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Abstract: Each country must determine the Grid Code conditions and apply these criteria to integrate
distributed generation (DG) systems into the existing electricity grid and to ensure a stable power
system. Thus, experimental studies are required to provide an effective, national, and specific Grid
Code. In this study, the Turkish Grid Code’s electrical criteria were examined, and the application of
these criteria was carried out on a developed PV-based DG. A real-time energy management system
(RTEMS) was proposed in the study. Electrical parameters on the developed DG were monitored in
real-time by considering IEEE 1547, IEEE 929-2000, and Turkey’s electrical criteria. A practical grid
code study was firstly investigated in detail about the Turkish Grid Code by a developed real-time
monitoring-control and protection system. The proposed RTEMS method in the study is implemented
as an inverter-resident system; thus, it provides advantages over many energy management systems
embedded in the inverter. The degradation in power quality and non-detection zone (NDZ) problems
encountered in active and passive island mode detection methods developed embedded in the
inverter are eliminated in the proposed method. With the RTEMS method, where under and over-
voltage, under and over voltage frequency, and unintentional island mode events can be detected in
real-time, both the existing grid-code requirements are met, and the existing power quality and NDZ
problem is eliminated with the recommended inverter-independent RTEMS method.

Keywords: grid code; energy management; distributed generation; PV system; islanding detection

1. Introduction

Today;, it is necessary to meet certain electrical connection conditions determined by
international standards in general, and, in particular, by the countries for the distributed
generators (DGs) to be connected to the current electricity grid. These connection conditions
are connected to the current electricity grid. These connection conditions determined by
each country itself are generally called the “Grid Code.” The combination of the new
generation photovoltaic-based and classical grid connection for the distributed generators
is an essential case that should be conducted in a way that can guarantee the reliability of the
system. Many countries have established some electrical criteria, taking into consideration
the requirements and infrastructure of the national grid called “Grid Code” within this
scope [1,2]. While a DG system provides the conditions for connecting to the grid, the
necessary monitoring and protection equipment must be present at the grid side [3,4]. For
this reason, the DG system must be installed in such a way that it can take the protection
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measures determined by the Grid Code in any abnormal condition that may occur in the
grid, especially the changes in the grid frequency and voltage [5,6].

The balance of the PV system operating with the grid is also an essential parameter
for the PV-based DG systems. Figure 1 shows the general structure of a grid-connected
PV system. There are some technical electrical requirements to disconnect the PV system
from the grid, and these conditions must be considered to provide sustainable operation,
reliability, and high power quality of the grid. However, the abnormal operating conditions
of both PV systems and the grid must be prevented from ensuring a successful operation,
and unintentional islanding is the most critical issue in abnormal operating conditions.

Proposed Monitoring and
Fault Detection System

{abVIEW Data for GRID CODE

Acquisition

Grid

PVarray o Filter
Full bridge inverter

Parallel RLC load

Figure 1. The general structure of a grid-connected PV system.

Islanding, which is defined as the loss of the main grid, causes the voltage and
frequency of the grid to suddenly go out of the nominal operating conditions. This will
damage the DG system components, render the system inoperable (blackout), and endanger
the life safety of the operator if an operator is working in the DG system. For this reason,
when an undesired islanding event of DG systems occurs, the DG system must disconnect
from the mains as soon as determined by the standards [1-3].

There are many studies in the literature on the connection of DGs to the grid. In these
studies, some general approaches related to connection criteria were presented, or the
efficiency of the system was investigated with the help of some simulation programs. In
this study, electrical connections have put forward the DG system in Turkey that is required
for connection to the network in real-time and, following the country’s Grid Code, has been
proposed a system protection and monitoring system. By investigating the compatibility
of the results obtained from the developed system with the Grid Code, a solution that can
be used in practice for the establishment of new DG systems has been proposed.

There are some studies about micro-grids in the last decade regarding Grid Code. In
an important project in U.S. micro-grids [7], all of the generators fed the utility together.
There are three operation modes in this project for decreasing the field engineering work.
Three independent micro-grids were researched for grid-tied and islanding conditions
in another micro-grid study [8]. A real-time controller was used, which controlled the
relays with a LabVIEW control system. The performance of a micro-grid was researched,
and the study also was investigated supplying sustainable power to the loads. The DC
micro-grids are used for residential loads, and there are some applications, researching DC
micro-grids [9-11].

An extensive micro-grid study was also examined in Britain. This project was met.
Both companies and researchers work together on developing micro-grids, and they were
promoted by successful micro-grid progress [12]. An institutional micro-grid system was
constituted in Australia. A radial type micro-grid system was comprised of distributed
generators. This study researches a DC distribution system at the low-voltage level with
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residential loads for a campus network [13]. Different application research also supports
this result [14].

