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Abstract

Recently, wind power has become a reliable and cost-effective renewable energy source of
electricity due to the foreseeable exhaustion of fossil fuel-based power generations and its growing
adverse effects on the environment as it is the main source of greenhouse gases. Doubly fed
induction generator (DFIG) based wind farm gets the popularity due to its ability for variable speed
operation, reactive power control, and reduced converter ratings. Traditional protection schemes
result in huge protection failure during fault and abnormality incidents for wind farms since wind
turbine fault analysis behavior is different from conventional synchronous generators. Thus, the
simple conventional settings for relays would result in maloperation and miscoordination between
relays for wind farms and hence, the existing wind farms protection schemes need to be
significantly improved. The specific problems with wind farm protection relaying that this thesis
aims to solve are presented below:

1. Overcurrent protection relays: Non-optimal settings, resulting in delayed operation of relays
or false tripping resulting in stress in power quality, unnecessary disconnection of healthy feeders,
severe damage to power apparatus, and endanger personnel safety.

2. Coordination of protective relays: Miscoordination and maloperation of protection relays as
a result of dynamic behavior of wind farms.

3. Distance protection relays: Inaccurate impedance measurement, causing: maloperation, false
tripping, over-reaching and under-reaching, delayed operation and miscoordination between
different zones of protection.

4. Differential protection relays: Implementation of this technique could be extremely costly,
since installing several microprocessor-based differential protection relays (MDPRs) with

extensive communication links at a large-scale wind farms could be quite expensive.



Thus, in order to solve the aforementioned wind farm protection issues, a multifold
approach has been implemented that involves both power system protection and application of
artificial intelligence and machine learning techniques. The first problem is successfully addressed
by developing an Overcurrent Relay (OCR) based on IEC60255-151:2009 standard, along with a
user-friendly graphical interface and coding in Matlab. The relay settings and coordination criteria
are defined based on conventional nonlinear time-current relay curve optimization method and
then in order to improve the relay operation time, settings and coordination, a Genetic Algorithm
(GA)-based new optimization technique by formulating an objective function (OF) is developed.
In order to address the second problem associated with adverse effect of dynamic behavior of
DFIG based wind farms on protective relays performance, a new adaptive and optimal overcurrent
protection for large-scale wind farms using hybrid Grey Wolf Optimizer and rule-based Fuzzy
Logic Controller (GWO-FLC) protection scheme is proposed. The GWO is implemented to attain
optimal OCR coordination for the defined quadruple group settings for all relays, and the FLC is
developed to provide adaptive feature for the relays to cope with the variation in wind speeds. The
proposed GWO-FLC performance has been found to be robust, reliable, efficient and extremely
satisfactory.

In order to address the third and fourth problems, digital differential protection scheme is
developed and designed for providing adequate protection for the intertie section of wind farms.
Furthermore, a cost-effective and more reliable differential protection relay is designed for wind
farms using a field-programmable gate array (FPGA). The performance of the proposed FPGA -
based digital differential protection relay (FPGA-DDPR) is verified in the lab environment using
DE2-115 FPGA board equipped with Cyclone IV E (EP4CE115F29C7). The experimental results

show that the proposed FPGA-DDPR can successfully detect fault locations, trips the internal



faults and even faults with extremely high resistance, while ignores the external fault. Thus, the
proposed FPGA-DDPR protection scheme would be a cost-effective alternative to MDPRs.
Finally, a new Bayesian-based optimized Support Vector Machine (SVM) as a supervised machine
learning classifier approach is developed to take into account both the dynamic behaviors of wind
speed and the current measured by the current transformers. The performance of the proposed
method is compared to several other successful classification-based machine learning techniques.
It is found the proposed SVM-DDPR had superior performance with an astonishing average
accuracy of 99.8% in the context of distinguishing the normal operation, internal and external

faults that helps the protective relays to avoid any false tripping.
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Chapter 1

Introduction

1.1 Background

Over the last couple of decades, popularity of renewable energy sources is increasing
rapidly to cope with the proliferation in power demand and thus, decreasing the dependence on
fossil fuels to reduce the greenhouse gas emission. Among various renewable resources, wind
energy converted to electric energy has emerged as the leading source due to its easy availability
and environment-friendly nature [1]. Wind power plants have been widely employed as the means
of power generation in smart grids and microgrids as a distributed generation (DG) system.
Undoubtedly, wind power has dominated as the mainstream of renewable energy systems in most
developed countries as a reliable and financially reasonable source of electricity. The contribution
of wind energy to power generation has reached a considerable share even on the worldwide level
[2]. According to world wind energy association (WWEA), the overall capacity of all wind
turbines installed worldwide by the end of 2018 and 2019 reached, 591 and 650.8 Gigawatt (GW)
respectively, while this remarkable growth was hindered in 2020 due to COVID-19 pandemic [3].

This remarkable trend, updated at the time of writing this thesis, is depicted in Fig. 1.1.

It is estimated that 6% of the global energy demand can be provided by all wind turbines
installed by the end of 2019 and this rate is slowly but steadily increasing annually which signifies
the eminence of wind energy as a reliable source of power. The leading countries in harnessing
wind energy, in order, by the end of 2019 are: China, US, Germany, India, Spain, UK, France,
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Brazil, Canada and Italy [4]. In the years to come, there will be more and more wind power plants
connected to the grid, thus, with the goal of 20% global wind penetration by 2030, the wind farm’s
operation should be well planned. The power system switchgear and power system protection for
wind power plants should be carefully designed to be compatible with the operation of

conventional synchronous generators connected to the same grid.
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Fig. 1.1. Total worldwide wind turbine installed capacity.

1.2 Wind Farms

99 ¢k

A wind farm which is interchangeably used as “wind park”, “wind power plant”, depending
on its size, consists of a few to hundreds of wind turbine generators (WTGs) installed in a wide

land and each turbine with respect to the geography of the area, is placed with some specific



distance away from each other to use the most of the accessible wind energy. The two most
common types of wind turbines mostly used in wind farms are vertical-axis wind turbine (VAWT)
and horizontal-axis wind turbine (HAWT). A schematic of these wind turbines is presented in Fig.
1.2. VAWT technology, as the name suggests, has a vertical axis of rotation which enables the
wind turbine to capture wind energy from any direction without the need to reposition the rotor
with respect to change in the direction of wind [5]. This is one of the main advantages of VAWT
over HAWT, however, these turbines are less predominant in the modern wind farms due to some
serious disadvantages related to this technology such as lacking self-starting mechanism, having
significantly less power coefficient (compared to HAWT), strong suspension of rotations due to

periodic changes in the lift force and unsatisfactory regulation of power.
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Fig. 1.2. Schematic of two most common types of wind turbines installed in wind farms [6].



On the other hand, HAWT are by far the most common design and therefore are prevalently
used in wind farms. They utilize aerodynamic blades known as airfoils, fitted to a rotor, which can
be positioned either upwind or downwind. HAWTs are typically either two or three-bladed and
operate at high blade tip speeds. Machines with upwind rotors require a yaw, or tail vane, to help
them orient into the wind while downwind rotors have blades that are coned allowing the turbine
to orient on its own [7]. The electric generator and the rotor shaft, are placed on the top of a tall
tower. The blades of the rotor are forced to rotate due to the air flow. The rotor shaft meshes with
the generator, and consequently, the rotor shaft rotation leads to electricity generation. This type
of turbine is usually designed to ensure that the rotor blades are facing the wind, thus it utilizes
wind sensor and servo motor. High wind speeds could be dangerous and may cause damage to the
wind turbine; to prevent that, the turbine is fitted with a brake to reduce rotor shaft speed [8].
Currently, available HAWT sizes are between 1 MW and 14 MW, where the world’s most
powerful and efficient offshore wind turbine generator as of now, is HALIADE-X manufactured
by General Electric (GE) renewable energy company, which has a massive 14 MW power capacity
and 61% capacity factor (i.e., the factor that compares how much energy was generated against
the maximum that could have been produced at continuous full power operation during a specific

period of time) [9].

The generated power of a wind farm highly depends on the wind variability, where its
dispatch capability is based on wind forecasting. Large-scale wind farms are located in high-wind
resource regions, and these may be far from the load center. Since a wind farm covers a very large
area, there are usually some power output diversities found, since each WTG is located at different
electrical distances from the substation (i.e., diversity in line impedance), and also each turbine

may be driven by different instantaneous wind speeds. Hence, not only the entire wind farm power



generation fluctuates during different seasons, days, hour to hour and minute to minute, but also
each WTG may feed fairly assorted power to the grid, that’s why wind farms are considered as
highly intermittent DG source, which have attracted many researchers and engineers to carry out
abundant studies on power management, maximum power point tracking (MPPT), power quality,

and intelligent protection and control (P&C) of these entities.

1.3  Overview of Wind Farm Protection and Challenges

The impressive growth in the utilization of wind energy has consequently spawned active
research activities in a wide variety of technical fields. Progressive amplification of grids by wind
farms has led to the emergence of some significant electrical issues including security, protection,
stability, reliability and power quality. Among these issues, protection aspect plays an important
role that has drawn the attention of researchers. Although protection of wind farms is very critical
and intricate, wind power plants still implement simple protection schemes which lead to different
levels of damages to power components in the plant under faulty conditions. Moreover, most of
the researches conducted on wind farm protection have been dominantly restricted to literature and
methodologies as opposed to implementation and reducing damages to the power apparatus [10].
In [11]-[14], the authors reported different levels of damage, but the drawbacks of the associated
protection systems have been skipped. Although there are partial analysis of centralized protection
[15], an overall protection scheme has yet to be developed to overcome the protection crisis in

wind power plants [16].

