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ABSTRACT In this paper, the impacts of large-scale OWPPs penetration on the Turkish power system is 

addressed. The grid compliance analyses for the large-scale OWPP integration are carried out by using the 

grid connection criteria defined in the Turkish grid code. PV and QV curves are obtained to assess the 

effect of OWPP on the static voltage stability limit.  Eight scenarios are conducted to analyze the effect of 

the OWPP on the static and dynamic characteristics of the power grid. To observe the large-scale OWPP 

impact on the voltage and frequency stability, transient events such as the outage of conventional power 

plants and three-phase to ground faults are applied. The results of the voltage and frequency stability 

analysis reveal that the Turkish grid remains stable after the integration of an 1800 MW OWPP. 

Furthermore, the Turkish system remains stable even in the event of the outage of the international 

transmission lines to Bulgaria and Greece.  

INDEX TERMS Grid Code, Grid Integration, Offshore Wind Power Plants, Voltage/Frequency Stability 

NOMENCLATURE 
DFIG: Doubly Fed Induction Generator 

ENTSO-E: European Network of Transmission System 

Operators for Electricity 

FRT: Fault-Ride Through 

HVRT: High Voltage Ride-Through 

LVRT: Low Voltage Ride-Through 

NREL: National Renewable Energy Laboratory 

OHLs: Overhead Lines 

OWPPs: Offshore Wind Power Plants 

PCC: Point of Common Coupling 

PV: Active Power-Voltage 

PQ: Active and Reactive Power 

RE: Renewable Energy 

RESs: Renewable Energy Sources 

TEIAS: Turkish Electricity Transmission Corporation 

TSO: Transmission System Operator 

QV: Reactive Power-Voltage 

WPPs: Wind Power Plants 

WT: Wind Turbine 

ROCOF: Rate of change of frequency 
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I. INTRODUCTION 

The use of renewable energy sources (RESs) is 

continuously increasing worldwide due to several factors, 

including the depletion of fossil fuels, energy security, and 

increasing environmental concerns. Wind and solar power 

plants are the prominent RESs with an installed capacity of 

743 GW and 760 GW, respectively, as of 2021 [1]. The 

European Union aims to achieve at least 32% renewable 

energy (RE) penetration level by 2030, while Denmark 

looks forward to approximately 55% RE penetration level 

by 2030 and 100% by 2050 [2-4]. Likewise, Massachusetts, 

New Jersey, and Washington DC have pledged the RE 

penetration of 55% by 2050, 50% by 2030, and 100% by 

2032, respectively [5].   

The grid code published by the Energy Market Regulator 

Authority and the Ministry of Energy and Natural Resources 

in Turkey defines the grid connection criteria for wind and 

photovoltaic power plants [8]. during the preliminary 

planning and design stages, simulation studies must have 

been carried out to confirm that the renewable power plants 

meet the grid connection criteria.  

Several authors have analyzed the effect of RES 

integration in different countries [7-23]. In [7], the impact of 

large-scale photovoltaic generation systems on Egypt’s 

national grid has been investigated and The maximum 

allowable generation from proposed RES for different 

regions is determined considering line congestion. In [8], 

with the integration of a new WPP (517 MW) into the 

Egyptian grid, the voltage stability performance of the grid in 

case of a three-phase short circuit is investigated. In [9], the 

effect of dynamic characteristics of a photovoltaic power 

plant on the short-term voltage stability of the transmission 

system is examined in case of severe voltage sag. In [10], 

dynamic voltage stability analysis has been performed to 

check whether low voltage ride-through (LVRT) and high 

voltage ride-through (HVRT) requirements are achieved for a 

three-phase short circuit in the Northern Jordanian power 

system with a large-scale photovoltaic energy system. The 

results show that Static Var Compensation is required to 

satisfy VRT requirements in some cases. In [15-19], the 

static voltage stability of power grid is evaluated using PV 

curve method. In [16], the effects of large-scale photovoltaic 

generation on the Bangladesh power system have been 

examined in terms of voltage, frequency, and angle stability. 

In [17], the static and dynamic performance of the Moroccan 

southern power grid with large-scale WPP is investigated. 

