all transmission lines(5 m/s).

4.1.3.3 Receiving voltage deviation % of transmission lines

Figure 4.29 illustrates receiving voltage deviation % comparison between normal and
controlled DG cases for wind speed 5 m/s. These results are similar to what we obtained for 10
m/s and 15 m/s where voltage deviation decreased remarkably in the controlled DG case with
respect to the normal case. For instance, voltage deviation for line 4-6 (step 4) decreased from
-10.3% in the normal case to -4.4% in the controlled DG case. Although, voltage deviation for
this speed is slightly higher than the other two speeds and the difference is about (0.36% -
0.49%).
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Figure 4.29 Receiving voltage deviation % comparison between (normal) and (controlled
DG) cases for all transmission lines(5 m/s).

In figure 4.30 we can see the comparison between normal and DG cases in terms of receiving
voltage deviation for speed 5 m/s. Similar to what we got for speed 10 m/s, the decreased
generated active power from DG units led to voltage deviation increase in all lines. For
instance, voltage deviation for line 4-6 (step 4) increased from -8.1% (15 m/s) to -8.9% (10
m/s) and -10% (5 m/s). Anyway, the controller still shows big impact on reducing voltage
deviation even for low speeds.
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Figure 4.30 Receiving voltage deviation % comparison between (normal) and (DG) cases for
all transmission lines(5 m/s).
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4.1.3.4 Voltage drop % of transmission lines

In figure 4.31 we can see voltage drop % comparison between normal and controlled DG cases
for wind speed 5 m/s. The obtained results are similar to what we got for the other two higher
speeds where the controller reduced voltage drop especially for lines 0-1, 1-4, 1-2, and 0-2. For
the other lines where we got higher voltage drops such as 3-5, 3-4, and 4-6, the reason is due
to the fact that the controller increased voltage of the sending end more than voltage of the
receiving end. The values of voltage drop are very close to the case of 15 m/s and 10 m/s for
lines 2-3, 3-5, 3-4, 4-6, and 0-1. But for lines 0-2, 1-2, and 1-4, the values for speed 5 m/s are
slightly higher than 10 m/s and the difference is about (0.34% - 0.43%).
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Figure 4.31 Voltage drop (%) comparison between (normal) and (controlled DG) cases for
all transmission lines (5 m/s).

In figure 4.32, we can notice voltage drop comparison between normal and DG cases for speed
5 m/s. The low injected active power from DG units led to an get high voltage drop with respect
to speed 15 m/s and 10 m/s. Actually, the voltage drop values for all lines are close to each
other except lines 0-2, 1-2, and 1-4 where the voltage drop is slightly higher in case of 5 m/s
with a difference (0.6% - 0.87%). For instance, voltage drop for line 0-2 (step 4) increased
from 4.95% (15 m/s) to 5.56% (10 m/s) and 6.4% (5 m/s).
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Figure 4.32 Voltage drop (%) comparison between (normal) and (DG) cases for all
transmission lines (5 m/s).

4.1.3.5 Sending cos() of transmission lines

Figure 4.33 shows sending cos(p) comparison between normal and controlled DG cases for
wind speed 5 m/s. The results here are similar to what we got for other higher speeds where
the controller has some positive impact on improving cos(¢) especially lines 0-2, 1-2, and 1-4.
But the decreased supplied active power from DG units cause decrement in cos(¢) for lines 0-
1, 1-4, 1-2 and 3-4. The biggest decrease was for line 3-4 where the values of cos(¢) decreased
from (0.94 - 0.98) for speed 15 m/s to (0.89 - 0.96) for speed 10 m/s to (0.79 - 0.89) for speed
5 m/s. The decrease of cos(¢) for the other lines is very small and the high decrease in line 3-
4 is due to the fact this line transfers more reactive power to the loads when needed. Anyway,
even for this low speed the controller still shows improvement in sending cos(¢) value.
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Figure 4.33 Sending cos(¢) comparison between (normal) and (controlled DG) cases for all

transmission lines (5 m/s).

In figure 4.34, we can see the difference between normal and DG cases in terms of sending
cos(¢) for wind speed 5 m/s. Results here shows that DG units have negative impact on sending
cos(¢) for most of lines where its value is lower in the DG case for lines 0-1,0-2, 1-2, and 1-4
and this due to the low active power generation from DG units. For line 3-4, cos(¢) value
increased slightly and for other lines there is no impact. By checking numerical results, we
noticed that the reduced wind speed caused cos(¢) decrease in lines 0-2, 1-2, 1-4, and 0-1 and

the difference is (0.04 — 0.08).
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4.1.3.6 Receiving cos(¢) of transmission lines

Figure 4.35 shows comparison between normal and controlled DG cases in regards to receiving
cos(¢) for wind speed 5 m/s. Results show that for most of lines, the values of cos(¢) are very
close to what we got for speed 10 m/s except line 3-4 which got lower cos() for speed 5 m/s
due to reduced transmitted active power through it. Anyway, the controller DG case still shows
an improvement in the receiving cos(¢) in comparison to the normal case for lines 0-2, 2-3, 1-
2, 1-4 and 0-1.
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Figure 4.35 Receiving cos(p) comparison between (normal) and (controlled DG) cases for
all transmission lines (5 m/s).

In figure 4.36, we can notice receiving cos(@) comparison between normal and DG cases for
speed 5 m/s. As what we got for higher speeds, cos(¢) values decreased for lines 0-2, 2-3, 1-2,
1-4 and 0-1, but it increased for line 3-4 with respect to normal case. For the rest of lines, the
values are very close to each other. If we want to compare the results for this speed with speed
10 m/s, we will notice that the low speed causes an increase in receiving cos(¢) for lines 0-2,
2-3,1-2, 1-4, and 0-1. In general, the controller DG case showed the best performance in terms
of receiving cos(®).
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Figure 4.36 Receiving cos(p) comparison between (normal) and (DG) cases for all
transmission lines (5 m/s).

4.1.4 Fault Line 2-3 (speed 5 m/s)
4.1.4.1 Voltage deviation % of busbars

Figure 4.37 illustrates voltage deviation % comparison between normal and controlled DG
cases for (Fault line 2-3, speed 5 m/s). The obtained results prove how the controller is able to
reduce voltage deviation in efficient way even in case of faults and low active power
generation. We can notice that the voltage deviation for busbars increased significantly when
we faced the fault in line 2-3; where it increased from -11.3% before the fault to reach -20.3 %
after the fault for busbar 5 (step 4). Also, the controller is capable to reduce the voltage
deviation for all busbars to be in the range +10% except busbar 5 (step 4). There is another
difference with respect to the case before the fault which is getting higher voltage than the
nominal voltage for busbar 2 due to the high reactive power generation to compensate the high
voltage deviation that caused by the fault.
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Figure 4.37 Voltage deviation % comparison between (normal) and (controlled DG) cases
for all busbars (fault line 2-3, 5 m/s).

Figure 4.38 shows comparison between normal and DG cases in terms of voltage deviation for
(Fault line 2-3, speed 5 m/s). The obtained results show that the DG units are able to reduce
voltage deviation in a trivial way. For line 2-3 (step 4), voltage deviation decreased from -
20.3% in the normal case to -18.6% in the DG case. Also, we can see that voltage deviation for
busbars 3 and 5 is out of the allowed range £10% even in the first step where we got (-12%)
for busbar 3 and (-12.9%) for busbar 5.
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Figure 4.38 Voltage deviation % comparison between (normal) and (DG) cases for all
busbars (fault line 2-3, 5 m/s).
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4.1.4.2 Sending voltage deviation % of transmission lines

In figure 4.39, we can notice sending voltage deviation comparison between normal and
controlled DG cases for (Fault line 2-3, speed 5 m/s). In the shown results we can see how the
controller reduced voltage deviation remarkably for all lines. For instance, voltage deviation
for line 3-5 (step 4) decreased from -18.95% at normal case to -10.25% at controlled DG case.
The controller proves its high efficiency in terms of sending voltage deviation even in case of
faults.
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Figure 4.39 Sending voltage deviation % comparison between (normal) and (controlled DG)
cases for all transmission lines((fault line 2-3, 5 m/s).

Figure 4.40 illustrates sending voltage deviation comparison between normal and DG cases for
(Fault line 2-3, speed 5 m/s). The obtained results show that the existence of DG units has only
a slight impact on reducing voltage deviation for sending ends. For example, voltage deviation
for line 3-5 decreased from -18.95% at normal case to -17.25% at DG case. Also, the same
behavior for the rest of lines and steps.
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Figure 4.40 Sending voltage deviation % comparison between (normal) and (DG) cases for
all transmission lines((fault line 2-3, 5 m/s).

4.1.4.3 Receiving voltage deviation % of transmission lines

In figure 4.41 we can see comparison between normal and controlled DG cases in terms of
receiving voltage deviation for (Fault line 2-3, speed 5 m/s). For receiving ends, the controller
shows big impact on improving voltage profile by reducing voltage deviation. This is obvious
for all transmission lines. For example, voltage deviation for line 4-6 (step 4) decreased from -
14.5% in the normal case to -5.3% at the controlled DG case, and for line 1-4 (step 4) it
decreased from -12.6% to -3.2%. These results show that the controller played an important
role in reducing voltage deviation values and narrowing the range of changes.
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Figure 4.41 Receiving voltage deviation % comparison between (normal) and (controlled
DG) cases for all transmission lines((fault line 2-3, 5 m/s).