A schematic diagram of a typical wind farm is shown in Fig. 1.3. The entire wind farm

must be protected from any over/under voltage, frequency, current disturbances, unexpected



insulation failure, lightning and most importantly electrical faults. A common practice in power
system protection is to define several zones known as “protection zone” for every section of the
network that is required to be protected. Some protective equipment used in wind farm protections
such as fuse, protective relay, circuit breaker (CB), reclosers, voltage transformer (VT) also known

as potential transformer (PT) and, current transformer (CT) is briefly described below.
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Fig. 1.3. A single line diagram of a typical wind farm [17].
A wind farm has many protection zones where each should be carefully designed to provide
adequate protection and security for the power apparatus. This concept is shown in Fig. 1.4. Each
protection zone may have one or more protective relays in conjunction with other elements of

protection such as fuses and fault current limiters (FCLs) [18].
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At the turbine section, the WTG generates at low voltage levels which is typically in the
standard range of 480 V, 575 V or 690 V. The WTG which typically includes an induction
generator (type I, II and III wind turbine technologies) or synchronous generator (type IV wind
turbine technology), power electronics converter, control system, and step-up power transformer
and are all protected by one protective relay. In early days, due to employment of small power
transformers at WTG, usually (<1 MW), power fuses used to be installed at the high voltage side
of the transformer which occasionally resulted in unnecessary miscoordination between
transformer fuse and WTG relay during high fault current or significant voltage dip and eventual

disconnection of the entire subfeeder connected to the collector feeder. This protection issue is



counterproductive against the modern grid standards such as low voltage ride through (LVRT) and
fault ride through (FRT), which require the wind turbines to remain connected to the grid for some
specific time during fault incidence or voltage dip due to grid disturbances [19], [20]. Hence,
nowadays for modern wind farms, instead of a fuse, a multifunctional relay is implemented to

provide protection for the entire WTG feeder as shown by orange color in Fig. 1.4.

The collector system consists of line feeders where each feeder can also include several
WTGs, connects the high side of the pad-mounted transformer to the substation. Usually, wind
turbines are divided into groups of turbines connected in a daisy-chain fashion using underground
cables. These groupings are then connected to the substation by either underground cables or
overhead lines at 34.5 kV. These protection zones are shown by green and yellow colors in Fig.
1.4. It is very important that the protection relay and coordination for these zones are set optimally,
so that during a fault at any feeder, the adjacent feeder protection relays do not operate at the same
time, otherwise, instead of only one feeder, multiple feeders with WTGs would be disconnected

by mistake which is an unsatisfactory outcome of non-optimal protection systems. [21]-[24].

Finally, the entire wind farm is connected to the power grid through a step-up power
transformer and transmission line. These zones which are shown by blue and purple color in Fig.
1.4, are of significant importance since maloperation of protection scheme could result in serious
damage to the costly high voltage power apparatus and also disconnection of the entire wind farm,
which would not only cause loss of bulk power to the grid, and consequently loss of revenue, but
also the reconnection of the wind farm back to the grid, considering voltage and frequency

synchronization complying with standard grid codes, could be challenging and time consuming.

Therefore, the role of power system protection in power networks is of significant
importance, and it is absolutely necessary to design and implement highly reliable and efficient
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protection schemes for every zone of wind farm, to protect power systems from unexpected faults
and abnormalities, prevent damage to the power equipment, and meanwhile, minimize the
disconnection of affected area, to preserve power quality and stability for the rest of the plant.
However, despite the aforementioned statement, simple and inefficient protection schemes are still
being implemented for wind farms which have been found unreliable [25]. For example, a recent
report by North American Electric Reliability Corporation (NERC) has inferred that 28% of
protective relays maloperation in wind farms are due to improper settings and logic errors. These
errors prevalently resulted from the existing relay testing procedures that do not provide a proper
mechanism to easily and effectively evaluate the performance of all settings, logics, and the simple
protection system as a whole [26]. Thus, the protection schemes for wind farms must be

significantly improved to provide adequate protection for power apparatus in a wind power plant.

1.4 Literature Review and Research Motivation

In the following section, a brief literature review on several protection schemes, i.e.,
overcurrent protection and coordination (adaptive and non-adaptive), distance protection and
differential protection for wind farms including significant challenges associated with each

technique, pros and cons, and the research motivation of this thesis are presented.

1.4.1 Overcurrent protection and coordination

Overcurrent protection is one of the most crucial areas of protection in wind power systems.

One of the conventional protection apparatus is overcurrent relay (OCR) which is responsible for



protecting power systems from impending faults. OCRs are mostly used as primary and backup
protection in many regions of power networks and power plants. To provide comprehensive
protection, the relays must be adequately coordinated with each other, not only to prevent damage
to power devices due to current faults but also to limit the disconnected district to the faulty feeders
[27]. Proper power system protective relaying for doubly-fed induction generator (DFIG)-based
wind farms and relay coordination is immensely challenging which have not been addressed
adequately in the literature. The conventional protective relay settings and techniques provided for
wind farms are not the best possible settings and schemes available, and there are scopes for
improvement regarding relay operation time and relay coordination. Moreover, due to dynamic
nature of wind energy and its effect on power generation and current characteristics, protective
relays should be able to manage these behaviors and avoid false tripping. This topic requires
solicitous attention and negligence in proper protection would compromise the reliability and
stability of power systems and severe personnel health injuries [28]. Besides, optimal coordination
of overcurrent relays is hugely demanding and considered as a highly constrained nonlinear
programming problem specifically in complex power systems such as (DFIG)-based wind farms

[29].

1.4.1.1 Non-adaptive overcurrent protection and coordination

Among different approaches the most prominent and successful method is the use of
artificial intelligence to improve the function and coordination of OCRs in power systems [30].
Initially, trial-and-error method was implemented to coordinate relays with each other, however,

in order to achieve a proper relay setting, a large number of iterations should be provided, thus
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leading to a very slow convergence rate [31]. The best way to do this was to divide the loops at
certain locations called breakpoints and start the coordination of OCRs at these points. In this
technique, the most challenging part is to find the breakpoints and accomplish the coordination of
OCRs [32]. The other approach is called topological analysis which is based on graph theory and
functional computations. This method was considered to be a better approach than trial-and-error,
however the lack of optimization was the shortcoming in this method [33]. This means that the
time settings of relays in this approach are obtained in high values, which is considered non-
optimal and unsatisfactory. The other disadvantage of these two methods is the requirement for a

high period of time to set the relay settings.

Recently, several optimization techniques based on artificial intelligence (Al) algorithm
and the nature inspired algorithm (NIA) have attracted researchers to achieve improved and
optimized relay settings [34]. The advantage of these intelligent optimization techniques over the
aforementioned conventional OCR coordination methods is that there is no necessity of
determining the breakpoint. Unsophisticated techniques such as dual simplex and two-phase
simplex linear programming (LP) method, nonlinear programming (NLP), mixed integer nonlinear
programming of the general algebraic modeling system (GAMS), Big M, are some of the
techniques that have been proposed to address the solution of the optimal coordination for
distribution power system protection [35]-[38]. These methods have several drawbacks such as

trapping into local minimum and difficulty to reach at optimal global value [39]-[42].

In order to provide coordination of both directional OCRs and non-directional OCRs,
optimal solutions must be provided to protect the wind farms from faults within shortest possible
time. The most recent trend in implementing modern artificial intelligence (Al) algorithm and the

nature inspired algorithm (NIA) in solving engineering problems, are implementation of various
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Al algorithms such as, fuzzy expert systems, rule-based expert systems, genetic algorithm (GA)
and evolutionary programming, grey wolf optimizer (GWO), artificial neural network (ANN),
artificial bees colony (ABC), harmony search algorithm (HSA), honey bee algorithm (HBA),
particle swarm optimization (PSO) and etc., it is found that GA and GWO provides more reliable

and optimal solution for highly constrained nonlinear problems [43]—[47].

Both GA and GWO are able to address the nonlinear characteristic of overcurrent relays
and optimize the operation time of relays. Moreover, if these algorithms are appropriately
developed, the most optimal solution could be achieved. Despite the massive success of these
techniques in the protection of power system components, they were never extensively used to
improve the wind farm protection which leaves a considerable gap in electrical power protection
study. Hence, the GA and GWO based optimization algorithms with the formulation of a proper
objective function and suitable parameter constraints are proposed in this thesis. The relay settings
are optimized by minimizing the time and current settings concerning IEC standards to procure
the best possible operating time and coordination for all the overcurrent relays. To verify the
efficacy of the developed technique, they are tested under various fault condition at different
locations of the power network. Furthermore, a comparison between the standard conventional
protection and coordination method [48], and the developed protection schemes are presented

which will be discussed later in Chapter 3.

1.4.1.2 Adaptive overcurrent protection and coordination

Besides the Al or NIA-based optimal protection, another significant aspect of protection

that should be considered for intermittent power generation plants, e.g., wind farms, is adaptive
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protection that has been drastically neglected in the previous wind farm overcurrent protection
studies. The purpose of implementing adaptive protection is primarily to update the relay settings
according to the changes imposed to a power system [49]. This type of protection scheme has been
previously applied to microgrids where the fault current during grid connected and islanded mode
of operation are extensively different and there is an immense necessity to update the relay settings
accordingly [50]. In wind farms, since the wind speed is intermittent, the power and current
characteristic are dynamic as well. Moreover, during high and low wind speed, there is a huge
difference between the generated currents. Furthermore, since the fault current and nominal root
mean square (RMS) values of current profiles are used for setting OCRs, existence of only one
group set of settings for the relays would cause drastic miscoordination and false tripping when
the wind speed is drastically altered. Thus, there should be an intelligent mechanism devised in
order for OCR settings to be updated according to the dynamic changes of the wind farm operation,

based on the data collected at site, so that only proper coordination settings are adopted.

In some studies, a simple non-communication based dual overcurrent and voltage-based
protection was proposed, which was tested for radial distribution systems with high penetration of
DG systems [51]. Some other studies, focused heavily on numerical and complex mathematical
approaches to provide adaptive-like feature for relays, in order to improve their performance and
maintain their coordination specific for networks that have highly varying generating stations or
highly varying load demand [52]-[55]. The advantages of such offline adaptive protection systems
are to avoid using FCL and any communication infrastructures, which would reduce the costs and
simplify the protection schemes. On the other hand, the main disadvantage of this technique is the
lack of communication between relays and control center where during event of fault, if a relay

maloperates, no communication is made between the main and backup relays, and none of the
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relays are updated with the new optimal settings [56], [57]. Thus, offline adaptive protection would

not be the best candidate for implementation in large-scale wind farms.