When the PV systems are connected to the grid from a low voltage level, the desired
electrical connection criteria related to the Grid Code are generally provided by monitoring
and protection circuits designed to be embedded in inverters. Especially in the European
Union (EU) countries, there are over millions of roof-type PV-based DGs [15]. These DGs’
meeting the Grid Code criteria means ensuring the reliability and stability of the grid.
Similarly, the number of rooftop PV systems in the Netherlands and California state of
America has reached numbers expressed in millions [16,17]. Failure to properly connect
such a large number of DGs to the grid may cause significant problems in terms of the
operation and reliability of the existing electricity grid. For this reason, the electrical
monitoring and protection conditions specified in Grid Code must be fulfilled in the best
way. The use of renewable energy sources is increasing rapidly in Turkey; studies are being
made on different subjects, including DG systems [18-23].

1.1. Conventional Islanding Detection Methods

The Grid Code determines the lower and upper threshold values in frequency and
voltage and the limits of the frequency-voltage region in which DGs can operate nominally.
When the islanding event occurs, especially in active and reactive power equality situations,
passive IDMs cannot detect the islanding event. This undetectable region is called the
non-detection zone (NDZ). The minimum or zero NDZ is very important for testing the
reliability of the proposed IDM method.

RLC circuit commonly used performance assessment of IDMs. To calculate the Qy,
local load represented by parallel RLC. The wy is the angular resonant frequency of the load.

)

1
Wy = —F—
°~ VIC
Then the RLC load operates at the resonance frequency. The Qy of the RLC is cal-
culated Equation (1). The Qy is given by Equation (2). Qf of the parallel RLC circuit is
frequency independent.
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NDZ is also an essential criterion for IDMs. This area is not detected for islanding
conditions. The NDZ is generally characterized by the power mismatch space. NDZ is
seen, especially in passive methods.
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where V is system voltage; f is system frequency V¢ and V,,;,, are over/under voltage
threshold limits; f;;4x and f,;,, are over/under frequency threshold limits for circuit break-
ers (CBs) in DGs. Qy is the quality factor; AP and AQ represent the power mismatches.

Islanding detection methods (IDMs) can be classified into remote, local, and intelligent
methods [2,3]. The conventional IDMs are defined as passive, active, and hybrid methods.
Passive methods are operated by measuring the point of common coupling voltage and
current in general. Besides, the reliability of the passive techniques is not sufficient for DGs
because there is a large non-detection zone (NDZ) in these methods [4—6]. Active methods
usually check the changes in the injected signal to the grid, and these methods also have
NDZ. On the other hand, intelligent methods have no NDZ, and they do not change the
power system quality [7].
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The conventional IDMs have some problems related to islanding detection [8]. The
system stability and the power quality are significant concerns for conventional detection
methods, NDZ is a significant issue for an islanding detection method [9], Additional
devices, such as transmitter and receiver sensors, increase the system costs [10]. Multiple
inverter operations are essential for fault detection methods [11].

As shown in Table 1, modified, passive signal processing techniques are increase
the islanding detection speed and reduce the NDZ. However, these methods also have
implementation problems and performance limitations. The STFT method has a fixed
window size, and individual frequency components are not localized in the window. WT
methods are sensitive to noisy signals. Intelligent modified, passive methods have a high
computational time because of training and testing procedures. These methods are less
favorable for real-time applications.

Table 1. Performance comparison of existing islanding detection methods [12].

Methods Type Advantages Disadvantages
OvP/UvVP Simple and easy to implement Inadequate for low power mismatch
Conventional OFP/UFP Suitable for low power mismatch Threshold value selection problems
ROCOP Economic Large NDZ
Zero NDZ, no power . .
Remote Sensor-Based Degradation Highly expensive
Proposed Inverter Zero NDZ, no power
Modified p Degradation, easily implemented. Expensive

Resident RTEMS

Suitable for real-time applications

1.2. The Contribution of the Study

e A new modified real-time energy management system (RTEMS) for applications of
photovoltaic (PV)-based distributed generators (DGs) is proposed with zero NDZ.

e  The degradation in power quality and non-detection zone (NDZ) problems encoun-
tered in active and passive island mode detection methods developed embedded in
the inverter are eliminated in the proposed method.

e  With the RTEMS method, where under and over-voltage, under and over voltage
frequency, and unintentional island mode events can be detected in real-time, both
the existing grid-code requirements are met, and the existing power quality and NDZ
problem is eliminated with the recommended inverter-independent RTEMS method.

“The Guidelines for Generating Unlicensed Electricity in Turkish Electricity Market”
was coming into force in 2011 by the Turkish Government. However, still, a national Grid
Code is not in force in Turkey. In this study, the legal and the technical infrastructure of
the electrical connection of the Photovoltaic-based distributed generator systems to the
conventional distributed system from a low voltage level in Turkey was researched. The
existing problems and the possible effects of the grid were also investigated. The status of
the PV-based DG power plants in Turkey and the PV contribution of Turkey in EU countries
were presented in the study. Besides, the paper also includes an application study realized
to define the criteria for the Turkish Grid Code, and the obtained results from this study
were presented. As a study case, a prototype grid-connected PV system was constituted
in the laboratory, and a real-time LabVIEW-based monitoring and control system was
realized within the scope of the research. Under-frequency and over-frequency protection
and under-voltage and over-voltage protection were carried out to investigate a proper
micro-grid management technique. This structure achieved a consistent operation of the
PV system with the existing electrical grid of Turkey. Besides, the study firstly researched
the threshold values of the PV grid connection to specify the criteria of the Turkish Grid
Code. The proposed micro-grid management system and the obtained results from this
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study will make a significant contribution to defining the desired electrical grid criteria
and, also, to establish the required Turkish Grid Code.