Figure 4.42 shows receiving voltage deviation comparison between normal and DG cases for
(Fault line 2-3, speed 5 m/s). The obtained results show that DG units are capable to reduce
voltage deviation only by small magnitude for all lines. For instance, voltage deviation of line
4-6 (step 4) decreased from -14.5% to -12.7% at the DG case while it decreased to -5.3 at the
controlled DG case.
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Figure 4.42 Receiving voltage deviation % comparison between (normal) and (DG) cases for
all transmission lines((fault line 2-3, 5 m/s).

4.1.4.4 Voltage drop % of transmission lines

In figure 4.43, we can notice voltage drop comparison between normal and controlled DG cases
for (Fault line 2-3, speed 5 m/s). The results here also show a big improvement for reducing
voltage drop for lines 0-2, 1-2, 1-4, and 0-1 with respect to the normal case. Voltage drop for
line 1-4 (step 4) reduced from 9.45% at the normal case to 3.14% at the controlled DG case.
The slight increase in voltage drop for lines 3-5, 3-4, 4-6 is due to the fact that the increment
in sending voltage is higher than receiving end. For example, sending voltage for line 3-4 (step
4) increased from 57.67 kV at the normal case to 63.86 kV at the controlled DG case (i.e. the
increment is 6.19 kV), whereas the receiving voltage increased from 53.49 kV at normal case
to 59.23 kV at the controlled DG case (i.e. the increment is 5.74 kV). We can see here some
voltage values in positive area which means that change of the power flow direction such as
lines 0-2 and 1-2.
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Figure 4.43 Voltage drop % comparison between (normal) and (controlled DG) cases for all
transmission lines ((fault line 2-3, 5 m/s).

Figure 4.44 illustrates voltage drop comparison between normal and DG cases for (Fault line
2-3, speed 5 m/s). These results show that DG is able to reduce voltage drop for some lines
only in a slight way. The improvement is not such a big difference if we compared it with the
controller DG case. For instance, voltage drop for line 1-4 (step 4) reduced from 9.45% at the
normal case to 3.14% at the controlled DG case and 8.03% at the DG case.
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Figure 4.44 Voltage drop % comparison between (normal) and (DG) cases for all
transmission lines ((fault line 2-3, 5 m/s).
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4.1.4.5 Sending cos(@) of transmission lines

In figure 4.45, we can see comparison between normal and controlled DG cases in terms of
sending cos(¢) for (Fault line 2-3, speed 5 m/s). These results show that controller improved
sending cos(¢) for lines 1-4 and 0-1. For lines 1-2 and 0-2 we can notice a decrease in the value
of cos(p) due to increased reactive power transferred through these lines. We can also notice
that the value of cos(¢) kept its value without change for the rest of lines.
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Figure 4.45 Sending cos(¢) comparison between (normal) and (controlled DG) cases for all
transmission lines ((fault line 2-3, 5 m/s).

Figure 4.46 shows sending cos(¢@) comparison between normal and DG cases for (Fault line 2-
3, speed 5 m/s). The results here shows a narrower range of change for lines 0-1 and 1-4 with
respect to the normal case but the improve is less than the controlled DG case where cos(¢) for
line 1-4 improved from (0.88 — 0.93) at the normal case to (0.92- 0.93) at the DG case and 0.99
at the controlled DG case. For lines 0-2 and 1-2, we can see that the DG units have negative
impact on cos(¢) value. Lines 3-5, 3-4 and 4-6 did not face any change in cos(¢) value in
compared with normal case.
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Figure 4.46 Sending cos(¢) comparison between (normal) and (DG) cases for all

transmission lines ((fault line 2-3, 5 m/s).

4.1.4.6 Receiving cos(@) of transmission lines

In figure 4.47, we can see the difference between normal and controlled DG cases in terms of
receiving cos(¢) for (Fault line 2-3, speed 5 m/s). From the obtained results we can figure out
that the we got an improvement in the controlled DG case in lines 0-1 and 1-4 with respect to
the normal case. But we got lower values for cos(o) in lines 0-2 and wider range of change in
line 1-2 where it was (0.83 - 0.84) for the normal case and (0.77 - 0.89) for the controlled DG
case. Values of cos(o) for the rest of lines did not change and remained the same.
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Figure 4.47 Receiving cos(p) comparison between (normal) and (controlled DG) cases for
all transmission lines ((fault line 2-3, 5 m/s).
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Figure 4.48 shows receiving cos(¢) comparison between normal and DG cases for (Fault line
2-3, speed 5 m/s). These results show some improvement in the cos(¢) for lines 0-1 and 1-4
but less than what we got in the controlled DG case where cos() for line 1-4 increased from
(0.92 - 0.96) in the normal case to 0.95 in the DG case and 0.98 in the controlled DG case.
Lines 0-2 and 1-2 got less values for cos(¢) in the DG case in compared with the normal case.
Values of cos(¢) for lines 3-5, 3-4 and 4-6 remains without change.
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Figure 4.48 Receiving cos(p) comparison between (normal) and (DG) cases for all
transmission lines ((fault line 2-3, 5 m/s).

4.2 Power losses
4.2.1 Speed 15 m/s

In figure 4.49, we can notice the differences in total power losses for the whole system
between normal and controlled DG cases for speed 15 m/s. The figure shows that the
controlled DG case reduced power losses from 3.77 MW to 1.34 MW which means that
reduction is about 64%. We can notice the same thing for all steps whereas total power losses
changed from (2.05 MW - 3.77 MW) in the normal case to (0.51 MW — 1.34 MW) in the
controlled DG case which corresponds reduction percentage (64% - 75%). Tables 4.1 and 4.2
show active power for sending and receving ends for speed 15 m/s.
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Figure 4.49 Total power losses comparison between (normal) and (controlled DG) cases (15
m/s).

Table 4.1 Sending active power values of lines for all steps (15 m/s) [kKW].

Case L 0-2 L 2-3 L3-5 LO-1 L1-2 L 3-4 L1-4 L 4-6

Step1 | 25,789 | 20,517 | 10,093 | 13,509 | 14,686 | 5,594 | 28,999 | 10,313

Step2 | 28,222 | 22,810 | 11,313 | 14,959 | 15977 | 5,854 | 32,174 | 11,630

Normal g o3 130,523 | 24.947 | 12.424 | 16,348 | 17.188 | 6.090 | 35.166 | 12,850

Step4 | 32,699 | 26,937 | 13,432 | 17,677 | 18,325 | 6,301 | 37,984 | 13,979

Stepl | 8532 | 17,476 | 10,976 | 2,824 | 5,690 | 10,924 | 4,159 | 11,363

Controlled | Step2 | 11,403 | 20,307 | 12474 | 4,340 | 7,321 | 11,298 | 8,053 | 13,026

DG Step3 | 14,188 | 23,035 | 13,888 | 5824 | 8,894 | 11,650 | 11,833 | 14,627

Step4 | 16,879 | 25,643 | 15,208 | 7,273 | 10,406 | 11,973 | 15,491 | 16,154

Table 4.2 Receiving active power values of lines for all steps (15 m/s) [KW].

Case L 0-2 L 2-3 L 3-5 LO-1 L1-2 L34 L1-4 L 4-6

Step1 | 25,103 | 20,335 | 10,035 | 13,403 | 14,406 | 5,559 | 28,372 | 10,238

Step2 | 27,374 | 22,575 | 11,235 | 14,827 | 15632 | 5,814 | 31,372 | 11,530

Normal - Step3 | 29,502 | 24,654 | 12,325 | 16,187 | 16,774 | 6,044 | 34,173 | 12.723

Step4 | 31,494 | 26,581 | 13,311 | 17,486 | 17,838 | 6,251 | 36,786 | 13,822

Stepl | 8464 | 17,353 | 10,913 | 2,819 | 5,654 | 10,807 | 4,148 | 11,281

Controlled | Step2 | 11,281 | 20,136 | 12,388 | 4,330 | 7,260 | 11,167 | 8,010 | 12,914

DG Step3 | 14,000 | 22,811 | 13,777 | 5806 | 8,804 | 11,504 | 11,742 | 14,482

Step4 | 16,612 | 25,359 | 15070 | 7,243 | 10,283 | 11,812 | 15334 | 15,973
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4.2.2 Speed 10 m/s

Figure 4.50 shows a comparsion between normal and controlled DG cases in terms of total
power losses for speed 10 m/s. For this speed we see also that the controller is capable to
decrease total power losses. The total power losses decreased to about (0.98 MW - 2.22 MW)
with reduction rate ranges between (41% to 52%). Tables 4.3 and 4.4 show active power for
sending and receving ends for speed 10 m/s.
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Figure 4.50 Total power losses comparison between (normal) and (controlled DG) cases (10
m/s).

Table 4.3 Sending active power values of lines for all steps (10 m/s) [kW].