Online adaptive protection schemes are mainly reliant on IEC 61850 standards where the
relays communicate with each other through a standard protocol known as generic object-oriented
substation event (GOOSE) [58]. The recent modern microprocessor-based protective relays
implemented in smart grids are all equipped with such capability to enhance their performance and
also improve their reliability by reducing false trips. For example, in a recent study that focused
on implementation of online adaptive protection based on IEC 61850 and GOOSE protocol,
directional overcurrent protection relays with peer-to-peer communication capability were
employed to provide adequate protection for medium voltage (MV) distribution network [59].
Similar works have also been carried out by other researchers for different power systems, such as
microgrids, solar plants, photovoltaic farms, distributed networks with high penetration of DGs
and etc., where the attained results showed that by introducing an online adaptive protection to the
network, the performance of relays was improved and relays were able to detect faults in a shorter
time [60]-[64]. In spite of the promising advantages associated with applying online adaptive
protection, this type of protection requires modern power networks (smart grids), extensive
communication infrastructures, and microprocessor-based protective relays, therefore it’s rather

an expensive protection scheme, yet highly efficient and reliable.

The current literature on adaptive overcurrent protection in power systems is still limited
and more research is required to apply such techniques for various power systems, most
specifically for wind farms. Moreover, many of the reported techniques are extremely
sophisticated, and may not be applicable to many scenarios since the initial protection scheme was

constrained with the availability of DG technology, specific power network under study, and the
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unnecessarily complicated techniques employed. Nevertheless, the most important attributes of
power system protection and relaying is its simplicity, reliability and applicability of the proposed
technique for various power systems [65], [66], contrary to recent trend in the literature. Adaptive
protection should be simple and easy to implement, so the relays are updated in fraction of second

and avoid unnecessary communication delay between relays and the central control unit.

Thus, this thesis proposes a new adaptive and optimal overcurrent protection technique for
large-scale wind farms using hybrid grey wolf optimizer and fuzzy logic controller (GWO-FLC)
scheme to significantly improve the protection, and reliability of wind farm operation. The hybrid
GWO-FLC consists of two parts where the GWO is responsible for minimizing the time and
current settings of the OCRs, hence minimizing the operation time of protective relays. The second
part of the proposed technique consists of the implementation of FLC, which is responsible for
adaptive protection. Due to dynamic behavior of wind farms, OCR settings and coordination can
be an extremely challenging task. The existing single group setting for the entire wind farm is not
acceptable anymore and can cause severe miscoordination, maloperation, false tripping or even
delayed tripping during fault incidence. Thus, in order to solve this issue, adaptive protection was
proposed in this study as an inevitable procedure to provide adaptive feature for the relays so that
the OCR settings are updated online and group settings for each relay are adopted according to the

variation of wind speed, which will be discussed in Chapter 4.

1.4.2 Protection of Intertie Zone of Wind Farms

The intertie section of wind farms, where the entire wind power plant is connected to the

power grid through a step-up power transformer and a power transmission line, are usually

15



equipped with several layers of protection. Distance protection relay is the most effective method
implemented for power transmission lines; thus, these protection relays are also being applied to
wind farm transmission lines. Overcurrent relays are used as backup protection scheme and are
coordinated with the distance protection relay and also with the next overcurrent relay in either
upstream or downstream depending on the topology of the wind farm. Transformer protections
within the intertie system are equipped with differential relay as the primary protection and

overcurrent relay as a backup protection.

1.4.2.1 Distance Protection

Distance protection relays are an inevitable part of transmission lines and provide proper
protection in the presence of faults or grid abnormalities [67]. Distance protective relays as the
name suggests, rely on the impedance at each relay which is simply measured by the division of
voltage over current at the relay location [68]. During setting the distance relay, one important
procedure that should be carried out is to define several zones, usually 3 zones based on the priority
and significance of that particular section, and also set the settings of protection for each zone by
considering the “overreaching” characteristic of relay to provide adequate and reliable protection
which is of substantial importance in power system protective relaying. Although these relays are
extremely effective for stable power systems, they are not as equally effective and reliable for the
power systems where the source is unstable and drastically intermittent e.g., wind farm intertie
systems. This is mainly due to the reason that the distance protection relay performance is

drastically affected by variations in the output voltage of wind farms, source impedance and
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variations in the frequency of voltages and currents on occurrence of fault on the transmission line

[69].

In a recent study [70] conducted for DFIG protection system, distance protection relays
were used as the primary protection unit for intertie and collector system. However, the fault
analysis inferred that distance protection relay failed to operate properly for faults on intertie
section connected to DFIG wind turbines. The maloperation of the relays were resulted from
incorrect impedance measurement due to difference in frequencies of voltage and current which
stem from the DFIG-based wind farm unique behavior. In another research [71] carried out using
distance-based protection comprising both distance principle and pilot distance protection for a
large-scale wind farm, performance of distance protection relay was unsuccessful and did not
operate due to small power source characteristic of wind farm. At the very beginning of fault
cycles, the decaying DC offset component has a large current and frequency magnitude, while the
power frequency component is rather negligible and unstable. This would result in inaccurate
power frequency component extraction from Fourier algorithm by distance protection,
consequently, the impedance between the relay and fault location is derived incorrectly, leading to
maloperation of distance protection relay. Incompetency of distance relays is not only limited to
DFIG-based wind farms, but also in a research carried out on squirrel cage induction generator
(SCIG)-based wind farms, the impedance measured by distance relay, failed to represent the fault

location and caused maloperation of the relay on zone 1 of protection [72].

According to the research in [73], [74], distance protection relays poor performance are
mainly due to poor selectivity, low sensitivity and miscoordination between distance and
overcurrent relays during fault incidence. Poor selectivity results from weak feed characteristics

of wind generator, the proportion of positive and negative sequence components is much smaller
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than the proportion of zero sequence component in the collector system side short-circuit current.
Thus, the traditional distance protection relay may operate incorrectly. Meanwhile, since the
lengths of the collector lines differ from one another, it is not easy for the setting values of line
distance protection to cooperate with each other, which may result in poor selectivity. Low
sensitivity is due to the reason that since wind farm intertie section are grounded via resistance or
arc suppression coil, consequently during fault occurrence, the fault resistance will greatly affect
the operation performance of distance protection and result in lower sensitivity to unsymmetrical
faults, specifically, single line to ground fault due to its smaller fault current magnitude compared
to symmetrical three phase faults. Lastly, miscoordination among several distance relays and with
other overcurrent relays may also occur due to aforementioned problems, which would result in
wrong tripping and catastrophic maloperation of relays within or outside the intertie system.
Moreover, distance protection relays may operate at a longer time, and if its operation is delayed
to an extent that the backup overcurrent protection acts instead of primary distance protection
relay, it could cause miscoordination, compromised power quality and also unnecessary
disconnection of extended healthy feeders [75]. Thus, based on the existing problems associated
with distance protection relays for the intertie section, it is extremely essential to study new

protection schemes to guarantee the safe operation of wind farm intertie system and power grid.

1.4.2.2 Differential Protection

Differential protective relays are usually employed to provide protection for a single unit
commonly employed for power transformers, generators, buses, and recently, power transmission

lines. However, in wind farms since there is a necessity to provide adequate protection for several
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zones rather than only a single unit, differential zone protection including required numbers of
relays and measurement sensors i.e., CTs and VTs, for each specific zone must be implemented.
Differential protection operation is reliably fast, usually close to 5 ms, which could contribute to

fast tripping and provide robust security for the wind farm intertie section [76].

The performance problems of distance protection relays, explained in the previous section
could be successfully solved by implementing differential-based protection relay (DBPR) for
intertie system due to its high sensitivity, swift operation and, immunity to power swings.
Moreover, the differential based protection acts like a unit protection-based scheme that is
extremely advantageous compared to distance relays since it is not required to cope with
“underreach” and “overreach” characteristics, resulting in less false tripping [77]. However, since
wind farms are intermittent sources of power generation, and hence, the generated power and
current depends on the behavior of wind profile, it could have a detrimental effect on the
performance of differential protection relays. Because, these relays are sensitive to difference
between incoming and outgoing currents measured at two sides of a power apparatus to be
protected, for example two sides of a power transformer or transmission line, and any drastic
change in wind velocity, could simply cause this differential current exceeds the threshold value
and would consequently cause maloperation during normal operation. This problem is more
prevailing if the slope ratio of differential relay is not properly selected. Thus, a differential
protection relay must be able to cope with this issue and avoid false tripping during normal

operation.

Some researchers have proposed digital signal processing, wavelet-alienation coefficient
technique, least square curve fitting method to analyze the frequency characteristics during fault

to help the differential relay detect the fault better, however such techniques were proved to have
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lack of accuracy, consequently during external faults, false tripping was occurred since the
proposed protection scheme was not able to discriminate between internal and external faults [78]—
[80]. The failure of differential protection relay is not just limited to the intertie protection zone,
but also some research has showed that the existing method has an adverse effect on the operation
of reclosers during auto-reclosing [81]. This problem itself, could significantly compromise the
stability of large-scale wind farms connected to the grid and is totally unacceptable by grid
standards. A recent study was conducted on improving the performance of differential relays for
the intertie section of wind farms by applying a central relaying unit based on principle of operation
of differential relay [82]. The proposed method was able to provide better protection for the wind
farm and discriminate between fault at the wind turbine and grid side, however, the resistance of
the fault was not considered at all. Usually the fault resistance, diminishes the fault current
drastically, which would cause the relays to ignore the fault or at the best scenario, the backup

overcurrent relay may be able to detect the fault but operates with a significant delay.

Most recently, some researchers proposed differential protection with extensive
communication to improve the protection of wind farms [83]. Although differential protection was
found to be successful, implementation of this technique could be extremely costly, since installing
several microprocessor-based differential protection relays at a large-scale wind farms might be
quite expensive. In other studies, effectiveness of differential protection for offshore wind farms
were analyzed and several recommendations were made to improve the sensitivity of relay against
various fault types [84], [85]. Unfortunately, there has been very limited research conducted on
the implementation of differential protection relays for wind farms, but based on the available
literature, it is evident that differential protection schemes is a viable and effective protection

method for wind farms connected to power grid, and is a better candidate compared to distance
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protection relays for protecting the intertie zone of wind farms [86]. However, such protection
schemes have its own specific challenges and limitations as was discussed earlier. Moreover, it is
found that only a very few of the previous proposed methods considered the adverse effect of wind
farms dynamic behavior, and fault resistance in their differential protection scheme, which would
result in blinding, maloperation, and lack of discrimination between external and internal faults.
Another major drawback is the cost of implementing microprocessor-based differential relays
since for large distribution, transmission or power plants, various different requirements of
protection are necessary to ensure coordination and reliability are provided, thus, employing large
number of digital microprocessor-based differential relays would drastically increase the cost. The
aforementioned problem could be escalated for large-scale wind farms connected to the power
grid, that their size is gradually increasing and so are the costs of implementing, installing and

maintenance of modern protective relays.