2. Islanding Detection Methods
2.1. PV-Based DG Systems in EU and Turkey

The electrical generating power from renewables was not widespread in the EU until
quite recently, just like in Turkey. The EU is dependent on outside financial sources to
supply its energy demand, and fossil sources will waste shortly. The CO, emission is
another factor in the EU, and it is considerably high in the world after the US and China.
Consequently, the EU has extra motivation to supply its required energy from renewables
because of these factors. In October 2014, the Member States of the EU reached an agree-
ment about a new climate package for 2030. EU government leaders have committed
themselves to the following goals:

e  Decreasing to at least 40% the greenhouse-gas emissions.
e Enhancing to at least 32% the share of renewable energy.
e  Decreasing by at least 32.5% the total energy use in the EU.

The objective to reduce the EU’s greenhouse gas emissions by at least 40% in 2030
is the basis for the EU’s contribution to the Paris Agreement’s goals to limit the global
temperature [13].

Increasing energy efficiency and decreasing the consumption of energy at the same
rate of effectiveness until 2030 in the EU are the other targets [13-25]. The EU countries
have been developed, some promotions to reach the desired target of the renewables. The
total installed power capacity of the world by the 2019 year-end is approximately 120 GWp
and China has the most significant PV installed power capacity in the world [26-28]. Also,
the total installed power of the EU has deployed 137.2 GW cumulatively till 2020 [29].
Germany has average solar radiation at the rate of 900 kWh/m?-year. Although Germany
has lower solar radiation compared to Turkey, Germany is placed on the top in the world
about generating electricity from PV-based DG systems. The installed power of nearly
1.4 million PV plants reached 55.3 GWp in Germany by the 2021 June-end [29,30].

The integration of PV plants must not cause danger in the normal operation of the grid.
As a result, electrical specifications should provide and facilitate the suitable interconnec-
tion of the grid. The DG plants should support the steady-state operation and contribute
to the stability of the power grid in cases of fault at the connection point, according to
the German Grid Code [31]. The PV plants lower than 100 kWp in Germany usually
are connected to the grid from the low voltage (LV) level [32]. Table 2 defines the basic
requirements that the grid-tied generators should meet to be integrated into the grid.

The combination of the new generation photovoltaic-based and classical grid connec-
tion for the distributed generators is an essential case that should be conducted in a way
that can guarantee the reliability of the system. PV-based DG systems must meet several
technical requirements to make a successful grid connection, and the PV integration must
not interrupt the regular operation of the grid. The PV-based DG power plants should
adapt the defined electrical rules to provide the steady-state operation and the stability
of the grid in cases of any fault at the connection point. The power quality, islanding de-
tection, and protection, under/over-voltage protection, under/over-frequency protection,
and electromagnetic interference are also critical issues to adapt PV-based DG systems into
the grid.
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Table 2. German grid codes for grid-tied PV generators.

Active Power

Grid Codes Voltage Band Fault Ride through Reactive Power Supply Frequency Band Derating
Range (FRT) Capability Range Function Range Function
. 0.228)eading < Q/Pn < 0.48agging Q(U)
H;gll‘l},"ﬁ{ﬁ)ge 0.8 Un++1.16 Uy + 0.33leading < Q/Pn < 041 1agging Cos@iix 475Hz+515Hz 502 Hz < f<51.5Hz
0~4lleading <Q/Pn< 0~33lagging Quix
Medium Cos@(P)
Voltage QU
<lionage L 09Uxe115Uy + 0.951g5ing t0 0.5 cading Coo)  475Hzo515Hz  502Hz<f<515Hz
>10 kV) fix
Low Vol P
W age 0.9 Un++115 Uy + 0.9010g5ing t© 0.90icading el 475H26502H2  502Hz<f<515Hz

2.2. DG Systems in Turkey

Turkish installed power is dependent on fossil fuels make up 80% of these sources.
The most attractive indicator of this situation is the amount of natural gas, which is used in
generating electrical energy. The total share of the natural gas used for generating electricity
is nearly 20% in the world, but this rate is approximately 30% in Turkey [33].

On the other hand, Turkey has a significant amount of renewable energy potential,
especially solar and wind power. The total share of the renewables in the total generated
power of Turkey is targeted to be at least 30% in 2023 by considering the potential of
renewables [33,34]. The EU target is to generate 32% of electrical power from renewables
in 2030. It is possible to provide a significant part of the electrical energy demand of Turkey
for the renewable energy-based DG systems, by promoting renewable energy-based DG
plants and investing a stable grid infrastructure by the Turkish government.

Turkey has a 2640 h insolation duration, and it is the second country in EU countries
with the capability of generating electricity from solar energy.