Case L 0-2 L 2-3 L 3-5 LO-1 L1-2 L34 L1-4 L 4-6

Step1l | 25,789 | 20,517 | 10,093 | 13,509 | 14,686 | 5,594 | 28,999 | 10,313

Step2 | 28,222 | 22,810 | 11,313 | 14,959 | 15977 | 5,854 | 32,174 | 11,630

Normal g1 o 3 130,523 | 24.947 | 12.424 | 16,348 | 17.188 | 6.090 | 35.166 | 12,850

Step4 | 32,699 | 26,937 | 13,432 | 17,677 | 18,325 | 6,301 | 37,984 | 13,979

Step1 | 16,979 | 19,507 | 10,917 | 7,637 | 10,311 | 8,733 | 16,465 | 11,293

Controlled | Step2 | 19,876 | 22,315 | 12,404 | 9,173 | 11,950 | 9,106 | 20,398 | 12,942

DG Step3 | 22,691 | 25,023 | 13,806 | 10,678 | 13,535 | 9,458 | 24,226 | 14,531

Step4 | 25,434 | 27,631 | 15,125 | 12,154 | 15,075 | 9,783 | 27,970 | 16,058

Table 4.4 Receiving active power values of lines for all steps (10 m/s) [kW].

Case L 0-2 L 2-3 L 3-5 LO-1 L1-2 L34 L1-4 L 4-6

Step1 | 25103 | 20,335 | 10,035 | 13,403 | 14,406 | 5,559 | 28,372 | 10,238

Step2 | 27,374 | 22,575 | 11,235 | 14,827 | 15,632 | 5,814 | 31,372 | 11,530

Normal "step 3 | 29,502 | 24,654 | 12,325 | 16,187 | 16,774 | 6,044 | 34,173 | 12,723

Step4 | 31,494 | 26,581 | 13,311 | 17,486 | 17,838 | 6,251 | 36,786 | 13,822

Controlled | Step1 | 16,712 | 19,357 | 10,853 | 7,603 | 10,192 | 8,651 | 16,286 | 11,211

DG Step2 | 19510 | 22,114 | 12,318 | 9,125 | 11,790 | 9,012 | 20,125 | 12,831
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Step3 | 22,215 | 24,764 | 13,696 | 10,613 | 13,330 | 9,351 | 23,840 | 14,387

Step4 | 24,834 | 27,308 | 14,988 | 12,070 | 14,819 | 9,660 | 27,455 | 15,877

4.2.3 Speed 5 m/s

In figure 4.51 we can notice total power losses comparison between normal and controlled
DG cases for wind speed 5 m/s. In this speed we can also notice that total power losses
decreased for all steps to about (1.96 MW - 3.63 MW) wherease the reduction percentage is
(3.4% to 4.3%). Tables 4.5 and 4.6 show active power for sending and receving ends for
speed 5 m/s.
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Figure 4.51 Total power losses comparison between (normal) and (controlled DG) cases (5
m/s).

Table 4.5 Sending active power values of lines for all steps (5 m/s) [KW].

Case L 0-2 L 2-3 L 3-5 LO-1 L1-2 L34 L1-4 L 4-6

Step1 | 25,789 | 20,517 | 10,093 | 13,509 | 14,686 | 5,594 | 28,999 | 10,313

Step2 | 28,222 | 22,810 | 11,313 | 14,959 | 15977 | 5,854 | 32,174 | 11,630

Normal o3 [ 30,523 | 24.947 | 12.424 | 16,348 | 17.188 | 6,090 | 35.166 | 12.850

Step4 | 32,699 | 26,937 | 13432 | 17,677 | 18,325 | 6,301 | 37,984 | 13,979

Stepl1 | 26,111 | 21,713 | 10,828 | 12,896 | 15,264 | 6,301 | 29,873 | 11,189

Controlled | Step2 | 29,038 | 24,315 | 12,300 | 14,379 | 16,951 | 6,853 | 33,547 | 12,822

DG Step3 | 31,853 | 27,127 | 13,683 | 15,935 | 18,508 | 7,057 | 37,641 | 14,384

Step4 | 34540 | 29,775 | 14990 | 17,421 | 19,994 | 7,322 | 41,439 | 15,894

Table 4.6 Receiving active power values of lines for all steps (5 m/s) [kW].

Case L 0-2 L 2-3 L 3-5 LO-1 L1-2 L34 L1-4 L 4-6

Step1 | 25,103 | 20,335 | 10,035 | 13,403 | 14,406 | 5,559 | 28,372 | 10,238

Normal

Step2 | 27,374 | 22,575 | 11,235 | 14,827 | 15,632 | 5,814 | 31,372 | 11,530

119



4 Results

Step3 | 29,502 | 24,654 | 12,325 | 16,187 | 16,774 | 6,044 | 34,173 | 12,723

Step4 | 31,494 | 26,581 | 13,311 | 17,486 | 17,838 | 6,251 | 36,786 | 13,822

Stepl | 25,475 | 21,529 | 10,765 | 12,800 | 15,002 | 6,250 | 29,283 | 11,108

Controlled | Step2 | 28,255 | 24,077 | 12,216 | 14,260 | 16,630 | 6,790 | 32,799 | 12,712
DG Step 3 | 30,907 | 26,826 | 13,574 | 15,790 | 18,122 | 6,982 | 36,699 | 14,242
Step4 | 33,433 | 29,405 | 14,854 | 17,248 | 19,544 | 7,234 | 40,303 | 15,716

4.2.3 Fault Line 2-3 (speed 5 m/s)

Figure 4.52 shows comparsion between normal and controlled DG cases in terms of total
power losses for (fault line 2-3, 5 m/s). In the shown results, we can see a slight increase in
power losses where total power losses increased (2.9 MW —5.13 MW) to (3 MW - 5.6 MW).
This increase happened due to the high injected reactive power in the network to regulate
voltage for all busbars and keep it close to the nominal values. The high generated reactive
power is due to the high voltage variations for busbars. Tables 4.7 and 4.8 show active power
for sending and receving ends for fault line 2-3 and speed 5 m/s.
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Figure 4.52 Total power losses comparison between (normal) and (controlled DG) cases

(fault line 2-3, 5 m/s).

Table 4.7 Sending active power values of lines for all steps (fault line 2-3, 5 m/s) [kW].

Case L 0-2 L 2-3 L 3-5 L 0-1 L1-2 L34 L1-4 L 4-6

Step1l | 15,585 - 8,828 | 17,142 | 4,405 | 23,300 | 46,403 | 9,704
Normal Step2 | 16,866 - 9,624 | 18,858 | 4,607 | 24,949 | 50,779 | 10,815
Step 3 | 18,090 - 10,286 | 20,461 | 4,818 | 26,365 | 54,744 | 11,815
Step4 | 19,260 - 10,829 | 21959 | 5,035 | 27,572 | 58,335 | 12,714
Controlled | Step 1 | 15,519 - 10,086 | 16,899 | 4,389 | 26,620 | 50,745 | 11,087
DG Step2 | 17,359 - 11,265 | 19,059 | 4,804 | 29,205 | 57,420 | 12,660
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Step 3 | 18,844 - 12,333 | 21,033 | 5,014 | 31,611 | 63,590 | 14,167

Step 4 | 20,482 - 13,311 | 22,927 | 5,387 | 33,890 | 69,523 | 15,628

Table 4.8 Receiving active power values of lines for all steps (fault line 2-3, 5 m/s) [kW].

Case L 0-2 L 2-3 L3-5 LO-1 L1-2 L 3-4 L1-4 L 4-6

Step1 | 15,334 - 8,777 | 16,969 | 4,377 | 22,648 | 44,733 | 9,634
Normal Step 2 | 16,565 - 9,558 | 18,644 | 4,576 | 24,151 | 48,678 | 10,722
Step3 | 17,736 - 10,204 | 20,203 | 4,783 | 25,415 | 52,186 | 11,698
Step4 | 18,850 - 10,731 | 21,655 | 4,996 | 26,469 | 55,300 | 12,572
Step1 | 15,270 - 10,027 | 16,733 | 4,359 | 25,875 | 49,073 | 11,006
Controlled | Step 2 | 17,042 - 11,188 | 18,849 | 4,765 | 28,269 | 55,279 | 12,551
DG Step 3 | 18,463 - 12,234 | 20,778 | 4,966 | 30,473 | 60,958 | 14,026
Step 4 | 20,034 - 13,190 | 22,626 | 5,329 | 32,534 | 66,366 | 15,452

4.5 Results Summary

From the results that we are obtained in the four cases above, we can figure out the following:

1.

10.

The controller played a vital role in improving voltage profile by reducing voltage
deviation and voltage drop through reactive power generation control in all four cases.
When the drawn active and reactive load increases, the controller helped to achieve
more stabilized voltage by narrowing the range of changes of voltage values in all cases.
The results of sending and receiving cos(¢) values after using the controller are better
than the normal case.

The controller shows high efficiency for all the mesh grid parts including the radial
ones.

The shown results prove that the controlled DG case is far better than the DG case and
the normal one.