Therefore, in order to successfully address the present distance and differential protection
issues in wind farms, two novel protection schemes are proposed. Firstly, a cost-effective and more
reliable differential protection relay is designed in a field-programmable gate array (FPGA) and is
proposed as an alternative protection scheme for wind farms. The performance of the proposed
FPGA-based digital differential protection relay (FPGA-DDPR) is verified in the lab environment
using DE2-115 FPGA board equipped with Cyclone IV E (EP4CE115F29C7). Secondly, a new
Bayesian-based optimized Support Vector Machine (SVM) as an intelligent supervised machine
learning classifier approach is developed to take into account both the dynamic behaviors of wind
speed and the current measured by the current transformers. The performance of the two proposed
protection schemes is also compared to other existing protection schemes, which will be discussed

thoroughly in Chapter 5.
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1.5 Objectives of the Thesis

This thesis aims to tackle the existing protection challenges by proposing novel intelligent
and robust, yet simple, effective and practical protection schemes to improve the reliability and

security of large-scale wind farms.
The main objectives of this research are as follows:

a) To develop and design OCRS, calculation of relay settings and coordination for all
protective relays by applying load flow and fault analysis, and test the relays
performance by designing a large-scale wind farm.

b) To develop and design an optimal overcurrent protection and coordination scheme to
achieve the following objectives:

» Improvement of the protection of the wind farms by enhancing the coordination
between relays, by optimizing the relay settings according to IEC 60255-
151:2009 standard through the optimization of time multiplier setting (TMS),
and subsequently the operation time of each relay.

» Implementation of GA and GWO, as a powerful optimization branch of Al and
NIA, to obtain improved relay settings based on their coordination criteria. Each
relay operation time and TMS are optimized by using GA and GWO method,
which would consequently contribute to the enhanced protection for wind farms.

c¢) To develop and design an intelligent adaptive overcurrent protection and coordination
scheme by proposing a hybrid GWO-FLC scheme, along with optimized quadruple
group settings for each relay, to operate as an online adaptive mechanism during various

wind speeds.
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1.6

d) To develop and design a differential-based protection relay (DBPR) as a simple, yet
practical protection scheme, and an ideal replacement to unreliable distance protection,
specific for the intertie zone of wind farms.

e) To develop and design a cost-effective FPGA-based digital differential protection
scheme (FPGA-DDPR), as a robust zonal protection scheme for wind farms.

f) To develop and design a support vector machine digital differential protection relay
(SVM-DDPR) as comprehensive and intelligent differential protection mechanism
based on machine learning techniques, which is aimed to be represented as a modern
data-driven protection approach for wind farms.

g) To develop a prototype protection scheme incorporating FPGA DE2-115 board with
built-in Cyclone IV E (EP4CE115F29C7), in a laboratory environment to test and
validate the effectiveness of the proposed differential and overcurrent protection
techniques for the protection of wind farm against various types of fault at different

locations and with different fault resistances.

Organization of the Chapters

The chapters of this thesis are organized as follows.

In Chapter 1, an overview of wind farm operation, and associated protection challenges

with these entities are presented. Furthermore, a brief but comprehensive literature review on

specific wind farm protection issues is provided with thorough explanation, and the research

motivation for each specific protection scheme is also presented at the end of each section. Finally,
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the main objectives of this research with respect to addressing the present problems in wind farm

protection, are mentioned concisely.

Chapter 2 is entirely dedicated to design of the wind farm model as a case study for
protection analysis. Moreover, short-circuit current contribution of various types of wind turbines,
with emphasis on DFIG type is explained. Finally, with regards to short-circuit current calculation
for a DFIG, usually powerful and explicit industrial software are used to provide an accurate
calculation of fault current within a power system, however in this chapter, a sample of hand
calculation for short-circuit current of a DFIG as a verification for the software analysis is also

provided.

Design and development of OCRs, determining the settings for each relay, along with their
coordination is fully detailed in Chapter 3. Moreover, a few samples of hand calculations for relay
settings and coordination are provided. Furthermore, the application of two artificial intelligence
optimization technique e.g., GA and GWO, along with their coding, objective function
formulation, and their development are explained thoroughly. Additionally, their application on
optimizing the relay settings with the optimization process is presented. Finally, the operation of
optimal overcurrent protection and coordination is tested and analyzed to validate the developed

protection scheme.

In Chapter 4, the proposed intelligent adaptive protection and coordination for large-scale
wind farms, and development of hybrid GWO-FLC is presented. Furthermore, the performance of
this protection scheme under test and validation for various wind speed cases even during drastic
wind speed variation for examining the robustness and effectiveness of the proposed method is
also illustrated. Finally, in a laboratory environment the proposed protection scheme is
implemented in real-time using FPGA DE2-115 board equipped with Cyclone IV-E device
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(EP4CE115F29C7). The performance of the proposed hybrid GWO-FLC is also tested in both
simulation and experimental setups to examine the robustness, reliability, efficiency of the

protection scheme.

Chapter 5 is an extensive chapter which covers several topics including, design and
development of several differential protection schemes particularly for intertie zone of wind farms
including digital differential protection scheme, cost-effective FPGA-DDPR, and Intelligent
SVM-DDPR. All of these techniques are explained thoroughly and the step-by-step design and
development of each technique. Additionally, the performance of each novel protection scheme is
inspected for various types of faults, at different locations and different fault resistances. Besides,
the experimental hardware-in-the-loop operation of FPGA-based protection using FPGA DE2-115

board to validate the developed protection scheme and simulation results is also provided.

Finally, a concise summary and contributions of this research along with the suggestions

for future works are highlighted in Chapter 6.
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Chapter 2

Wind Farm Modelling and Short-circuit Current Analysis

2.1 Background

There are several types of feeder topologies currently applied in wind farms. Radial,
bifurcated radial, feeder-subfeeder, and looped topologies are the most common types employed,
each yielding their own distinct advantages and disadvantages. The selection of wind-farm feeder
topology depends on several factors such as the wind turbine technology with respect to the
converters and generators, mode of operation either grid-connected or islanded (where the wind
farm operates autonomously), wind profiles, available tower placement, costs, etc. The most
common wind farm topology used in many countries is feeder-subfeeder topology due to its
protection criteria advantage compared to its counterparts. Feeder-subfeeder topologies are
typically employed where clusters of towers are distributed over large areas. They are typically

comprised of a single cable feeding remotely located switchgear with several subfeeder.

The significant protection advantage of this type of wind farm topology is that, during a
fault incidence at any feeder, only the faulty feeder will be disconnected from the intertie system
and the rest of the other feeders and wind turbines will remain connected. However, in other types
of wind farm topologies such as loop or radial, any fault on the feeder, may result in disconnection
of the entire wind turbines from the power grid which is a catastrophic situation that would

compromise power quality, reliability and integrity of the wind farm as a reliable source of DG.
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There are four main types of WTGs available in wind farms which are:

e Type I: fixed-speed turbine with a squirrel-cage induction generator (SCIG).

e Type II: variable-speed turbine with a wound-rotor induction generator (WRIG) that
has a variable resistor in series with the rotor winding.

e Type III: variable-speed turbine with a doubly fed induction generator (DFIG).

e Type IV: variable-speed turbine with a permanent magnet synchronous generator

(PMSGQG) and full-scale AC-DC-AC power electronic converter.

Nowadays there are many variable-speed wind turbine technologies, where Type III wind
turbines mostly known as DFIG, is currently the one with the largest growth, both in capacity as
in units sold, in wind farm application. It is justified due to the low power converters, which have
a fraction of the rated power of the machine, and its flexibility of operation at variable speed. Thus,

the DFIG-based wind farm is considered in this thesis for further investigation on protection issues.

2.2  Wind Farm Model

The typical wind farm modelled and simulated by MATLAB/Simulink as one of the most
common type of wind farm topology available in many countries is shown in the Fig. 2.1. The
wind power plant modelled in this research, consists of 40 Type-III wind turbines based on doubly
fed induction generator (DFIG), in 4 clusters, where each cluster includes 10 wind turbines, where
each wind turbine is protected by circuit breaker, as modelled in Fig. 2.2. Each individual DFIG
(wind turbine) generates 1.5 MVA apparent power at 0.85 power factor (PF); hence, the entire
wind farm provides 60 MVA power to the utility grid. Each DFIG operates at the voltage and

frequency of 575V and 60 Hz respectively. Transformers corresponding to each wind turbine has
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voltage ratio of 575V/35KV in star-delta configuration where the star side is earthed. Furthermore,
the wind farm is connected to the grid through a step-up transformer, boosting voltage from 35 kV
to 220 kV and also a 50 km transmission line, where the line is designed as a m-circuit model.
Additionally, a grounding transformer has also been installed next to the intertie line in order to
manage the unbalanced load on the power system as well as to handle high magnitude of excessive
current during single line to ground fault. The wind turbine generator model is shown in Appendix
A.1, and the characteristics of each wind turbine generator with respect to turbine output power
over turbine speed at generator synchronous speed, in per-unit (pu) value and for wind speed 5 m/s

- 16.2 m/s is shown in Fig. 2.3.
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Fig. 2.1. Simplified conceptual model of a large-scale wind farm developed for protection study.
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Fig. 2.2 Each main feeder consists of 10 wind turbines where each wind turbine generating near 1.25 MW
power (“A”, “B”, and “C” notations represents primary side, while “a”, “b”, and “c” notations represents

secondary side).
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Fig. 2.3 Wind turbine generator output power characteristics [87].
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In wind power plants, since the wind speed is not always stable and essentially fluctuates
all the time, therefore, the current generated by the wind turbines also varies according to the wind
velocity. The minimum adequate wind speed for wind turbines to produce electricity is usually in
the range of 3.5 m/s to 5 m/s, however the maximum wind speed that DFIG-based wind turbines
can tolerate are typically 25 m/s. If the wind velocity exceeds that specific value, then it will cause
severe damage to the wind turbine generators and control system. In order to protect the wind
turbines from high wind speed in this study, an instantaneous protection relay is located to trip the
wind turbine as soon as the wind speed exceeds 25 m/s to avert any potential damage to the
generator and converter systems. Wind speed in this research is selected to be varying in the range
of 5 to 25m/s, in order to study the protection of wind farm during all possible wind characteristics.
The natural variation of wind speed for a short duration of 25 seconds is simulated and is shown
in Fig. 2.4 that we considered an extreme case of gust wind where the wind speed was changing
rapidly. This is considered to show the application of protection schemes to protect the DFIG-
based wind farm in the case when wind velocity is out of the safe operating zone 5Sm/s-25m/s,

which will be studied and analyzed in subsequent chapters.
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Fig. 2.4. Instantaneous behavior of wind speed over a short duration of time.
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The positive, negative and zero sequence of the designed wind farm model is shown in Fig.