The annual average insolation of Turkey is 1311 kWh/m?-year shown in Table 3, and
the insolation determined is 3.6 kWh/m? in a day. The sun duration is approximately
7.2 h in Turkey, and the annual sun period is 110 days in total [35]. The area of 4.600 km?
is suitable for generating electricity from solar energy in Turkey. The high solar energy
potential of Turkey also allows leading in Middle Eastern and African solar power markets.

2.3. A Comparison between PV Plants in Turkey and EU Countries

Although its high solar energy potential compared with the EU, Turkey falls far more
behind the EU countries.

Turkey promotes the generating of electricity from solar energy by legislating licensed
and unlicensed power generation laws. The financial promotions to the solar energy
and energy regulations are performed by the Republic of Turkey Energy Market Regula-
tory Authority (EPDK). Renewable energy-based DG system installations until 2015 have
been promoted to generate electricity for ten years by decreasing 85% of the renting and
appurtenances costs with this law [36].

The penetration of PV plants in Turkey with the LV level is scarcely any by comparison
with EU countries [27,31,33,35]. Nearly all of the unlicensed PV-based DG plants have a
request to connect the PV plants from medium voltage levels [37].

The LV penetration of PV installations is restricted with 11 kWp except for the indi-
vidual connections by the current renewable energy law. The many EU countries allow the
generation of PV installations up to 100 kWp.

The PV installations connected to the grid with LV level have the same application,
project, and acceptance process with up to the 1 MWp PV plants. The project cost of small
PV installations is considerably high compared to the facility cost of large-scale PV plants.

Some of the Turkish electricity companies request digital interface protection relays
in contrast to inverter protections that are acceptable with international standards under
11 kWp to provide personal security. The digital interface protection relays have high costs
compared with the inverter and PV modules in small power installations.
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The application, project, and acceptance process takes a long time, and these proce-
dures are required to purchase goods and engineering services. The confirmation of static
calculations also makes it difficult for the PV plant owners.

Table 3. Monthly total solar energy and sun duration in Turkey.

Months T b Monthy " Monthy
January 51.75 103
February 63.27 115
March 96.65 165
April 122.23 197
May 153.86 273
June 168.75 325
July 175.38 365
August 158.40 343
September 123.28 280
October 89.90 214
November 60.82 157
December 46.87 103
Total 1311.16 (annual) 2640

Average (monthly) 109.26 (kWh/m?2-month) 220 h/month

Average (daily) 3.63 (kWh/m?2-day) 7.33 h/day

3. Laws, Rules, and Grid Codes for DGs in Turkey

“The Guidelines for Generating Unlicenced Electricity in Turkish Electricity Mar-
ket” [38] was coming into force in 2011 by the Turkish Government. The latest form of the
rules was reformed in 2013 [38]. This law has paved the way for the integration of DGs
into the electrical distribution system from low voltage levels. The PV installations are
defined as licensed and unlicensed power generation plants with this renewable energy
law and the power capacity of the PV plants is identified as below:

e  Unlicensed Power Generation Plants: <1 MWp. The PV power plants are aimed to
constitute to supply their required energy and to give excess energy to the grid.
e Licensed Power Generations Plants: >1 MWp. Big-scaled solar energy plants.

Natural and legal all Turkish citizens can take advantage of the promotion prices
indicated in Table 4 over ten years in January 2021. Providing that selling the excess
generated energy to the electricity distribution companies is supported by the current
renewable energy law [38—40]. The electricity distribution companies, which have a retail
sales license, are obligated to purchase excess energy provided to the electricity distribution
companies within this scope. The purchasing electrical power of the electricity distribution
companies within this clause is accepted to support promotional prices.

The regulations related to solar energy in renewable energy law can be summarized:

There is no obligation to obtain a license and to establish a new company.
Naturally and legally, all Turkish citizens can appeal to establish a renewable energy-
based power plant.

e Naturally and legally, all Turkish citizens can sell the excess energy to the electricity
distribution companies.
The installed power is allowed a maximum of up to 1 MWp.
The PV plants benefit from purchasing guarantees from the electricity distribu-
tion companies.
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Table 4. Supported minimum prices from the Turkish government for renewables.

Renewables Supported Prices (cent/kWh)
Hydropower 55
Wind Energy 4.4
Geothermal Energy 74
Biomass 44-74
Solar Energy 4.4

The penetration of PV plants in Turkey with the LV level is scarcely any, although
the advantages of the renewable energy law. The reason is that all of the unlicensed PV
installations between 1 kWp and IMWp have the same application, project, and acceptance
process. Thus, nearly all of the unlicensed PV-based DG plants have a request to connect
the PV plants from medium voltage levels. As a result, the current renewable energy laws
and guidelines should be revised according to technological developments to achieve a
successful grid connection.

3.1. Unlicensed Electrical Energy Generation in Turkey

The small-scale power plants are connected to the electrical system from the distri-
bution network regardless of the source defined as DG plants. The DG plants that have
smaller than 1 MWp installed power are usually constituted as unlicensed electricity power
plants in Turkey because of the unlicensed installation benefits of renewable energy-based
power plants in the current law.