Low wind speed values led to a decrease in the capability of improving voltage profile
and cos(¢) in both controlled DG and DG cases but the effect on controlled DG is very
small with respect to the DG case which is very obvious in the case of speed 5 m/s.
The fault in the fourth case with low wind speed value (5 m/s) has big influence on the
voltage deviation, voltage drop and cos(¢). The fault causes a high increase in voltage
deviation and voltage drop. Also, it led to get low cos(¢) values.

The controller shows high efficiency in improving voltage profile and mitigating the
negative effects of the fault even when the loads are high.

During the fault, the DG units could not reduce voltage deviation and voltage drop as
needed. The slight improvement in the DG case with respect to the normal case was not
sufficient.

The designed controller is a trustable and effective where shown results prove its
capability in different cases from high speeds to low speeds and faults.

By comparing our method with [119], we can figure out the following:

1.

Our method takes into account the distance between DG units and loads in addition to
voltage deviations which means that each DG units will supply closer loads in effective
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way more than far loads while this method uses only voltage values therefore the
generation will be the same for close or far lines.

2. Our method could be used for one or more DG units while this method couldn’t be used
when there are many DG units because it will generate the same value of reactive
power.

3. Our method couldn’t lead to over voltage because the generation is related to the closer
loads while this method could lead to over voltage at the node of injection because it
the impact of voltage value for far transmission lines is the same like closer ones.
Therefore, in case of high reactive loads or faults, this method will cause over voltage
at the node of injection.

And if we compared our method with the used method in [120], we can find out that:

1. Our method works well and effective in decreasing voltage deviations even during line
faults while this method doesn’t work in such conditions where the voltage deviations
increased.

2. Our method can adapt with the changes in the system topology (adding new loads or
DG units) and loads changes as it will generate new values according the new values
of admittance and voltage variations while any change in the topology of the system or
big changes in power flow or faults will require new position of the STATCOM device.

3. In our method the reactive power generation will come from various DG units which
means that it will not cause overloading of transmission lines while this method requires
a very high reactive power injection (about 200 MVar) in one node which could cause
overloading of the transmission.
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Chapter 5
5 Conclusion

Renewable energy sources become an essential part of modern grids which leads to
transformation from centralized generation to distributed generation. The high complexity of
such grids and the increased needs to improve power quality is steering more research for more
robust control of the DG units to achieve best performance.

DG units could be equipped with full scale converter, so they are capable to generate reactive
power separately from active power which means that they can be used as a voltage control
tool. DG units could be connected to the grid in many positions and new units could be added
in the future. The topology of the electrical grid could be changed also by adding new loads or
lines. The continues changes of consumed active and reactive power makes voltage control
more complicated and this requires more robust control algorithm [118].

The designed controller uses the admittance matrix between each DG unit and all loads in
addition to the voltage variation values as inputs of the controller. The controller is tested in
four cases that include different wind speeds and fault occurrence. From these results,
following points could be concluded [118]:

- The proposed control method is efficient at improving the voltage quality and power
factor for mesh grids where we had significant improvements in the voltage variation
for busbars, the variation of sending and receiving voltage, voltage drop, sending and
receiving cos(o).

- Using this method, we reduced voltage drops and, therefore, the power losses and the
costs have been reduced too.

- Power flow through the lines has been reduced, which allows us to add new loads or to
extend the distribution system.

- We can also conclude that it is important to use the admittance values between DG units
and loads in order to coordinate the share of DG units in reactive power generation to
maximize the benefits for all busbars and lines.

- It is also noticeable that the controller was efficient even for the busbars which are
connected to the radial transmission lines.

- The shown results prove that the controller is effective in various cases even when there
is a faults or low wind speed at the same time.

- Despite the fact that the improvements made in the voltage quality and power factor
were more noticeable for the busbars and lines connected to the DG units, we had
significant positive impacts on the remaining busbars and lines.

- The enormous advantage of this controller is that it uses admittance and voltage
variation values as inputs, which makes it very efficient when we have load changes,
faults, or any other unexpected case. Therefore, we obtain a better voltage quality and
power factor in every case.
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- Further, we can conclude the importance of DG units in improving the reliability of the
electrical grid and improving the power quality of it [118].

This research can be used to design the control system of DG units, especially when we have
many DG units in a small area. It could also be used as the core of a technique which is suitable
to be used by distributed systems operators of radial, loop, and mesh grids [118].
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7 Appendix

7.1 Transformers parameters
Table 7.1 Parameters of the three-phase 0.575/66 kV transformer of Wind farm A [118].

Transformer Low Voltage Winding High Voltage Winding
Connection type Yg Yg
Vs (KV) 0.575 66
R (Q)) 1.749 x 10-5 0.23048
L (H) 1.6705 x 106 0.022009
Frequency £, (Hz) 50
Nominal Power S,, (MVA) 15.75
Magnetization resistance R,,, () 1.3829 x 105
Inf

Magnetization inductance L, (H)

Table 7.2 Parameters of the three-phase 0.575/66 kV transformer of Wind farm B [118].

Transformer Low Voltage Winding High Voltage Winding
Connection type Yg Yg
Vims (KV) 0.575 66
R (Q) 1.0496 x 10-5 0.13829
L (H) 1.0023 x 10—6 0.013205
Frequency £, (Hz) 50
Nominal Power S,, (MVA) 26.25
Magnetization resistance R,, () 82,971
Inf

Magnetization inductance L,, (H)

Table 7.3 Parameters of the three-phase 0.575/66 kV transformer of Wind farm A [118].

Magnetization inductance L,, (H)

Transformer Low Voltage Winding High Voltage Winding
Connection type Yg Yg
Vs (KV) 0.575 66
R (Q) 7.4972 x 10—6 0.098776
L (H) 7.1593 x 107 0.0094324
Frequency £, (Hz) 50
Nominal Power S,, (MVA) 36.75
Magnetization resistance R,, (Q) 59,265
Inf

7.2 Results for wind speed 15 m/s

Table 7.4 Voltage values of busbars for all steps and all cases (V) (15 m/s) [118].

Case Bus 1

Bus 2 Bus 3 Bus 4

Bus 5 Bus 6

Normal | Step1l 64,896

62,719 61,846 62,501

61,238 61,692
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Step 2 64,664 62,137 61,077 61,812 60,331 60,842

Step 3 64,434 61,563 60,320 61,134 59,441 60,005

Step 4 64,206 60,999 59,577 60,467 58,567 59,184

Step 1 65,800 65,239 64,500 65,610 63,866 64,761
Controlled | Step 2 65,758 65,053 64,144 65,424 63,361 64,397
DG Step 3 65,715 64,865 63,789 65,242 62,859 64,037
Step 4 65,676 64,668 63,433 65,074 62,358 63,693

Step 1 65,152 63,784 62,988 63,889 62,369 63,063

DG Step 2 64,943 63,238 62,254 63,244 61,494 62,252
Step 3 64,734 62,699 61,530 62,608 60,633 61,452

Step 4 64,526 62,166 60,817 61,980 59,787 60,665

Table 7.5 Sending voltage values of lines for all steps and all cases (V) (15 m/s) [118].

Case L 0-2 L 2-3 L 3-5 LO-1 L1-2 L34 L1-4 L 4-6
Stepl | 65630 | 62,719 | 61,846 | 65,630 | 64,896 | 62,501 | 64,896 | 62,501
Normal Step 2 | 65,542 | 62,137 | 61,077 | 65,542 | 64,664 | 61,812 | 64,664 | 61,812
Step 3 | 65,454 | 61,563 | 60,320 | 65,454 | 64,434 | 61,134 | 64,434 | 61,134
Step4 | 65,366 | 60,999 | 59,577 | 65,366 | 64,206 | 60,467 | 64,206 | 60,467
Step1l | 65939 | 65,239 | 64,500 | 65,939 | 65,800 | 65,610 | 65,800 | 65,610
Controlled | Step 2 | 65,932 | 65,053 | 64,144 | 65,932 | 65,758 | 65,424 | 65,758 | 65,424
DG Step 3 | 65,923 | 64,865 | 63,789 | 65,923 | 65,715 | 65,242 | 65,715 | 65,242
Step4 | 65,913 | 64,668 | 63,433 | 65,913 | 65,676 | 65,074 | 65,676 | 65,074
Step1l | 65,663 | 63,784 | 62,988 | 65,663 | 65,152 | 63,889 | 65,152 | 63,889
DG Step 2 | 65,586 | 63,238 | 62,254 | 65,586 | 64,943 | 63,244 | 64,943 | 63,244
Step 3 | 65,508 | 62,699 | 61,530 | 65,508 | 64,734 | 62,608 | 64,734 | 62,608
Step4 | 65,430 | 62,166 | 60,817 | 65,430 | 64,526 | 61,980 | 64,526 | 61,980

Table 7.6 Receiving voltage values of lines for all steps and all cases (V) (15 m/s) [118].