2.5. that can be used to determine the short-circuit characteristics at any location required on the

wind farm. For simplicity, the aggregated reactances are shown, where X*, X~,

aggregated positive, negative and zero sequences, respectively.

and X° are the

X* Transformer X* Line
(a) Positive Sequence
X1 X*ri0¢ X111, X*120¢ X" 121, Xr30¢ X*T31 X*Ta0
. .
X* G_Trasformer X" Grid
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G1 —=== —=== -—=== -—== Grid
Wind Farm 1 Wlnd Farm 2 Wind Farm 3 Wind Farm 4
X Transformer X Line
(b) Negative Sequence ‘aaaslsasa
XT1 X110 ¢ X'T11 X120 X730 ¢ X'T31 X140
{ X" G_Trasformer } X Grid
X'G1 X'g10¢ X611 X'G20¢ X621 X'G30¢ X'G31 X'G40
Wind Farm 1 Wind Farm 2 Wind Farm 3 Wind Farm 4
X Transformer X° Line
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Fig. 2.5. The aggregated model for the wind farm: (a) Positive sequence, (b) Negative sequence, and (c) Zero

sequence.
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2.3 Short-circuit Current Phenomena

Short-circuits is a detrimental phenomenon in power systems that transpires when
equipment insulation fails due to system overvoltages caused by lightning or switching surges,
insulation contamination, e.g., salt spray or pollution, or other mechanical causes. The resulting
short-circuit or so-called “fault” current is determined by the internal voltages of the electric
machines and by the system impedances between the machine voltages and the fault. Short-circuit
currents may be several orders of magnitude larger than normal operating currents and, if allowed
to persist, may cause thermal damage to equipment. Windings and busbars may also suffer
mechanical damage due to high magnetic forces during faults. Thus, the fault sections of a power
system need to be isolated as soon as possible. Standard extra high voltage (EHV) protective
equipment is designed to clear faults within 3 to 4 cycles, i.e., about 50 ms at 60 Hz. Lower voltage

protective equipment operates more slowly, for instance, 5 to 20 cycles [88].

There are several different types of fault that are prevalent in power systems and wind
farms, where the probability of occurrence for each type of fault, and the severity of the fault
current differs from each other [89]. For example, three phase faults have the least probability of
occurrence, however they are the most severe fault type since they impose the highest fault current
in a power system. Therefore, protective relays must be able to detect such abnormal conditions at
the shortest possible time and isolate the faulty section accordingly. On the other hand, single line
to ground fault which are usually known as SLG, or L-G, are the most common type of fault with
high probability of occurrence, however they are the least severe of all, since the fault current is
significantly less compared to other types of faults. Nonetheless, protective relays must be

sensitive enough to detect such faults, since their prolonged duration of these faults might cause
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damage to the power cables, deformation of transformer windings, and etc. An overview of

different types of faults with respect to their probability of occurrence is tabulated in Table 2.1.

Table 2.1 Different types of faults in power systems and the probability of occurrence for each case [66].

No. Type of fault Short form Symmetrical or | Probability of
unsymmetrical occurrence

1 Three phase line to line 3L-L Symmetrical <1%

2 Three phase line to ground 3L-G Symmetrical 2-3%

3 Line to line L-L Unsymmetrical 8-10%

4 Double line to ground L-L-G Unsymmetrical 10-17%

5 Single line to ground SLG (L-G) Unsymmetrical 70-80%

2.4 Short-circuit Current Behavior of Wind Turbines

Conventional power plants including fossil-fueled, nuclear, and hydro plants consist of
single or several synchronous generating units, wherein for each unit the rotational speed is fixed
and the magnetic flux is controlled via exciter windings; the magnetic flux and the rotor rotate
synchronously. The short-circuit current analysis of such power systems are very simple and its
detailed discussion can be found in [90]. On the other hand, with regard to wind turbines, their
short-circuit current behavior and calculation is somewhat different from the conventional power
plants [91], [92]. Usually, a wind farm consists of several wind turbine generators, which are
dispersed over a wide geographical area, and their fault contribution to the grid, depending on the
type and technology of the wind turbine, could be drastically high. A brief description of DFIG

technology and discussion on short-circuit current calculation of DFIG are presented below:
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2.4.1 Type III Wind Turbine Technology

The schematic diagram of a typical a DFIG-based WTG is shown in Fig. 2.6. The DFIG
topology employs two static converters. While the machine stator circuit is directly connected to
the grid, the rotor circuit is fed through the two converters, on back-to-back topology,
interconnected by a DC bus [93]. The rotor side converter (RSC) is connected to the rotor of the
machine, while the grid side converter (GSC) is connected to the network through a filter and a
power transformer. During the time that the induction machine speed is below the synchronous
speed, the back-to-back converter receives active power from the grid. On the contrary, if the
machine speed increases beyond the synchronous speed, then active power from the rotor would
be transferred to the grid via the back-to-back converter, which is the ideal performance of DFIG
during normal operation [94]. The typical connection diagram for a DFIG-based WTG is shown

in Fig. 2.6.

The power converter connected to the rotor winding should be able to withstand the
currents induced by the dc and ac components flowing in the stator winding. However, the
components of the power converter (IGBT, diode, capacitor, etc.) are designed to handle only
normal currents and normal dc bus voltage [95]. Therefore, a crowbar system is usually devised
for protecting the power electronics converter from overvoltage and thermal breakdown during
short-circuit faults. The operation of a crowbar is very simple, a crowbar is generally employed
to allow the addition of resistance into the rotor winding to avert the short circuit current in the
rotor winding from damaging the susceptible power converters. Additional dynamic braking on

the DC bus is also used to limit the dc bus voltage [96].
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Fig. 2.6. Schematic for Type IIIl WTG technology [97].

2.4.2 Short-circuit Current behavior of a DFIG

In order to provide adequate protection for the entire wind farm, the relay settings should
be calculated based on fault current level. Therefore, it is extremely important to calculate the
short-circuit current contributed to the grid by each DFIG. Short-circuit current of Type III wind
turbines consists of two main components such as, the transient and steady-state. In order to set
the relay settings, the maximum short-circuit current should be calculated by considering stator
and rotor reactances, transient reactances, stator and rotor coupling factor, leakage factor, and

damping time constant.

The equivalent electrical diagram of a DFIG is shown in Fig.2.7. It is very similar to one
for a regular induction generator except for additional rotor voltage, representing voltage produced

by a power converter. Under normal operation, this voltage is actually from a current-controlled
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power converter with the ability to control the real and reactive power output instantaneously and

independently.
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Fig. 2.7. Simplified equivalent circuit of a DFIG for short-circuit current calculation.

Considering the simplified equivalent circuit of a DFIG above, the following parameters

are defined shown in Table 2.2 below.

Table 2.2 Definition of parameters of DFIG equivalent circuit for short-circuit current calculation

Parameters Definition

R, Xs Stator resistance and reactance

R;, Xi Wound rotor resistance and reactance
Xsor Xro Stator and rotor leakage reactance
Xm Magnetizing reactance

X, X; Stator and rotor transient reactance
K, K¢ Stator and rotor coupling factor

o (sigma) Leakage factor

T., T, Time constant for the damping of the DC component in Stator and rotor
Vs Stator voltage

Rext, Xext External resistance and reactance

Reb Crowbar resistance
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The stator and rotor reactance of a DFIG can be represented as:

Xs = Xoo + Xm 2.1)

Xr :Xra + Xm (22)

Also, the equivalent stator and rotor transient reactance could be derived as shown below:

XJ = Xeo + 52 2.3)
X, = Xeo + j{‘j;; (2.4)
Furthermore, the stator and rotor coupling factor, could be calculated by:
K= 2.5)
K=t (2.6)

By knowing the magnetizing reactance, and stator and rotor reactances, the leakage factor

of the machine can be determined by:

Xl
X * X

oc=1- 2.7)

Another important characteristic that significantly affect the behavior of short-circuit
current of a DFIG, are the damping time constants of the DC components of both the stator and

the wound rotor of the generator which can be calculated as follows:

¢ Xy A Kewt
5 a)s(Rs +Rex[) (2.8)
, Xy

Tr = m (29)
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The short-circuit fault can occur anywhere in the wind farm, and also in any fault type. But
for simplicity, a symmetrical 3L-G is considered in this section. In order to find the short-circuit
current of a DFIG system, an equivalent diagram of a power system under fault condition,
representing as a R-L circuit is considered as shown in Fig. 2.8. The location of the fault is

indicated by a shorting switch at the end of the line.

Generator Transmission Line Grid
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Y Y Y é‘ ;m aaan'

Qe S O

-
1

Fig. 2.8. Equivalent diagram of R-L circuits representing a power system with symmetrical fault at the end of

the line.

As soon as the fault takes place, a significant level of current is produced by the generator.
By considering R and L as transmission line resistance and inductance, and also ug as the
instantaneous voltage on the terminal of the generator, the short-circuit current contribution from

the generator can be found from:
di | .
ug =L+ iR (2.10)
And solving the above equation to derive the current:

R
1':%’s]n(wt+a—qp)—e_Zt[ggsin(a—(p)] (2.11)
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Where, V; and a represent peak voltage and voltage phase of the generator, and the
impedance of the line is shown by Z which consists of R and X, thus, Z = VR2 + X2 . Also, the
impedance angle at the location of the fault is shown by ¢, where ¢ = atan (%) Equation (2.11)

consists of two different signals. The first signal is a continuous sinusoidal waveform, and
indicates the steady-state behaviour of the fault current contributed by the generator, while the

second signal, has an exponential element that causes the waveform to decay exponentially with a
) R . .

time constant of T which represents the DC component of the current and is the natural response

of the circuit without the excitation produced by Eg, in Fig. 2.8.