The first renewable energy laws in Turkey are defined as “The Law Related to Use of
Renewable Energy Sources to Generate Electrical Energy” [39] and “The Guidelines for
Generating Unlicenced Electricity in Turkish Electricity Market” [38,40].

The DG systems are designed to decrease the transmission and distribution losses by
generating at the nearest point of the load. The DG systems are also designed to increase
renewable energy-based power generation, as is known. Renewable energy laws include
the concept of increasing renewable energy-based power generation. However, these laws
are opposite to decreasing the transmission and distribution losses by generating at the
nearest point of the load. The unlicensed power plants and consumers are in different
locations in the electrical system, so it is not suitable for the DG concept. Besides, the
current renewable energy law promotes renewable energy-based power generation.

3.2. Grid Connection Rules of Unlicensed PV Power Plants in Turkey

Renewable energy law has some restrictions to prevent misuse of the capacity rate
of renewable energy generation. Table 5 shows one of these restrictions to specify the
capacity of power plants connected with the LV level to the distribution generators belong
to the electricity companies [41]. The main purpose of this restriction is to take advantage
of the power plant owners without causing any adverse effects on power quality and
the continuous power supplying of other consumers. The connections realized with
special distribution transformers are accepted as medium voltage level connections by the
electricity distribution companies. A PV power plant, which has 1000 kWp installed power,
can be connected to the grid from medium voltage level with plant owners’ 1250 kVA
special distribution transformer.
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Table 5. The allowed capacity of power plants is connected from the LV level to the distribu-

tion transformers.

Transformer Power The Total Capacity The Total Annual Capacity for a

(kVA) Connected from LV (kW) Person Connected from LV (kW)
50 15 7.5
100 30 10
160 48 16
250 75 25
400 120 40
630 189 63
800 240 80
1000 300 100
1250 375 100
1600 480 100
2000 600 100
2500 750 100

(@)

(b)

(©

(d)

(e)

The other connection rules for unlicensed PV power plants are explained below [33,34,38]:

The power generation plant must be matched with the frequency (50 Hz) and voltage
level (220 V RMS) of the distribution system from the point of the electricity meter. It
must not affect the other distribution system consumers with the harmonic distortion
and flicker effects of the voltages and currents.

The power generation plant must be designed and operated to disconnect the PV
power plant from the grid reliably and not to supply electrical energy in the con-
ditions of islanding, short circuit fault, and abnormal grid operations. The power
generation plant must disconnect from the grid in any faults without causing an
islanding condition.

The connection of the power generation plant to the distribution system must perform,
according to the type of the ground system of the distribution network and the related
technical standards.

The residential power generation plants constituted a part of a building that must
realize the domestic installation and column line instructions without exceeding the
current carrying capacity when the power generation plant is constituted in the same
place as the consumers.

The potential short circuit current of the power generation plant must not exceed the
withstand short circuit current of the distribution system equipment.

1 The PV plant is connected to the distribution network from the LV level when
the installed power of the plant is under 11 kWp. The PV plant is connected to
the distribution system with the MV /HYV level when the installed power of
the plant is over 11 kWp.

(2 The total capacity of the power generation plants connected to the distribution
system with the LV level must not exceed 30% of the connected distribution
transformer power.

3) The stiffness ratio is defined as the rate of the short circuit current of the
distribution system/the nominal current of the distribution network. It must
be over 30 for the co-generation plants that the installed power is over 1
MWp, and it must be over 70 for other power generation plants [41,42]. The
distribution company can offer a new connection point when the stiffness ratio
is not in acceptable values.
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4) The power generation plant is connected to the distribution system from the
LV level and single-phase when the installed power of the PV plant is under
five kWp.
®) The power generation plant is connected to the distribution network from the

LV level and has three phases when the installed power of the PV plant is over
five kWp. Thus, the phase current is under 16 A (11 kWp) [41].

(6) The power generation plant is connected to the distribution system with the
LV/HV level and three phases when the phase current is over 16 A. The
distribution company defines the voltage level decision. Table 6 summarizes
this concept.

(7) The unlicensed power generation plants must be designed, constituted, tested,
and operated according to some standards [42,43]:

e  The power generation plant is connected to the distribution system with
a single-phase must take into consideration the TS EN 50438 standard.

e  The power generation plant is connected to the distribution system with
three-phase, and the phase current is under 16 A must takes into consid-
eration the TS EN 50438 standard.

e  The power generation plant is connected to the distribution system with
the LV level, and the phase current is overl6 A must takes into considera-
tion the TSE K 191 standard.

e  The power generation plant is connected to the distribution system with
an HV level, and the phase current is overl6 A must takes into considera-
tion the TSE K 192 standard.

Table 6. Voltage levels of PV plants according to the installed power.

Installed Power (kW) Phase Number Voltage Level License Status
0 < Pplant <5 1 LV Unlicensed
5 < Ppjant <11 3 LV Unlicensed
11 < Ppjant < 1000 3 LV/MV Unlicensed
1000 < Ppjant 3 MV feeder/MV busbar Licensed

The stiffness ratio is related to the short circuit power of the connection point that is
determined by the connection characteristics and line of the distribution system [44]. It
is not possible to determine the stiffness ratio in Turkey because of the lack of having no
distribution network database and having no geographical information system. For this
reason, this criterion is not implemented correctly in Turkey.