Case LO2 | L23 | L35 | LO1 | L1-2 | L34 | L14 | L46
Stepl | 62,719 | 61,846 | 61,238 | 64,896 | 62,719 | 61,846 | 62,501 | 61,692
Normal Step2 | 62,137 | 61,077 | 60,331 | 64,664 | 62,137 | 61,077 | 61,812 | 60,842
Step3 | 61,563 | 60,320 | 59,441 | 64,434 | 61,563 | 60,320 | 61,134 | 60,005
Step4 | 60,999 | 59,577 | 58,567 | 64,206 | 60,999 | 59,577 | 60,467 | 59,184
Stepl | 65,239 | 64,500 | 63,866 | 65,800 | 65,239 | 64,500 | 65,610 | 64,761
Controlled | Step2 | 65,053 | 64,144 | 63,361 | 65,758 | 65,053 | 64,144 | 65,424 | 64,397
DG Step3 | 64,865 | 63,789 | 62,859 | 65,715 | 64,865 | 63,789 | 65,242 | 64,037
Step4 | 64,668 | 63,433 | 62,358 | 65,676 | 64,668 | 63,433 | 65,074 | 63,693
Step1 | 63,784 | 62,988 | 62,369 | 65,152 | 63,784 | 62,988 | 63,889 | 63,063
DG Step2 | 63,238 | 62,254 | 61,494 | 64,943 | 63,238 | 62,254 | 63,244 | 62,252
Step3 | 62,699 | 61,530 | 60,633 | 64,734 | 62,699 | 61,530 | 62,608 | 61,452
Step4 | 62,166 | 60,817 | 59,787 | 64,526 | 62,166 | 60,817 | 61,980 | 60,665
Table 7.7 Voltage drop values of lines for all steps and all cases (V) (15 m/s) [118].
Case LO2 | L23 | L35 | LO1 | L1-2 | L34 | L14 | L46
Normal Stepl | 2,912 872 608 735 2,177 654 2,395 808
Step2 | 3,405 1,060 746 878 2,527 735 2,852 970
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Step3 | 3,891 1,243 879 1,020 2,871 814 3,300 1,129
Step4 | 4,368 1,422 1,009 1,160 3,207 890 3,739 1,283
Step 1 700 739 634 139 561 1,109 191 848
Controlled | Step 2 878 910 783 174 705 1,281 334 1,027
DG Step3 | 1,058 1,077 930 208 850 1,453 473 1,205
Step4 | 1,245 1,235 1,075 236 1,008 1,641 602 1,381
Stepl1 | 1,879 796 619 511 1,368 901 1,262 826
DG Step2 | 2,348 984 760 643 1,705 991 1,698 993
Step3 | 2,809 1,169 897 774 2,035 1,078 2,126 1,156
Step4 | 3,264 1,349 1,030 904 2,359 1,163 2,546 1,316
Table 7.8 Sending cos(¢p) values of lines for all steps and all cases (15 m/s) [118].
Case L 0-2 L 2-3 L 3-5 L0-1 L1-2 L34 L1-4 L 4-6
Step1 | 0.9585 | 0.9751 | 0.9641 | 0.9892 | 0.9536 | 0.9821 | 0.9519 | 0.9489
Normal Step2 | 0.9454 | 0.9636 | 0.9493 | 0.9821 | 0.9393 | 0.9729 | 0.9374 | 0.9363
Step3 | 0.9329 | 0.9529 | 0.9358 | 0.9748 | 0.9258 | 0.9633 | 0.9242 | 0.9253
Step4 | 0.9211 | 0.9430 | 0.9235 | 0.9675 | 0.9132 | 0.9535 | 0.9120 | 0.9155
Step1 | 0.9981 | 0.9721 | 0.9641 | 0.9999 | 1.0000 | 0.9832 | 0.9978 | 0.9489
Controlled | Step 2 | 0.9985 | 0.9634 | 0.9493 | 0.9988 | 0.9997 | 0.9696 | 0.9987 | 0.9363
DG Step3 | 0.9984 | 0.9558 | 0.9358 | 0.9982 | 0.9992 | 0.9541 | 0.9992 | 0.9253
Step4 | 0.9979 | 0.9488 | 0.9235 | 0.9982 | 0.9984 | 0.9378 | 0.9998 | 0.9155
Step1 | 0.6992 | 0.9545 | 0.9641 | 0.6217 | 0.7561 | 0.9971 | 0.2613 | 0.9489
DG Step2 | 0.7221 | 0.9402 | 0.9493 | 0.7018 | 0.7562 | 0.9943 | 0.4395 | 0.9363
Step3 | 0.7330 | 0.9280 | 0.9358 | 0.7416 | 0.7536 | 0.9910 | 0.5280 | 0.9253
Step4 | 0.7376 | 0.9172 | 0.9235 | 0.7636 | 0.7495 | 0.9873 | 0.5767 | 0.9156
Table 7.9 Receiving cos(¢p) values of lines for all steps and all cases (15 m/s) [118].
Case L 0-2 L 2-3 L 3-5 L0-1 L1-2 L34 L14 L 4-6
Step1 | 0.9644 | 0.9755 | 0.9541 | 0.9840 | 0.9401 | 0.9370 | 0.9593 | 0.9353
Normal Step2 | 0.9554 | 0.9655 | 0.9408 | 0.9773 | 0.9291 | 0.9270 | 0.9487 | 0.9254
Step3 | 0.9470 | 0.9564 | 0.9290 | 0.9707 | 0.9191 | 0.9176 | 0.9393 | 0.9171
Step4 | 0.9393 | 0.9482 | 0.9186 | 0.9645 | 0.9100 | 0.9087 | 0.9309 | 0.9098
Step1 | 0.9834 | 0.9700 | 0.9541 | 0.9709 | 0.9712 | 0.9659 | 0.9913 | 0.9353
Controlled | Step2 | 0.9912 | 0.9630 | 0.9408 | 0.9934 | 0.9803 | 0.9500 | 0.9992 | 0.9254
DG Step3 ]| 0.9945 | 0.9570 | 0.9290 | 0.9983 | 0.9850 | 0.9334 | 0.9999 | 0.9171
Step4 | 0.9957 | 0.9516 | 0.9186 | 0.9995 | 0.9867 | 0.9168 | 1.0000 | 0.9098
Step1 | 0.6549 | 0.9520 | 0.9541 | 0.5521 | 0.6594 | 0.9881 | 0.2393 | 0.9353
DG Step2 | 0.6926 | 0.9397 | 0.9408 | 0.6478 | 0.6833 | 0.9842 | 0.4181 | 0.9254
Step3 | 0.7141 | 0.9294 | 0.9290 | 0.6998 | 0.6968 | 0.9801 | 0.5128 | 0.9171
Step4 | 0.7269 | 0.9205 | 0.9186 | 0.7305 | 0.7044 | 0.9760 | 0.5676 | 0.9098
7.3 Results for wind speed 10 m/s
Table 7.10 Voltage values of busbars for all steps and all cases (V) (10 m/s).
Case Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Bus 6
Normal Step 1 64,896 62,719 61,846 62,501 61,238 61,692
Step 2 64,664 62,137 61,077 61,812 60,331 60,842
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Step 3 64,434 61,563 60,320 61,134 59,441 60,005
Step 4 64,206 60,999 59,5677 60,467 58,567 59,184
Step 1 65,832 65,070 64,323 65,402 63,690 64,556
Controlled | Step 2 65,781 64,872 63,955 65,207 63,175 64,183
DG Step 3 65,729 64,672 63,588 65,010 62,661 63,809
Step 4 65,672 64,471 63,221 64,811 62,150 63,435
Step 1 65,091 63,397 62,573 63,382 61,958 62,562
DG Step 2 64,874 62,840 61,828 62,724 61,073 61,739
Step 3 64,658 62,290 61,095 62,076 60,204 60,930
Step 4 64,442 61,748 60,373 61,437 59,350 60,133
Table 7.11 Sending voltage values of lines for all steps and all cases (V) (10 m/s).
Case L 0-2 L 2-3 L 3-5 L0-1 L1-2 L34 L1-4 L 4-6
Step1 | 65630 | 62,719 | 61,846 | 65,630 | 64,896 | 62,501 | 64,896 | 62,501
Normal Step2 | 65542 | 62,137 | 61,077 | 65542 | 64,664 | 61,812 | 64,664 | 61,812
Step3 | 65,454 | 61,563 | 60,320 | 65,454 | 64,434 | 61,134 | 64,434 | 61,134
Step4 | 65,366 | 60,999 | 59,577 | 65,366 | 64,206 | 60,467 | 64,206 | 60,467
Step1 | 65988 | 65,070 | 64,323 | 65,988 | 65,832 | 65,402 | 65,832 | 65,402
Controlled | Step2 | 65,976 | 64,872 | 63,955 | 65,976 | 65,781 | 65,207 | 65,781 | 65,207
DG Step3 | 65962 | 64,672 | 63,588 | 65,962 | 65,729 | 65,010 | 65,729 | 65,010
Step4 | 65947 | 64,471 | 63,221 | 65,947 | 65,672 | 64,811 | 65,672 | 64,811
Stepl | 65,673 | 63,397 | 62,573 | 65,673 | 65,091 | 63,382 | 65,091 | 63,382
DG Step2 | 65592 | 62,840 | 61,828 | 65592 | 64,874 | 62,724 | 64,874 | 62,724
Step3 | 65510 | 62,290 | 61,095 | 65,510 | 64,658 | 62,076 | 64,658 | 62,076
Step4 | 65429 | 61,748 | 60,373 | 65429 | 64,442 | 61,437 | 64,442 | 61,437
Table 7.12 Receiving voltage values of lines for all steps and all cases (V) (10 m/s).
Case L 0-2 L 2-3 L 3-5 LO-1 L1-2 L 34 L1-4 L 4-6
Stepl | 62,719 | 61,846 | 61,238 | 64,896 | 62,719 | 61,846 | 62,501 | 61,692
Normal Step2 | 62,137 | 61,077 | 60,331 | 64,664 | 62,137 | 61,077 | 61,812 | 60,842
Step3 | 61,563 | 60,320 | 59,441 | 64,434 | 61,563 | 60,320 | 61,134 | 60,005
Step4 | 60,999 | 59,577 | 58,567 | 64,206 | 60,999 | 59,577 | 60,467 | 59,184
Step1 | 65,070 | 64,323 | 63,690 | 65,832 | 65,070 | 64,323 | 65,402 | 64,556
Controlled | Step2 | 64,872 | 63,955 | 63,175 | 65,781 | 64,872 | 63,955 | 65,207 | 64,183
DG Step3 | 64,672 | 63,588 | 62,661 | 65,729 | 64,672 | 63,588 | 65,010 | 63,809
Step4 | 64471 | 63,221 | 62,150 | 65,672 | 64,471 | 63,221 | 64,811 | 63,435
Step1 | 63,397 | 62,573 | 61,958 | 65,091 | 63,397 | 62,573 | 63,382 | 62,562