In order to calculate the steady-state fault current in RMS value, only the first component

of the above equations is considered. Thus, the magnitude of the short-circuit current would be:

Vg/V2
oo = }?Z+X2 (2.11)

The short-circuit current of a DFIG system is similar to the equation 2.10, only the crowbar
and slip should also be considered. The entire derivation of the DFIG short-circuit current are
documented in [98], and therefore is not repeated here. By referencing to all the parameters shown
above, the approximate behavior of short-circuit current (3L-G fault) of a single DFIG can be

obtained by [99]:

t t

V2V [e_T_é Sin(a)—(Z-J)e_T_? sin (wt + a)] (2.12)

()= ———
(}(S/"‘/YEHJZ + Rer?

Where o is the voltage phase angle, o is the leakage factor, and Ty and T, are the stator and
rotor time constants which represents the damping of the DC component in stator and rotor

windings.
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Additionally, since the industrial protective relays are set according to the maximum fault
current contribution of a power generation unit, the above equation can be simplified to a term that

only presents the maximum fault current, which is shown below:

Iscmax magnitude = 2 \/)—2( ,VS (2 N 3)

243 A General Comparison Between Short-circuit Current for Different

Types of WTG

The short circuit current contribution from different types of WTGs is not equally the same.
Additionally, the maximum value of the magnitude of the short circuit current is immensely
affected by various factors, where the furthermost critical ones are, the transient reactance, the pre-
fault voltage, the effective rotor resistances, and also the instance the fault occurs. Also, the short-
circuit current transient behavior could be affected by the stator time constant and the rotor time
constant for Type I through Type III WTGs. For example, since Type I, 11, and III wind turbines
are equipped with induction generators, the short circuit current gradually declines as the fault
progresses and eventually decays to a very small value, usually near zero, due to the depletion of

the rotor flux.

On the other hand, for Type IV WTGs, since this technology implements synchronous
generator, the short-circuit current is maintained constant, in other words, the Type IV WTG can
generate constant current during the event of fault. It’s almost similar to synchronous generators

in conventional power plants, however thanks to employment of power electronics, the level of
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short-circuit current is extremely small and is usually constrained to less than two orders of

maximum full-load current.

With reference to equation (2.12), Table 2.3 is tabulated below to summarize different fault
impedance, along with transient rotor time constants for different types of WTG technologies.
Therefore, it is obvious that any change in those parameters could alter the behavior and magnitude
of short-circuit current for any wind turbine. Table 2.4 shows the maximum and minimum possible
values of the short-circuit current for different types of WTGs. In summary, with respect to Type
I and Type II WTGs, the maximum and the minimum short-circuit current depends on timing of
the fault, the parameters and the operating condition of the induction generator, while for Type III
WTGs, the magnitude of short-circuit current could be affected by the control and the operation of
the converter. Finally, with regard to Type IV WTGs, the fault current could be controlled by the
power converters, and that is why the fault current is usually very small in comparison to other

types of WTGs.

Table 2.3 Modified values for short-circuit current calculation for different types of WTGs

WTG Type 1 Type 11 Type 11
Zg X = ol [ /
* ° ° X2+ R%y, x'2 +RZp
T, L, L, L,
Rr Rr + Rext Rr + RCB

Table 2.4 Maximum and minimum possible values of the short-circuit current for different types of WTGs

WTG Type 1 Type 11 Type 111 Type IV
Maximum short- . @ . @ ) @ [1.1~1.5] * Latea
circuit current X' X's X's
Minimum short- VA V2V, 1.1 * Latea 0
circuit current X—’s \/W
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Among all available WTGs, the DFIG-based wind farms are the most difficult and
challenging to protect, since there are many variables that could alter the fault current, as discussed
previously, and could cause the protective relays to maloperate or impose miscoordination between
overcurrent relays. For example, during a fault, if the voltage dips 50% (0.5pu) as wind speed
increases, active power will also increase, however reactive power will remain the same. In this
case, the voltage will be changed extremely marginally, however, the short-circuit current is
increased as wind speed is escalated. However, during fault where the voltage at the fault location
is dipped to zero (100% voltage drop), as wind speed is increased, the WTG active power will be
increased, but the fault current will not change much. Therefore, these important aspects must be
considered during designing protection schemes. This problem will be further discussed in Chapter

4, where intelligent adaptive protection schemes are proposed.

2.4.4 Short-circuit Current Calculation of a DFIG

Now by knowing all the parameters, explained in sections 2.4.2 and 2.4.3, the DFIG
unknown parameters can be calculated accordingly and thus, the magnitude of short-circuit current

would be determined for setting protection relays, as shown below:
e Stator and rotor reactance:
Xs=Xo + X =0.171 +2.9=3.071pu
X=X+ Xn=0.156+ 2.9 =3.056pu

e Stator and rotor transient reactance:

e = 0071 + 22272 — .319pu

X, =X
s so Xop + X 0.156 + 2.9
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4 Xso *)(m _ 0.171 *2.9 _
Xf = Xoo + TE = 0156 + o2 —= = 0.317pu

e Stator and rotor coupling factor:

_Xa_ 29

Ks=—=—=0944pu
X, 3.071
Kr=2=22 - 0.948pu
X, 3.056
e Leakage factor:
X 292
o =1 X X I 3.071 *3.056 0.103pu
e Damping time constant:
/ X+ Xew 0.319+0.285
Ty = s(Rs + Rew)  (2260) (0.007 + 0.018) 0.064s
’ X _ 0317
I = ws(R+Ra)  (2160) (0.005) 0.168s
e 3 L-G Short-circuit current:
\/3 . t t

It) = ——— [e_T_é sin(a) — (1 - o) e T sin (ot + a)]
|(Xe+Xe + Ry

V2 Vs
Isc,maxpu magnitude = 2 X, = 886p1/l
s

s 15%10
Irra = v Geiss 1506.13 A

ISC = IFLA *Isc,maxpu magnitude = ]50613 * 886 = 1334431 A (RMS Value)

Lic, peak = Isc *N2 = 13344.31%/2 = 18871.7 A (Peak value)

43



The waveform of the calculated short-circuit current of a the DFIG is presented in Fig. 2.9.
The short-circuit current is 8.89 pu which is very close to the one that was calculated that was 8.86
pu. During the fault incidence at 0.2 S, the magnitude of the fault current is extremely high due to
DC offset, unsymmetrical sub-transient and transient of induction machine, however they decay
to zero shortly after the fault incidence and only symmetrical steady state component remains. The
AC symmetrical steady state short-circuit current is significantly smaller compared to the total
fault current; however, it is large enough to cause drastic damage to power apparatus within a wind
farm. Therefore, the overcurrent relay must be able to detect any form of faults, even faults with
high resistance, to ensure maximum protection and security is provided and at the same time,
minimum disconnection of faulty zone from the plant is made. This important phenomenon is

studied in the next chapter.

Current (pu)

Current (pu)

Time (S)

Fig. 2.9. Calculated short-circuit current waveform of a DFIG: (a) behavior of bolted 3 phase fault current (b)

magnitude of the fault current.
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2.5 Conclusion

In this Chapter, a brief description of the design of the wind farm model that will be used
for power system protection studies in the subsequent Chapters was provided. An explanation of
short-circuit current contribution for various types of wind turbines, with emphasis on DFIG-based
WTG technology was provided in this Chapter. Furthermore, a sample of hand calculation for
short-circuit current of a DFIG was done as a verification for the software analysis. In the next
Chapter, the design, implementation and coordination of overcurrent relays, along with proposed

optimal settings for each relay using Al, will be discussed.
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Chapter 3

Optimal Overcurrent Protection and Coordination Schemes

for Wind Farms

3.1 Overcurrent Protective Relays

OCRs have the same basic I/O signal operation as other types of relays. In these relays, if
the incoming current is higher than the pre-set current value, the relay will send out an output
signal (either instantaneously or after a calculated delay) to the circuit breaker (CB) to disconnect
the circuit in order to protect the power components from the result of excess current. There are
three main types of OCRs used in power systems, which are: definite current relay (also known as
instantaneous relay), definite time relay, and inverse time relay. The most common type is inverse
time relay which has an inverse characteristic curve that means the relay operates faster as the
current increases. These types of relays operate instantaneously when the current reaches a high
limit magnitude thus eliminating the damage to the power components[100]. Modern protective
relays are equipped with both the inverse characteristic and instantaneous element, which help the
relay to have the capability of time-current sensitivity, as well as instantaneous tripping function,

specific for during the time the fault current is very high and no delay in operation is tolerated.

Inverse time OCRs based on their sensitivity to the current and time, can again have several
characteristics depending on the applications. These OCR types, according to IEC 60255-151:2009

standard is presented in Table 3.1 below [101]. Also, the time current characteristics (TCC) curve
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of a typical protective relay is shown in Fig. 3.1. These standard curves could be set differently by
changing the type of OCR according to the previous table, and thus, a proper operation expected
from the relay could provide protection and security for a specific power apparatus or at a large

scale for a large protection zone, i.e., feeders, transmission lines, wind turbines (generator and

transformer together), and etc.
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Fig. 3.1. TCC curve of a typical OCR [65].