The grid connection rules in Turkey are targeted to associate with international stan-
dards as far as possible. Thus, it is aimed to accomplish the objective quickly by providing
the latest global developments.

The micro, small, and medium-scaled PV power plants must be operated confidentially
and compatible with the distribution system, so the plants must meet some requirements
explained below:

e  The grid-connected PV plant must not affect the continuously supplying the electricity
to the consumers and not cause power quality problems.

e  The PV power plant must be disconnected from the grid in abnormal electrical condi-
tions, just like being out of the defined threshold values of under/over frequency and
under/over voltage and in an islanding condition.

The voltage dips and the voltage sags are relevant parameters when making an
investigation on the power quality effects of a PV power generation plant. The threshold
value of the voltage sags is defined as a 2% change of the nominal voltage value in
Germany [43]. The flicker is another considerable parameter with the evaluation of the
power quality of a PV power system. The EN 50160 standard allows +10% change of the
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nominal voltage value and £1% change of the nominal frequency value, and this rule is
applied in many EU countries [44—46]. These parameters have not been defined for PV
power plants in Turkey, yet.

3.3. Grid Code and Current Status of Turkey

The unlicensed PV generation still needs an application confirmation. The application
confirmation of the unlicensed PV power generation plants is performed by the Turkish
Electricity Distribution Company (TEDAS) in Turkey. The project cost of the small PV
installations is considerably high compared to the facility cost of large-scale PV plants. The
same interface protection equipment is requested from all PV power generation plants
between 11 kWp and 1 MWp. For this reason, the integration of PV power generation
plants in Turkey with the LV level is scarcely any by comparison with EU countries. Thus,
nearly all of the unlicensed PV-based DG plants have a request to connect the PV plants
from medium voltage levels.

The primary purpose of an electrical protection system is that the restriction of the
probable damages of the over-voltages and short circuit currents in a short circuit or an
insolation fault condition. These drawbacks occur in grid equipment, just like a generator,
transformer, cable, line, etc. The protection systems designed for this purpose provide the
stabilization and sustainability of the grid by isolating the fault as soon as possible.

The application of the protection systems differs according to the selection of a gen-
eration plant or a consumer plant. The protection system of the PV power generation
plants is similar to the conventional protection systems and goes into divisions as interface
protection and generator protection.

The interface protection of a PV power generation plant is defined as the connection
equipment of the plant, and it must have some functions indicated below [45,46]:

e The protection of abnormal electrical conditions, in particular, against the island-
ing condition.

e  The interface protection must provide the requirements of power quality parameters
of the grid, just like flicker, harmonic distortion, etc.

e  The synchronization, communication, monitoring, voltage and frequency control,
grounding, and other electrical requirements.

e  The fault ride-through capability, active and reactive power control and dynamic grid
support have also been researched recently [47,48]. These functions are additional
issues for the electrical protection of the PV power generation plants that are connected
at the transmission level.

The PV power generation plants, which are connected at the distribution level, do not
require these protection functions at this stage of the grid integration. Defining a particular
connection infrastructure is quite difficult because of the different expectations from the PV
power generation plants that are connected from the transmission and distribution level.
The evaluation of each connection-level requirement in its concept is a proper solution for
selecting adequate protection.

The interface protection provides the reliable and parallel operation of the PV power
generation plant with the grid. The interface protection prevents the reverse supplying
condition and the disconnection of the PV power generation plant that cause the breaking
of the reliability of the distribution system. Interface protection is obligated in small and
medium-scaled PV power generation plants. However, it is allowed to be used in the
inverter or the generator in micro-scaled PV power generation plants [49].

The selection of the internal or external interface protection is under the author-
ity of electricity distribution companies. The internal interface protection provided by
the inverters is sufficient under 11 kWp power for the connections from the LV level in
Turkey. However, today many distribution companies require external protection between
11 kWp-1 MWp.
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4. Experimental Case-Study Considering the Turkish Grid Code

The grid integration of PV power generation plants from the LV level is realized with
a new energy management system shown in Figure 2. This structure was implemented in
Turkey within the scope of developing the “Turkish Grid Code.” Under/over-frequency
protection, under/over-voltage protection, and a remote islanding detection system was
performed to investigate a proper energy management system. This structure achieved a
consistent operation of the PV system with the existing electrical grid of Turkey.

Measure frequency at load, grid and PV
sides of the system

Control Difference
Values

No A

Under/Over
Threshold
Values?

No

Count samples for
checking the fault?

Trigger Circuit Breakers for Islanding

:

Disconnect PV system from grid and load

End

Figure 2. The proposed islanding detection algorithm.
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The developed real-time management system (RTEMS) with LabVIEW was designed
and implemented to provide all requirements of the related international standards by
considering the fundamental requirements of the “Grid Code” in Turkey. The goal of the
study is to develop a new grid-interactive system that has a smart micro-grid management
system in real-time. Consequently, the proposed system was implemented to define the
requirements for the grid integration of the PV power generation plants with consideration
to build a Grid Code.