DG Step2 | 62,840 | 61,828 | 61,073 | 64,874 | 62,840 | 61,828 | 62,724 | 61,739
Step3 | 62,290 | 61,095 | 60,204 | 64,658 | 62,290 | 61,095 | 62,076 | 60,930
Step4 | 61,748 | 60,373 | 59,350 | 64,442 | 61,748 | 60,373 | 61,437 | 60,133
Table 7.13 Voltage drop values of lines for all steps and all cases (V) (10 m/s).
Case L 0-2 L 2-3 L 3-5 LO-1 L1-2 L34 L1-4 L 4-6
Stepl | 2912 872 608 735 2,177 654 2,395 808
Normal | Step2 | 3,405 1,060 746 878 2,527 735 2,852 970
Step3 | 3,891 1,243 879 1,020 2,871 814 3,300 1,129
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Step4 | 4,368 1,422 1,009 1,160 3,207 890 3,739 1,283
Step 1 918 747 632 156 761 1,079 430 846
Controlled | Step2 | 1,104 916 781 194 910 1,252 574 1,024
DG Step3 | 1,290 1,084 927 233 1,057 1,422 719 1,200
Step4d | 1,476 1,250 1,071 274 1,202 1,590 862 1,376
Stepl | 2,276 824 615 582 1,693 808 1,709 820
DG Step2 | 2,752 1,012 755 718 2,034 896 2,149 985
Step3 | 3,221 1,195 891 853 2,368 981 2,582 1,146
Step4 | 3,681 1,375 1,023 986 2,695 1,064 3,005 1,304
Table 7.14 Sending cos(g) values of lines for all steps and all cases (10 m/s).
Case L 0-2 L 2-3 L 3-5 L0-1 L1-2 L34 L1-4 L 4-6
Step1 | 0.9585 | 0.9751 | 0.9641 | 0.9892 | 0.9536 | 0.9821 | 0.9519 | 0.9489
Normal Step2 | 0.9454 | 0.9636 | 0.9493 | 0.9821 | 0.9393 | 0.9729 | 0.9374 | 0.9363
Step3 | 0.9329 | 0.9529 | 0.9358 | 0.9748 | 0.9258 | 0.9633 | 0.9242 | 0.9253
Step4 | 0.9211 | 0.9430 | 0.9235 | 0.9675 | 0.9132 | 0.9535 | 0.9120 | 0.9155
Step1 | 0.9986 | 0.9830 | 0.9641 | 0.9814 | 0.9986 | 0.9600 | 0.9894 | 0.9489
Controlled | Step 2 | 0.9994 | 0.9752 | 0.9493 | 0.9845 | 0.9995 | 0.9379 | 0.9928 | 0.9363
DG Step3 | 0.9998 | 0.9680 | 0.9358 | 0.9868 | 0.9999 | 0.9145 | 0.9948 | 0.9253
Step4 | 1.0000 | 0.9614 | 0.9235 | 0.9887 | 1.0000 | 0.8908 | 0.9962 | 0.9156
Step1 | 0.9093 | 0.9668 | 0.9641 | 0.9462 | 0.9124 | 0.9929 | 0.8585 | 0.9489
DG Step2 | 0.8934 | 0.9537 | 0.9493 | 0.9359 | 0.8934 | 0.9881 | 0.8459 | 0.9363
Step3 | 0.8797 | 0.9420 | 0.9358 | 0.9270 | 0.8771 | 0.9827 | 0.8354 | 0.9253
Step4 | 0.8674 | 0.9315 | 0.9235 | 0.9190 | 0.8627 | 0.9770 | 0.8260 | 0.9155
Table 7.15 Receiving cos(¢p) values of lines for all steps and all cases (10 m/s).
Case L 0-2 L 2-3 L 3-5 L0-1 L1-2 L34 L1-4 L 4-6
Step1 | 0.9644 | 0.9755 | 0.9541 | 0.9840 | 0.9401 | 0.9370 | 0.9593 | 0.9353
Normal Step2 | 0.9554 | 0.9655 | 0.9408 | 0.9773 | 0.9291 | 0.9270 | 0.9487 | 0.9254
Step3 | 0.9470 | 0.9564 | 0.9290 | 0.9707 | 0.9191 | 0.9176 | 0.9393 | 0.9171
Step4 | 0.9393 | 0.9482 | 0.9186 | 0.9645 | 0.9100 | 0.9087 | 0.9309 | 0.9098
Step1 | 0.9997 | 0.9823 | 0.9541 | 0.9939 | 0.9984 | 0.9266 | 0.9920 | 0.9353
Controlled | Step 2 | 0.9996 | 0.9757 | 0.9408 | 0.9937 | 0.9986 | 0.9030 | 0.9930 | 0.9254
DG Step3 | 0.9996 | 0.9699 | 0.9290 | 0.9937 | 0.9987 | 0.8797 | 0.9935 | 0.9171
Step4 | 0.9996 | 0.9647 | 0.9186 | 0.9939 | 0.9987 | 0.8570 | 0.9939 | 0.9098
Step1 | 0.8983 | 0.9659 | 0.9541 | 0.9202 | 0.8692 | 0.9740 | 0.8485 | 0.9353
DG Step2 | 0.8888 | 0.9544 | 0.9408 | 0.9147 | 0.8585 | 0.9678 | 0.8428 | 0.9254
Step3 | 0.8808 | 0.9445 | 0.9290 | 0.9096 | 0.8493 | 0.9617 | 0.8379 | 0.9171
Step4 | 0.8736 | 0.9357 | 0.9186 | 0.9048 | 0.8410 | 0.9556 | 0.8333 | 0.9098
7.4 Results for wind speed 5 m/s
Table 7.16 Voltage values of busbars for all steps and all cases (V) (5 m/s).
Case Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Bus 6
Step 1 64,896 62,719 61,846 62,501 61,238 61,692
Normal Step 2 64,664 62,137 61,077 61,812 60,331 60,842
Step 3 64,434 61,563 60,320 61,134 59,441 60,005
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Step 4 64,206 60,999 59,577 60,467 58,567 59,184
Step 1 65,817 64,828 64,070 65,111 63,440 64,269
Controlled | Step 2 65,759 64,621 63,694 64,906 62,916 63,887
DG Step 3 65,698 64,411 63,317 64,700 62,394 63,505
Step 4 65,633 64,200 62,941 64,491 61,875 63,122
Step 1 64,944 62,854 61,992 62,678 61,382 61,868
DG Step 2 64,718 62,283 61,234 62,005 60,487 61,032
Step 3 64,493 61,721 60,489 61,342 59,607 60,210
Step 4 64,271 61,168 59,758 60,693 58,746 59,405
Table 7.17 Sending voltage values of lines for all steps and all cases (V) (5 m/s).
Case L 0-2 L 2-3 L 3-5 L0-1 L1-2 L34 L1-4 L 4-6
Stepl | 65630 | 62,719 | 61,846 | 65630 | 64,896 | 62,501 | 64,896 | 62,501
Normal Step2 | 65,542 | 62,137 | 61,077 | 65542 | 64,664 | 61,812 | 64,664 | 61,812
Step3 | 65454 | 61,563 | 60,320 | 65,454 | 64,434 | 61,134 | 64,434 | 61,134
Step4 | 65,366 | 60,999 | 59,577 | 65,366 | 64,206 | 60,467 | 64,206 | 60,467
Stepl | 66,015 | 64,828 | 64,070 | 66,015 | 65,817 | 65,111 | 65,817 | 65,111
Controlled | Step2 | 65,998 | 64,621 | 63,694 | 65,998 | 65,759 | 64,906 | 65,759 | 64,906
DG Step3 | 65,980 | 64,411 | 63,317 | 65,980 | 65,698 | 64,700 | 65,698 | 64,700
Step4 | 65,960 | 64,200 | 62,941 | 65,960 | 65,633 | 64,491 | 65,633 | 64,491
Stepl | 65,646 | 62,854 | 61,992 | 65,646 | 64,944 | 62,678 | 64,944 | 62,678
DG Step2 | 65560 | 62,283 | 61,234 | 65,560 | 64,718 | 62,005 | 64,718 | 62,005
Step3 | 65475 | 61,721 | 60,489 | 65,475 | 64,493 | 61,342 | 64,493 | 61,342
Step4 | 65,389 | 61,168 | 59,758 | 65,389 | 64,271 | 60,693 | 64,271 | 60,693
Table 7.18 Receiving voltage values of lines for all steps and all cases (V) (5 m/s).
Case L 0-2 L 2-3 L 3-5 L0-1 L1-2 L34 L1-4 L 4-6
Stepl | 62,719 | 61,846 | 61,238 | 64,896 | 62,719 | 61,846 | 62,501 | 61,692
Normal Step2 | 62,137 | 61,077 | 60,331 | 64,664 | 62,137 | 61,077 | 61,812 | 60,842
Step3 | 61,563 | 60,320 | 59,441 | 64,434 | 61,563 | 60,320 | 61,134 | 60,005
Step4 | 60,999 | 59,577 | 58,567 | 64,206 | 60,999 | 59,577 | 60,467 | 59,184
Stepl | 64,828 | 64,070 | 63,440 | 65,817 | 64,828 | 64,070 | 65,111 | 64,269
Controlled | Step2 | 64,621 | 63,694 | 62,916 | 65,759 | 64,621 | 63,694 | 64,906 | 63,887
DG Step3 | 64,411 | 63,317 | 62,394 | 65,698 | 64,411 | 63,317 | 64,700 | 63,505
Step4 | 64,200 | 62,941 | 61,875 | 65633 | 64,200 | 62,941 | 64,491 | 63,122
Stepl | 62,854 | 61,992 | 61,382 | 64,944 | 62,854 | 61,992 | 62,678 | 61,868
DG Step2 | 62,283 | 61,234 | 60,487 | 64,718 | 62,283 | 61,234 | 62,005 | 61,032
Step3 | 61,721 | 60,489 | 59,607 | 64,493 | 61,721 | 60,489 | 61,342 | 60,210
Step4 | 61,168 | 59,758 | 58,746 | 64,271 | 61,168 | 59,758 | 60,693 | 59,405
Table 7.19 Voltage drop values of lines for all steps and all cases (V) (5 m/s).
Case L 0-2 L 2-3 L 3-5 L0-1 L1-2 L34 L14 L 4-6
Stepl | 2,912 872 608 735 2,177 654 2,395 808
Normal Step2 | 3,405 1,060 746 878 2,527 735 2,852 970
Step3 | 3,891 1,243 879 1,020 2,871 814 3,300 1,129
Step4 | 4,368 1,422 1,009 1,160 3,207 890 3,739 1,283
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Stepl | 1,187 759 630 198 988 1,041 706 842
Controlled | Step2 | 1,378 927 778 240 1,138 1,213 852 1,019
DG Step3 | 1,569 1,094 923 283 1,286 1,383 998 1,195
Step4 | 1,760 1,259 1,066 328 1,432 1,550 1,142 1,369