47



Table 3.1 Types of OCRs according to IEC 60255-151:2009 standard

Type of Overcurrent Relay Operation Time

Normally-Inversed T = 0.14 * TMS
"~ (I /Ipickup)©02 — 1

Very Inversed 135+ TMS
© (I /Ipickup)t — 1

Extremely Inversed T= 80 x TMS
(I /Ipickup)? — 1

Long time-Inversed T = 120 = TMS
(I/Ipickup)! — 1

3.2 Coordination of Several OCRs

In power systems, the entire OCRs must be properly coordinated with each other in order
to protect the power elements from the fault current. To do so, the critical settings of OCRs such
as, plug multiplier setting (PMS) and time multiplier setting (TMS), must be properly calculated
and selected for each relay. PMS is varied in the range of 50% to 200% and in steps of 25%. This
setting is only used for inverse current relays which detect phase to phase fault [102]. For the relays
that detect phase to ground fault, the PMS is quite different. It is varied in in the range of 10% to
40% in steps of 10%, or in the range of 20% to 80% in steps of 20%. The point that should be
taken into consideration is that the higher the value of PMS for the relay is selected, the higher
current the relay requires to sense for tripping. TMS ranges from 0 to 1 in steps of 0.1. However,
sometimes it varies in steps of 0.05, for better sensitivity. Thus, the maximum value for TMS could
be selected is 1 and the minimum is 0.1 or 0.05 (depending on the manufacturer). The higher the

value of TMS for the relay is selected, the longer it takes for the relay to trip. Thus, the TMS for
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the first relay that coordination starts from, is usually selected as minimum value, which is 0.05.
This would help proper coordination with minimum delayed time for the subsequent protection
relays. In order to coordinate OCRs with each other, there is a time interval between a primary
relay and a backup relay operation and this is called the coordination time interval (CTI). This time
interval is usually set in the range of 0.3 and 0.5 seconds for most of the conventional relays, while
for modern digital relays it is set at 0.2 seconds, which means the backup relay is able to operate
faster compared to conventional relays. So, in order to coordinate relays with each other, both CTI,
and the relay operation time which are the constraint of TMS and PMS, must be taken into

consideration.

The concept of coordination of OCRs means that the closest relay to the fault location,
which is referred to as the primary relay, must first trip the CB, and in the case when the primary
relay does not trip or malfunctions, the adjacent relay closest to the primary relay, which is called
the backup relay, must trip instead. This coordination is extremely crucial and is conducted in
order to decrease the expanded power loss and avert power quality compromise. The coordination
phenomenon is depicted in the Fig. 3.2, which shows a simple radial power system. In this figure,
by imposing a fault at the end of the line, OCR as primary protection must trip to the fault. In case
of any relay malfunction, or blinding situation, OCR2 as backup protection should trip.
Furthermore, if OCR: does not operate, OCR3 as the second backup protection must trip and

disconnect the feeder.

49



yne

BUS3 BUS2 BUSH
| RRLF———} ‘ ‘
0 - CB3 = CB2 !,» CB1 !,\
OCR3 OCR2 OCR1

Fig. 3.2. Overcurrent relay coordination concept.

3.3 Design and Development of the proposed OCR

In order to analyze the OCR setting and coordination, a digital OCR protection scheme has
been developed in Matlab/Simulink, where its operation is designed based on industrial SEL-751
protective relays. The proposed relay operates according to IEC 60255-151:2009 standard and can
be set for various TCC curves where the relay operation time is calculated precisely according to
IEC standard which was shown in the previous section. The coding used for developing the
operation of the relay, along with the codes for plotting the TCC curve for each relay mode of
operation, as well as codes for defining the type of OCR are shown in Appendix A.2 — A 4.
Furthermore, the simplified version of the relay model created in Matlab is shown in Fig. 3.3,
while the user-friendly graphical interface of the developed relay for easier relay settings has been
established and presented in Fig. 3.4. According to the developed relay, in order to set the OCR,
the CT primary and secondary, along with TCC operation mode, pickup current, maximum fault
current, plug setting (PS - which determines the pickup current), PMS and TMS can be modified
and the OCR would react accordingly. Another feature of this scheme is that the TCC curve for
each OCR can be plotted to ensure that relays have been set properly and are well coordinated with

each other. In Appendix A.5 and A.6., the overview of the proposed centralized overcurrent
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protection and coordination scheme, which consists of 47 OCRs, implemented for the protection

of wind farms are presented.

LP X
CTsec X
CTpri j
-C- >
P X
CTsec| x —L>
RMS Irms Time «
Input Current ‘ OCR Operation Time CTpri
RMS value of current ck fen Trip OR
125 (D)
Overcurrent Relay Operation OCR Tripping Signal

IA

\ 4

O

Fig. 3.3. Simplified version of the relay model created in Matlab.

Overcurrent Protection Relay (mask)

Current Transformer Primary (A) Current Transformer Secondary (A)

50.0 2000.0 1.0 5.0
Plug Multiplier Setting (PMS) = Isc/Ipickup Maximum Fault Current
v \ s ™

0.0 100.0 0.0 2.500e+05

: 15000 :

OCR Time Current Characteristic {TCC)
O Definite Minimum Time

@) IEC Standard Inverse

) IEC Very Inverse
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k |0.14 n |0.02
Plug Setting (PS) Time Multiplier Setting (TMS)
25.0 250.0 0.050 1.0

QCR TCC Curve

Fig. 3.4. The graphical interface of the developed OCR based on industrial SEL-751 protective relay in
Matlab/Simulink.
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3.4 Relay Settings and Coordination Calculation

In this research, it is possible to design the coordination of the relay settings in two different
ways. One way of doing it is to consider the relay next to the power grid as the primary relay, and
start the coordination from that protection zone, to the last relay located at each wind turbine
generator. This practice is suitable and applicable for numerous power systems, such as
distribution networks; however, the disadvantage of implementing such coordination for wind
farms is that, such protection scheme has less selectivity and could create miscoordination between
the main and backup relays at the end of the protection zone. For example, if a fault occurs near
one of the wind turbines, due to this specific coordination implemented, the entire wind farm would
be disconnected from the grid, which is totally unacceptable. Therefore, in order to prevent such
calamity, in this research, coordination starting from each DFIG to the main grid is proposed, so
that during any fault incidence at the wind turbines, or even the feeders containing several wind
turbines, only the faulty section is tripped by the CBs and therefore the minimum disconnection is

exercised.

The relay settings and coordination has been calculated for all 47 protective relays
employed for the wind farm based on the fault behaviour that was discussed in previous Chapter,
however due to massive number of calculations and large space required to present all the

calculations, only the samples of two relay setting calculations are presented below:

3.4.1 Relay 1 Settings

The first relay is responsible for the wind turbine protection zone that includes the DFIG

and the local power transformer. The relay should be able to detect the fault at the shortest possible
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time, to avoid the extended disconnection of the entire feeder. In order to set the relay settings,
relay setting current (RSI), need to be calculated, which is generally 1.25 to 1.5 times of full load
amperage (IrLa) [103], However, in this work to achieve maximum sensitivity RSI of 1.25 times
of IrLa 1s considered. IrLa was calculated in Chapter 2 for a single DFIG, which was 1506.13 A,
for the LV side of transformer (575V). Therefore, since the OCR is located on the HV side (35kV),
the IFLA for the HV side should be considered which would be 24.74 A. By running the
simulation, the IrLa is found to be 28.69 A, which is close to the hand calculation. This small error
is not significant, since IrL.a will be rounded to a standard value for relays as will be shown later.
Since all the protection relays are developed in MATLAB, the simulation results for IrLa will be

considered for setting the relays. Therefore, the RSI on the HV side would be:

RSI=1.25*[prqg=1.25%28.69=35.864

Afterwards, the PS of the relay by considering a proper CT ratio is calculated. For the
above RSI, CT ratio of 50:5 is selected, which is determined by the closest CT ratio available for
1.5 times of the calculated RSI. Usually, the output of CT secondary should be less than 5A [104].
Also, in order to avoid saturation, the fault current on the secondary should be limited to maximum
100A. Considering this condition, then the best selected CT ratio would be 250:5. However, in this
specific case, since the focus is on the relay coordination, it is assumed that CT is ideal and does

not get saturated during fault current, and the previous CT ratio of 50:5 is selected. Thus:

RSI = (PS * C7pry) / 100 => 35.86 = (PS *50) /100 => PS =71.72 %

As mentioned before, PS is varied in the range of 50% to 200% and in steps of 25%.

Therefore, PS should be standardized as below:

PS=71.72%~75%
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Next, the pickup current both on the primary and secondary side of the CT which will be

monitored by the relay are calculated as:

Ipickup—pri = (75 * 50) /100=37.54

]pickup—sec = (375 *5) /50 = 3 75A

Now by knowing the pickup current (Ipickup), and short circuit current (Isc) calculated in
previous chapter, the relay operation time can be determined. It should be noted that, for the
coordination studies, the TMS for the first relay should always be selected as the minimum value,
so the relay operates as soon as possible, and also reduce the operation time of subsequent backup
protective relays. Therefore, the least possible value for TMS which is 0.05, is selected for this
relay. As discussed in Chapter 2, if a fault occurs at the DFIG, then the maximum short-circuit
current on the LV side 18871.7 A, therefore in the HV side where the relay is located, the fault
current would be reduced to 310.02 A. In order to protect the WTG, a differential protection relay
could be placed, which will be discussed in Chapter 5. However, if a fault occurs on the HV side
of the transformer, since the fault location is close to the OCR, then OCR would be responsible
for protecting the WTG and its entire feeder. After running the fault simulation on HV side, the
fault current would be 9051.61A on the primary side of the CT. The fault current at this point is
significantly high which is due to the contribution of other wind turbines to the fault location.

Thus, the current on the primary and secondary side of the selected CT would be:

Is(;—pri = 905161 A

Licsee = (9051.61 x5) /50 = 905.16 A

So, the operation time of the relay will be:
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0.14 xTMS 0.14 = 0.05
T = ( Tsc )0.02 ~ = (905'16)0.02_ . =0.06s
Ipickup 3.75

Finally, PMS for the first relay, which is the ratio of short-circuit current over pickup

current, and is a unitless quantity, is calculated as:

PMS =905.16/3.75 = 241.37

3.4.2 Relay 2 Settings

The second relay, is the backup relay for the first relay, as well as the main protection relay
for the entire feeder protection zone, where 10 wind turbines are connected to this feeder. For a
fault on the HV side of the WTG, close the Relay 1, then Relay 2 should only operate in case the
main relay for each wind turbine doesn’t detect the fault, or there is severe fault current on the
main feeder. The procedure for calculating the pickup current relay setting for the backup relay is
the same as the first relay. By knowing the IFLA of a single WTG is 28.73A, then the aggregated

IrLa for the entire feeder consisting of 10 WTG, would be 287.32 A. so we shall have:
RSI=1.25*287.32=359.15 4
RSI = (PS5 %450) /100 => PS =79.81 % ~100 %
Lyickup-pri = (100 *450) / 100 = 450 A
Lyictup-sec = (450 ¥5) /450 =5 A4

The procedure for calculating the operation time of the backup relay is slightly different
from the primary relay. The reason is that, for the second relay, we do not have the TMS

information and it should be calculated based on both relay 1 and relay 2 operation times. In order
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to do that, based on the coordination principles, the operation time of the backup relay should be
more than the operation of the first relay, therefore, a CTI setting should be defined. In this study,
the minimum value for CTI which is 0.3 S is selected, thus the operation time of the backup relay

(second relay) shown by Tr> would be:

Tro=CTI+Tg1 = 0.3 +0.06=036S

Now by knowing the approximate operation time of the backup relay, short-circuit current
of both the primary and secondary relay, and also the pickup current of the backup relay, the TMS
and PMS setting for the backup relay is calculated. As shown in last section, the short-circuit
current near Relay 1 is 9051.61 A. The short-circuit current near Relay 2, is 8666.45 A, which is

somewhat smaller due to impedance of the underground cable. Thus:

Relay 1: Primary side Lepri = 9051.61 A

Relay 1: Secondary side Lcsec = (9051.61 *5) /450 = 100.57 A
Relay 2: Primary side Lsepri = 8666.45 A

Relay 2: Secondary side Lic.sec = (8666.45 *5) /450 = 96.29 A

PMS =96.29/5=19.25

Ipickup
0.14 0.14

T *( Isc )0-02 1 036 *(&5_57)0.02 .