IEEE 929-2000 shown in Table 7 is the most important international norm for consid-
eration of the grid connection of DGs [50-56]. The fundamental requirements are defined
in IEEE 929-2000. Moreover, Figure 2 shows the proposed islanding detection algorithm.

Table 7. IEEE 929-2000 requirements for DGs.

Condition Voltage Frequency CB Opening Time
1 0.5 Viom. from 6 cycles
2 0.5 Vhom <V <0.88 Vhom from 25/120 cycles
3 0.88 Viom <V <1.10 Vhom from Normal Operation
4 1.10 Vhom <V < 1.37 Viiom from 2'5/120 cycles
5 1.37 Vhom <V from 2 cycles

(from — 0.7) < f <

6 Viom (Faom + 0.5) Hz Normal Operation
7 Vhom f < (from — 0.7) Hz 6 cycles
Viom f> (from + 0.5) Hz 6 cycles

Developed RTEMS consists of a 6 x 200 Wp PV array, a 1.3 kWp grid-connected
inverter, LabVIEW data acquisition card, measurement circuits including LEM voltage
and current sensors, and developed real-time software. In the PV system, the voltage and
load-inverter output-grid currents acquired from the inverter output are converted into
analog signals ranging from 0-10 V by the sensors. Then, these signals are evaluated by
the developed RTEMS software, and the switching on signal is transmitted to the breakers
in the DG system. The grid frequency, phase angle, and active and reactive power also are
determined by using LabVIEW data acquisition and power system toolboxes. The voltage
signal is a sine wave, and it is converted to a square signal to calculate the grid frequency.
Figure 3 shows the developed RTEMS in the laboratory.

Figure 3. The developed RTEMS in the laboratory.
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The developed micro-grid has been evaluated under different grid conditions in the
laboratory. The PV-based DG system was connected to the existing grid, and voltage,
frequency, and current values were monitored. The micro-grid was connected to the grid
by controlling the circuit breaker (CB). In case of any voltage or frequency unbalance that
may occur in the grid, the PV-based DG system is automatically disconnected from the grid
thanks to the developed DG protection system (DGPS). In the developed system, a sample
application has been realized by considering the Turkish Grid Code threshold values.
The real-time software interface of the protection and monitoring system applied with
LabVIEW is shown in Figure 4a—c. The developed micro-grid was connected to the grid via
a single-phase inverter, and the voltage and frequency values of the grid were monitored
instantly. The CB is in a closed position, and the micro-grid has been operated depending
on the grid electrical operating conditions by considering the Turkish Grid Code.
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Figure 4. (a) Developed DGPS software; (b) monitoring grid voltage; (c) grid frequency.

The under/over voltage protection and the under/over-frequency protection func-
tions are the fundamental protection for the PV power generation plants and obligated all
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over the world [46]. Some distribution companies in the world find this protection con-
stituted in inverter as internal protection sufficient for micro-scaled PV power generation
plants operating under 50 kWp power, but it does not actualize in Turkey. The inverters
usually have over-current protection relays with a subjective concept, but the over-current
protection is implemented with separate fuses and circuit breakers. The residual current
device is requested to provide the security of life and property in the applications in Turkey.

4.1. Over Voltage Protection (OVP) in a Proposed DG Scenario

Overvoltages are voltage increases seen in half the period of the voltage as a result of
atmospheric and switching conditions. Such disturbing effects usually occur as a result of
the actuation and deletion of the capacitors in the grid or the consumer.

The threshold values used in the experimental study are defined in Table 8. DGPS
generates a signal for opening CB were connected to the grid. During the operation of the
micro-grid system, the magnitude of the voltage for the grid and the operation situation
of the breaker are presented in Table 9. The condition zero for the breaker shows that the
breaker is deactivated. In the case the status of the breaker is the logical one, it shows that
the breaker is via the developed DGPS.

Table 8. Threshold values used in the experimental system.

Threshold Values Used in Test System

Fault Type IEEE 929-2000 Test System
Over Frequency 59.3 Hz 51.0 Hz
Under Frequency 60.5 Hz 49.0 Hz
Nominal Voltage 220 V (RMS) 311Vp
Over Voltage 253 V (RMS) 342 Vp
Under Voltage 195 V (RMS) 280 Vp

Table 9. Grid and circuit breaker status in OVP condition.