Stepl | 2,792 862 610 702 2,090 686 2,266 810

DG Step2 | 3,277 1,049 748 842 2,435 771 2,713 974
Step3 | 3,754 1,232 882 981 2,773 853 3,151 1,133
Step4 | 4,222 1,409 1,012 1,118 3,103 935 3,578 1,288

Table 7.20 Sending cos(p) values of lines for all steps and all cases (5 m/s).
Case L 0-2 L 2-3 L 3-5 L 0-1 L1-2 L 3-4 L1-4 L 4-6
Step1 | 0.9585 | 0.9751 | 0.9641 | 0.9892 | 0.9536 | 0.9821 | 0.9519 | 0.9489
Normal Step2 | 0.9454 | 0.9636 | 0.9493 | 0.9821 | 0.9393 | 0.9729 | 0.9374 | 0.9363
Step3 | 0.9329 | 0.9529 | 0.9358 | 0.9748 | 0.9258 | 0.9633 | 0.9242 | 0.9253
Step4 | 0.9211 | 0.9430 | 0.9235 | 0.9675 | 0.9132 | 0.9535 | 0.9120 | 0.9155
Step1 | 0.9971 | 0.9901 | 0.9641 | 0.9770 | 0.9979 | 0.8986 | 0.9905 | 0.9489
Controlled | Step2 | 0.9983 | 0.9834 | 0.9493 | 0.9802 | 0.9989 | 0.8691 | 0.9925 | 0.9363
DG Step3 | 0.9991 | 0.9771 | 0.9358 | 0.9830 | 0.9996 | 0.8322 | 0.9944 | 0.9253
Step4 | 0.9996 | 0.9710 | 0.9235 | 0.9852 | 0.9999 | 0.7996 | 0.9957 | 0.9156
Step1 | 0.9560 | 0.9742 | 0.9641 | 0.9874 | 0.9515 | 0.9843 | 0.9476 | 0.9489
DG Step2 | 0.9422 | 0.9626 | 0.9493 | 0.9799 | 0.9362 | 0.9756 | 0.9323 | 0.9363
Step3 | 0.9293 | 0.9518 | 0.9358 | 0.9722 | 0.9222 | 0.9666 | 0.9187 | 0.9253
Step4 | 0.9172 | 0.9418 | 0.9235 | 0.9648 | 0.9091 | 0.9573 | 0.9062 | 0.9155
Table 7.21 Receiving cos(p) values of lines for all steps and all cases (5 m/s).

Case L 0-2 L 2-3 L 3-5 L0-1 L1-2 L34 L1-4 L 4-6
Step1l | 0.9644 | 0.9755 | 0.9541 | 0.9840 | 0.9401 | 0.9370 | 0.9593 | 0.9353
Normal Step2 | 0.9554 | 0.9655 | 0.9408 | 0.9773 | 0.9291 | 0.9270 | 0.9487 | 0.9254
Step3 | 0.9470 | 0.9564 | 0.9290 | 0.9707 | 0.9191 | 0.9176 | 0.9393 | 0.9171
Step4 | 0.9393 | 0.9482 | 0.9186 | 0.9645 | 0.9100 | 0.9087 | 0.9309 | 0.9098
Step1 | 0.9949 | 0.9903 | 0.9541 | 0.9836 | 0.9998 | 0.8349 | 0.9858 | 0.9353
Controlled | Step 2 | 0.9954 | 0.9846 | 0.9408 | 0.9849 | 0.9999 | 0.8112 | 0.9867 | 0.9255
DG Step3 | 0.9958 | 0.9795 | 0.9291 | 0.9862 | 0.9999 | 0.7772 | 0.9876 | 0.9171
Step4 | 0.9961 | 0.9747 | 0.9186 | 0.9872 | 1.0000 | 0.7487 | 0.9882 | 0.9099
Step1 | 0.9607 | 0.9745 | 0.9541 | 0.9811 | 0.9360 | 0.9448 | 0.9539 | 0.9353
DG Step2 | 0.9509 | 0.9644 | 0.9408 | 0.9740 | 0.9239 | 0.9346 | 0.9425 | 0.9254
Step3 | 0.9422 | 0.9552 | 0.9290 | 0.9672 | 0.9136 | 0.9253 | 0.9328 | 0.9171
Step4 | 0.9342 | 0.9470 | 0.9185 | 0.9609 | 0.9040 | 0.9164 | 0.9241 | 0.9098

7.5 Results for fault L 2-3, wind speed 5 m/s

Table 7.22 Voltage values of busbars for all steps and all cases (V) (Fault line 2-3, 5 m/s).

Case Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 Bus 6
Step 1 64,687 63,896 57,840 60,627 57,271 59,843
Normal Step 2 64,422 63,575 56,334 59,607 55,646 58,671
Step 3 64,163 63,257 54,885 58,620 54,085 57,538
Step 4 63,909 62,944 53,493 57,668 52,587 56,444
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Step 1 66,017 66,293 61,799 64,777 61,192 63,939

Controlled | Step 2 65,991 66,393 60,954 64,495 60,210 63,483
DG Step 3 65,961 66,483 60,120 64,212 59,244 63,026
Step 4 65,929 66,617 59,235 63,857 58,231 62,502

Step 1 64,746 64,004 58,074 60,872 57,503 60,085

DG Step 2 64,496 63,695 56,621 59,911 55,930 58,971
Step 3 64,321 63,428 55,533 59,312 54,723 58,217

Step 4 64,179 63,181 54,616 58,878 53,691 57,628

Table 7.23 Sending voltage values of lines for all steps and all cases (V) (Fault line 2-3, 5

m/s).