TMS = =0.159

As mentioned before, TMS varies in the range of 0.05 to 1 and in steps of 0.05. Thus, TMS

should be standardized as below:

T™MS = 0.159 ~0.2
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Finally, based on the new TMS and PMS values, the backup relay operation time would

be:

0.14 * TMS 0.14 0.2
T = = =046s

( Isc )0.02 . (96.29)0'02_ 1
Ipickup 5

The same procedure has been carried out for all protective relays with respect to their
protection zone, and their responsibility (main or backup), and their coordination settings are
tabulated in Table 3.2 below. It should be noted that, the settings for all wind turbines relays (R1-
40) are the same, since the parameters for all DFIG are exactly the same. Also, the settings for all
four feeders (R41-44) are also the same, since each feeder consists of 10 wind turbines with
identical parameters. R45 is the relay responsible for the main feeder protection zone, while the
R46 and R47 are responsible for the intertie protection zone where the main power transformer

and transmission line are located.

Table 3.2 Calculated relay settings and coordination for all OCRs

Relay Full CT Ratio | Relay Pickup Plug Plug Time Relay

Number | Load Setting Current | Setting Multiplier | Multiplier | Operation
Current Current Setting Setting Time

R IrLa CT RSI Ipickup PS PMS TMS T

1-40 28.69 50/5 37.5 3.75 75% 241.37 0.05 0.06

41-44 287.32 450/5 450 5 100% 19.25 0.2 0.45

45 1145.06 | 2000/5 1500 3.75 75% 4.93 0.2 0.86

46 181.6 300/5 300 5 100% 3.92 0.55 2.78

47 178.51 300/5 225 3.75 75% 5.06 0.75 3.18

Based on the calculated relay settings and coordination above, these settings were used to

successfully set the relay parameters on the developed OCR, where the TCC curve for each relay
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are shown in Fig. 3.5 — 3.9. Also, later all the relays coordination in one plot will be shown in

section 3.6, in Fig. 3.22.
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Fig. 3.9. TCC curve for OCR47.

3.5 Optimal Coordination of OCRs

In the previous sections, the settings for all protective relays for the wind farm was

calculated and their parameters were tested on the developed OCR, where the TCC curves for each

relay was also successfully plotted. In this section, with the purpose of optimizing the operation of

OCRs, two Al optimization techniques such as GA and GWO, are developed and implemented to

provide a better protection and security for large-scale wind farms.
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3.5.1 Genetic Algorithm Based Optimization of OCR Coordination for Wind

Farms

GA is an advanced and practical method that can be used for variety of applications to
optimize the solutions including problems where the objective functions (OF) are discontinuous
stochastic, and non-differentiable or non-linear. GA can also be implemented for problems of

mixed integer programming where some elements are constrained to be integer valued.

In the GA module, there are four important terminologies which are population,
chromosomes, genes, and finally allele where a generalized form of such entity is shown in Fig.
3.10. Population is the subset of possible solutions, which contains numerous chromosomes. A
chromosome is actually one possible solution to the given problem, which consists of several
genes. Meanwhile, each gene is basically one element position of the chromosome that contains a

value, that is referred to allele.

A1 [0]/0/0(0|0 0| | Gene

A2l 1]1]1]1]1]1 Chromosome

A3 |[1/0[1]0]1]|1

A4 11(1/0(1[1]0 Population

Fig. 3.10. GA module terminologies.

GA fulfill three types of rules at each step to produce the next generation from the in-

progress population which are called selection, crossover and mutation. In selection stage,
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individuals are selected, that are named as parents, to contribute to the population at the next
generation. Crossover is then used to combine two parents to create children for the next
generation. At the end mutation is implemented in order to apply random changes to individual
parents to generate children. The steps are explained in the following subsections and the flowchart
for GA approach has also been depicted in the Fig. 3.11.

C = p
v

Generate a population of chromosomes of size W

I

> Ewvaluate the fitness of each chromosome

Is the termination criterion satisfied?

» Select a pair of chromosomes for reproduction

!

Accomplish the reproduction oftwo chromosomes by
crossover

!

Change the genes of the offspring chromosomes by
mutation

I

Place the resulting chromosomes in the new population

Is the size of'the new population equal to N?

Was

Replace the current chromosome population with the
new population

C End e

Fig. 3.11. Flowchart for GA based optimization approach.
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In the following sub-sections, the design and implementation of GA, specifically defined

for optimizing the relay settings and coordination are presented:

3.5.1.1 Initialization

At the very beginning stage of GA, a preliminary pool of random chromosomes referred to
“parents” is generated. Parents are essentially several sets of random relay settings that must satisfy
the defined constraints. Each set of relay setting is packed into a chromosome hence, each
chromosome contains TMS for all the relays in the wind farm. The number of TMS sets are
referred as population size which must be set properly during initialization. The higher population
size selected, the more TMS sets are generated, as a result better setting for relay may be achieved
at the end of GA process; however, if an enormous population size is opted, a much longer time
should be provided for the GA to process all the parents based on the selected constraints and may
not be suitable for some online applications that high operation speed is required. Thus, a sensible
population size based on the optimization problem should be designated. The constraints defined
for chromosomes, is fundamentally the constraints that should be defined for the protective relays.

In this research, the constraints for overcurrent relay coordination have been defined as:

Atyp = tp — tm — CTI > 0 3.1)
0.05<TMS <1 (3.2)
TMS,;im < TMS; < TMSimax (3.3)

In these equations, At,,;, represents discrimination time between the backup and main

overcurrent relay, t, and ty, are the operation time for backup and main relay respectively, and CTI
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is the coordination time interval between the main and backup relay. Furthermore, the range of
TMS has also been defined which varies from 0.05 to 1 according to the standards. It’s obvious
that TMS can’t afford to be 0 as the relay will operate instantaneously and causes miscoordination.
Finally, the relation between TMS of each relay with other relays have also been formulated as a

constraint in order to avert any malfunction and miscoordination between relays.

3.5.1.2 Evaluation

The fitness of each chromosome is evaluated by fitness function or objective function (OF)
so that only the most suitable chromosomes, in other words, the best relay settings are selected and
processed to the next step. Since the purpose of this research is to minimize the operation time of
relays and TMS of each relay to improve the performance of overcurrent relays in wind farms, it

is sensible to formulate our objective as shown below:
OF =min Y. (t;)? (3.4)

Where, ti is the operation time of overcurrent relays. By applying this OF, we are able to
minimize the operation time of relays and accordingly obtain TMS values, however the
coordination constraints are ignored which may cause miscoordination for relays in wind farm,
specifically for symmetrical fault type. Hence, it is immensely vital to introduce coordination

constraints to OF as defined below:
OF =min [, (t)*+ X", _ (Atmp)?] (3.5)

In this equation, Atmp denotes discrimination time between the backup and main

overcurrent relay. In this protection study, another expression, B[Atmp - |Atmb|] has been added in
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order to enhance the coordination between relays and optimize the relay settings. So the entire
coordination constraint is [Atmb - B(Atmb- |Atmp|)]. For the given equation we can consider these

two states:

At mp, At p > 0

148wy = Bty = Wt msD) = {1 4 2pycae 1 20 = 0 (3.6)

These constraints defined for OF would help the GA selection process to grant more
opportunity to the chromosomes containing TMS to survive and reproduce superior TMS values
as explained in the next sub-section. So, by considering relay operation time, coordination
constraints for main and backup relay and added expression for coordination improvement, the

specific OF developed to optimize the is defined as:

n
2
OF = ay Z?:l(ti)z + azz b 1(At mb = B gy — |4t p])) (3.7)
m =

_ 0.14+TSM;
L™ (1/Ipickup)©92—1

(3.8)

The first term in the OF is the sum of OCRs operation time, second term is the coordination
constraint and a1, o2 and P are the weighting factors, which are devised to empower and increase
the concentration of each section. t; represents the operating time of OCRs which is derived from
equation (3.8) based on IEC 60255-151:2009 and is accordingly replaced in equation (3.7) to
calculate TMS and obtain optimal values for TMS. Finally, Atmp is the discrimination time between

the main and backup protective relays.

The weighting factors a1, a2 and B can be customized depending on the optimization
application. In every application these parameters may be changed to obtain the best results and

optimize the relay performance. In this work after testing several values during GA based
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simulation in MATLAB by trial-and-error method, the suitable parameters are selected as: o1 =1,
o2 =2, B =100 so that the OF achieves the minimum TMS values for each overcurrent relay and
consequently, optimize the operation time of the relays based on IEC standards and the

coordination constraints defined in GA.

3.5.1.3 Selection

Based on the values obtained by OF for each generation in the previous step which
represents “parents”, some “parents” are more divergent than others. With this regard, according
to a concept known as elitism, those “parents” who have more optimal OF values in the “parents”
chromosome pool, should be granted more opportunities to survive, hence they are enabled to
spawn further offsprings. Afterwards, roulette wheel as selection method is used, so that the
minimum values for OF are picked and processing to the next step. In other words, at this stage,

the minimum TMS values are selected and processed to the next step.

3.5.1.4 Crossover and mutation

At this stage, “parents” will be responsible for reproduction of offsprings through genetic
operation cr