Time (s) Grid Voltage (V) Grid Frequency (Hz) CB (Logical)
0 65.0 50.0 0
1 152.0 50.0 0
2 215.0 50.0 0
3 268.0 50.0 0
4 308.0 50.0 0
5 337.0 50.0 1
6 342.0 50.0 1
7 331.0 50.0 1
8 304.0 50.0 1
9 250.0 50.0 1

In this study, where the maximum voltage fault percentage was resolute as +10%,
Figure 5 shows the part where the CB is operated as a result of £10% deviation of the
grid voltage from the 311 V voltage value measured at that moment. The DGPS software
interface of these parts is also given in Figure 5.
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4.2. Under Voltage Protection (UVP) in Proposed DG Scenario

Short-term voltage dips pose significant problems for many small consumers and
large, powerful industrial consumers. Such faults are usually caused by short circuit
events at a point electrically remote from consumers. This disruptive effect causes sensitive
consumers to be out of business. Figure 6a shows the part where the CB is activated as
a result of a 10% decrease in the grid voltage from the 311 V voltage value, which is the
current reference voltage. The DGPS software interface of these parts is also given in
Figure 6b. When the status of the CB is zero, the CB is passive, and when is 1, the CB

is ctivated.
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Figure 6. (a) UVP condition in DGPS; (b) status of grid voltage and CB.
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4.3. Over Frequency Protection (OFP) in Proposed DG Scenario

In this study, in the case of over frequency, the breaker was activated an, whose
maximum frequency error percentage was determined as +10%, Figure 7a shows the part
where the breaker is activated as a result of a 20% increase from the 50 Hz frequency value,
which is the reference value of the grid frequency. LabVIEW screenshots of these parts are
given in Figure 7b. Figure 7c shows the change of grid voltage, and Figure 7d shows the
situation where the frequency value changes instantaneously from 50 Hz to 51 Hz. In this
case, the breaker is turned on by DGPS, and the PV system is disconnected from the grid.
During the operation of the system, the amplitude, frequency value of the grid voltage,
and the activation status of the breaker are evaluated. When the breaker status is Logic 0,
the breaker is not active. When the logic is 1, the breaker is activated intervened.
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Figure 7. (a) OFP condition in DGPS; (b) status of CB; (c) grid voltage; (d) grid frequency.

4.4. Under Frequency Protection (UFP) in Proposed DG Scenario

LabVIEW reports belonging to this case are given in Figure 8a. Figure 8b shows
the change of grid voltage, and Figure 8c shows the situation where the frequency value
changes instantaneously from 50 Hz to 49 Hz. In this case, the breaker is turned on by
DGPS, and the PV system is disconnected from the grid. During the operation of the
system, the magnitude, frequency value of the grid voltage, and the activation situations of
the breaker are evaluated.

When the CB situation is Logic 0, the CB is passive, and when is Logic 1, CB is
activated [56].

The proposed RTEMS method in the study is implemented as an inverter-resident
system; thus, it provides advantages over many energy management systems embedded
in the inverter. Figure 9 shows assessing NDZs for proposed and conventional methods.
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5. Conclusions

“The Guidelines for Generating Unlicensed Electricity in Turkish Electricity Market”
was coming into force in 2011 by the Turkish Government. However, still, a national Grid
Code is not in force in Turkey. In this study, the legal and the technical infrastructure of the
electrical connection of the PV-based DG systems to the conventional distributed system
from a low voltage level in Turkey was researched. The existing problems and the possible
effects of the grid were also investigated. The status of the PV-based DG power plants in
Turkey and the PV contribution of Turkey in EU countries are presented in the study.

Besides, the paper also includes an application study realized to define the criteria
for the Turkish Grid Code, and the obtained results from this study were presented. A
prototype grid-connected PV system was constituted in the laboratory. Under-frequency,
over-frequency, under-voltage, and over-voltage protection statuses were examined with
the help of the LABVIEW program for the monitoring and control of the observed system
for obtaining a proper micro-grid management system. This structure achieved a consistent
operation of the PV system with the existing electrical grid of Turkey. Besides, the study
firstly researched the threshold values of the PV grid connection to specify the criteria of
the Turkish Grid Code.

In this study, the Turkish Grid Code’s electrical criteria were examined, and the
application of these criteria was carried out on a developed PV-based DG. A real-time
energy management system (RTEMS) was proposed in the study. Electrical parameters on
the developed DG were monitored in real-time by considering IEEE 1547, IEEE 929-2000,
and Turkey’s electrical criteria.

A practical grid code study was firstly investigated in detail about the Turkish Grid
Code by a developed real-time monitoring-control and protection system. The proposed
RTEMS method in the study is implemented as an inverter-resident system; thus, it provides
advantages over many energy management systems embedded in the inverter.

The UVP/OVP and UFP/OFP methods have a large NDZ that covers all of selected
areas, and islanding detection is not possible in this area. Furthermore, the PJD method
has a smaller NDZ according to UVP/OVP and UFP/OFP methods. Whereas the RTEMS
method has the smallest NDZ comparing with other IDMs, and NDZ is shown as a point.
The RTEMS method is more reliable for islanding detection comparing to passive methods.
Therefore, Figure 9 shows that none of the inverter resident methods present a certain
solution to detect islanding.

The degradation in power quality and non-detection zone (NDZ) problems encoun-
tered in active and passive island mode detection methods developed embedded in the
inverter are eliminated in the proposed method. With the RTEMS method, where un-
der and over-voltage, under and over voltage frequency, and unintentional island mode
events can be detected in real-time, both the existing grid-code requirements are met,
and the existing power quality and NDZ problem is eliminated with the recommended
inverter-independent RTEMS method.
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