Case L 0-2 L 2-3 L 3-5 LO0-1 L1-2 L34 L14 L 4-6
Step 1 | 65,695 - 57,840 | 65,695 | 64,687 | 60,627 | 64,687 | 60,627
Normal Step 2 | 65,627 - 56,334 | 65,627 | 64,422 | 59,607 | 64,422 | 59,607
Step 3 | 65,558 - 54,885 | 65,558 | 64,163 | 58,620 | 64,163 | 58,620
Step4 | 65,490 - 53,493 | 65,490 | 63,909 | 57,668 | 63,909 | 57,668
Step1l | 66,186 - 61,799 | 66,186 | 66,017 | 64,777 | 66,017 | 64,777
Controlled | Step 2 | 66,206 - 60,954 | 66,206 | 65,991 | 64,495 | 65,991 | 64,495
DG Step 3 | 66,224 - 60,120 | 66,224 | 65,961 | 64,212 | 65,961 | 64,212
Step4 | 66,245 - 59,235 | 66,245 | 65,929 | 63,857 | 65,929 | 63,857
Step1 | 65,710 - 58,074 | 65,710 | 64,746 | 60,872 | 64,746 | 60,872
DG Step 2 | 65,645 - 56,621 | 65,645 | 64,496 | 59,911 | 64,496 | 59,911
Step 3 | 65,598 - 55,533 | 65,598 | 64,321 | 59,312 | 64,321 | 59,312
Step4 | 65,558 - 54,616 | 65,558 | 64,179 | 58,878 | 64,179 | 58,878

Table 7.24 Receiving voltage values of lines for all steps and all cases (V) (Fault line 2-3, 5

m/s).

Case L 0-2 L 2-3 L 3-5 L0-1 L1-2 L34 L1-4 L 4-6
Step 1l | 63,896 - 57,271 | 64,687 | 63,896 | 57,840 | 60,627 | 59,843
Normal Step2 | 63,575 - 55,646 | 64,422 | 63,575 | 56,334 | 59,607 | 58,671
Step 3 | 63,257 - 54,085 | 64,163 | 63,257 | 54,885 | 58,620 | 57,538
Step4 | 62,944 - 52,587 | 63,909 | 62,944 | 53,493 | 57,668 | 56,444
Step1 | 66,293 - 61,192 | 66,017 | 66,293 | 61,799 | 64,777 | 63,939
Controlled | Step 2 | 66,393 - 60,210 | 65,991 | 66,393 | 60,954 | 64,495 | 63,483
DG Step 3 | 66,483 - 59,244 | 65,961 | 66,483 | 60,120 | 64,212 | 63,026
Step4 | 66,617 - 58,231 | 65,929 | 66,617 | 59,235 | 63,857 | 62,502
Step1 | 64,004 - 57,503 | 64,746 | 64,004 | 58,074 | 60,872 | 60,085
DG Step 2 | 63,695 - 55,930 | 64,496 | 63,695 | 56,621 | 59,911 | 58,971
Step 3 | 63,428 - 54,723 | 64,321 | 63,428 | 55,533 | 59,312 | 58,217
Step4 | 63,181 - 53,691 | 64,179 | 63,181 | 54,616 | 58,878 | 57,628

Table 7.25 Voltage drop values of lines for all steps and all cases (V) (Fault line 2-3, 5 m/s).

Case L 0-2 L 2-3 L 3-5 LO-1 L1-2 L34 L1-4 L 4-6
Stepl | 1,799 - 569 1,008 791 2,787 4,060 784
Normal | Step2 | 2,052 - 688 1,204 847 3,273 4,815 936
Step3 | 2,301 - 800 1,396 905 3,735 5,542 1,082
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Step4 | 2,546 - 906 1,582 965 4,174 | 6,241 1,224

Stepl | -108 - 608 169 =277 2,978 1,240 838
Controlled | Step2 | -187 - 744 215 -401 3,542 1,496 1,013
DG Step3 | -259 - 876 263 -521 4,092 1,749 1,186
Step4 | -371 - 1,004 317 -688 4,622 2,072 1,355

Stepl | 1,706 - 571 964 742 2,798 3,874 787

DG Step2 | 1,951 - 691 1,149 801 3,290 | 4,585 941
Step3 | 2,170 - 810 1,277 892 3,780 5,009 1,095
Step4 | 2,377 - 925 1,379 997 4,262 5,301 1,250

Table 7.26 Sending cos(p) values of lines for all steps and all cases (Fault line 2-3, 5 m/s).

Case L 0-2 L 2-3 L3-5 LO-1 L1-2 L 3-4 L1-4 L 4-6

Step 1 | 0.9616 - 0.9641 | 0.9808 | 0.9490 | 0.9612 | 0.9354 | 0.9489

Normal Step 2 | 0.9513 - 0.9493 | 0.9704 | 0.9415 | 0.9465 | 0.9164 | 0.9363
Step 3 | 0.9414 - 0.9358 | 0.9600 | 0.9345 | 0.9327 | 0.8989 | 0.9253

Step 4 | 0.9320 - 0.9235 | 0.9499 | 0.9278 | 0.9197 | 0.8828 | 0.9155

Step 1 | 0.9263 - 0.9641 | 0.9679 | 0.7729 | 0.9611 | 0.9942 | 0.9489

Controlled | Step 2 | 0.9227 - 0.9493 | 0.9721 | 0.7449 | 0.9465 | 0.9964 | 0.9363
DG Step3 | 0.9178 - 0.9358 | 0.9755 | 0.7080 | 0.9327 | 0.9978 | 0.9253
Step 4 | 0.9147 - 0.9235 | 0.9777 | 0.6879 | 0.9197 | 0.9986 | 0.9156

Step1 | 0.9579 - 0.9641 | 0.9792 | 0.9408 | 0.9611 | 0.9324 | 0.9489

DG Step 2 | 0.9464 - 0.9493 | 0.9680 | 0.9312 | 0.9465 | 0.9124 | 0.9363
Step 3 | 0.9389 - 0.9358 | 0.9655 | 0.9080 | 0.9327 | 0.9131 | 0.9253

Step 4 | 0.9336 - 0.9235 | 0.9665 | 0.8826 | 0.9197 | 0.9206 | 0.9156

Table 7.27 Receiving cos(p) values of lines for all steps and all cases (Fault line 2-3, 5 m/s).

Case L 0-2 L 2-3 L3-5 LO-1 L1-2 L 3-4 L1-4 L 4-6
Step1 | 0.9521 - 0.9541 | 0.9777 | 0.8426 | 0.9685 | 0.9571 | 0.9353

Normal Step 2 | 0.9440 - 0.9408 | 0.9684 | 0.8396 | 0.9586 | 0.9445 | 0.9254
Step 3 | 0.9364 - 0.9290 | 0.9593 | 0.8373 | 0.9495 | 0.9331 | 0.9171

Step 4 | 0.9293 - 0.9186 | 0.9506 | 0.8353 | 0.9413 | 0.9228 | 0.9098

Step1 | 0.9351 - 0.9541 | 0.9710 | 0.8932 | 0.9685 | 0.9820 | 0.9353

Controlled | Step 2 | 0.9267 - 0.9408 | 0.9732 | 0.8527 | 0.9586 | 0.9834 | 0.9254
DG Step 3 | 0.9179 - 0.9291 | 0.9751 | 0.8065 | 0.9495 | 0.9844 | 0.9171
Step 4 | 0.9107 - 0.9186 | 0.9761 | 0.7744 | 0.9413 | 0.9844 | 0.9099

Step 1 | 0.9459 - 0.9541 | 0.9754 | 0.8188 | 0.9685 | 0.9533 | 0.9353

DG Step 2 | 0.9366 - 0.9408 | 0.9653 | 0.8133 | 0.9586 | 0.9395 | 0.9254
Step 3 | 0.9316 - 0.9291 | 0.9643 | 0.7916 | 0.9495 | 0.9439 | 0.9171

Step 4 | 0.9291 - 0.9186 | 0.9666 | 0.7724 | 0.9413 | 0.9534 | 0.9099
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¥ @

< QBref
B

<l )

< QoCref
[

144

| y o
™[] C
1 > —t x
» >+ [y1B)
Z18 = = l | =
” '] u
Lyly > we
Y1
\C- > 1u + x
— | E—— ]_. s [ b2
-C- 1 > — x
. Ml —Cea
F2T) 1 |
- 1 » X
s [ Iro
Z2C
<Ce ;-ll 1iu II P X (3]
- 1 » — X
. I‘T* ——»{ [y3B]
238 1 |
Ce 1u x
J oy > e
Zac
G- o 1u I X
- Lt | PO
Lo 1u > — X
: Ol e
248 l |
-G 1u b
J oy [ e
Z4C
‘I 1 I x
T ]_’ : N
754
L 1 > — x
: ol (o
258 1 ‘
C- 1 1 La b
J sy [ b5
Z5C
«C~ ;l 11y I x [M
26 I—’ g
c- ] 1 » —¢ —»/x
J l A s [ beel
Z68 ]
“C 1w P X
— 'l J [ —b<[y6€}




7 Appendix

Figure 7.3 MATLAB Simulink model of the controller (Reactive power inputs).
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