The dynamic analysis has been performed to observe power 

system behavior in case of a three-phase fault at the critical 

connection busbar. The results show that the Moroccan 

power system does not face any stability problems with 

integration of renewable power plants. In [18], the static and 

dynamic impact of the large-scale renewable energy systems 

on the Lesotho power grid is investigated. Voltage, 

frequency, and rotor angle are observed by applying a short 

circuit at the critical busbar in dynamic analysis. Static 

voltage analysis has been performed according to the hourly 

load of 2018. The results demonstrated that an increased 

penetration level of RES causes grid instability. In [19], the 

effect of a large-scale distributed Photovoltaic generation 

system on the Ontario power grid has been investigated in 

terms of voltage and frequency stability according to 

penetration level. In [20], the impact of a large-scale 

photovoltaic wind generation system on the voltage and 

frequency stability of Jordan’s power grid has been examined 

in steady-state and contingency situations, such as short 

circuits and outages of the main power plant. In [21], 

dynamic and static voltage stability analyses are performed 

for the Tunisian national grid with large-scale renewable 

generation comprised of 14 different photovoltaic power 

plants with a total power of 937 MW. In [22], the effect of a 

large-scale renewable generation system on the Moroccan 

national grid has been investigated by performing power 

flow calculations and contingency analysis for the various 

case studies. The results show that voltage regulation devices 

are required due to the variability of wind power. The impact 

of 120 MW WPP on the power grid within the Southwest 

Power Pool in the United States has been discussed in [23].   

The studies presented in this paper are a part of the 

Offshore Wind Farm Large-Scale Integration project in 

Turkey (WindFlag) [24]. This project identified a potential of 

1.8 GW OWPP in two phases at the Kiyiköy site located in 

the Black Sea region [25]. The main objective of this paper is 

to examine the impact of the OWPP integration into the 

Turkish national grid. The whole Turkish grid and OWPP 

models are implemented using DıgSILENT PowerFactory 

2021. The operational performance of the power system is 

tested using actual data provided by TEIAS.   

The main contributions of the present research can be 

summarized as follows: 

 The detailed grid code compliance analyses are 

presented to confirm that the designed large-scale 

OWPP meets grid code requirements. 

 The scenarios are carried out to analyze the static and 

dynamic characteristics of the power grid. The 

increase in the static stability limit of the power grid 

in presence of OWPPs is determined. 

 Voltage stability limits of the Turkish power grid are 

estimated using the PV and QV curves. 

 To the best of the author's knowledge, no work 

related to the impacts of large-scale OWPP on the 

Turkish power network has been documented in the 

literature. 

 This work features the analysis of the network 

reliability, capacity, and limits characterizations by 

using the real network data taken from the TSO. 

High capacity reserve type electricity generation 

plants are geographically concentrated in specific 

regions; hence this study presents a power system 

constraint for the Turkish power system by ensuring 

power flow characteristics. 
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This paper is organized as follows: In Section II, the 

National grid of Turkey is introduced. The status of wind 

energy in Turkey is presented in section III. In section IV, the 

system under study is explained. The grid compliance study 

of large-scale OWPP according to grid code is given in 

section V. Voltage and frequency stability analysis of the 

Turkish power grid including the large-scale OWPP is 

performed in different case studies in section VI. Finally, 

Section VII provides the conclusions of this work and future 

works are mentioned. 

II. TURKISH POWER SYSTEM DESCRIPTION 

The Turkish transmission system consists of 400 kV and 

154 kV voltage levels. Since September 2010, Turkey's 

electric grid has been synchronized with the ENTSO-E via 

400 kV transmission lines to Bulgaria (two lines) and Greece 

(one line). There are also various 400 kV interconnections 

with neighboring countries Syria, Iran, Iraq, and Georgia. At 

the end of November 2021, the total electric power 

consumption of Turkey reached 300.6 TWh. According to 

the electricity consumption statistics for 2020, the annual 

electricity consumption of Istanbul was 38.5 TWh, while the 

annual consumption in other big cities in the Marmara region 

was 33.4 TWh.[27]. As shown in Fig. 1, the total electricity 

generation was mostly dependent upon imported fossil fuels 

like coal and natural gas, while the RES provided only 

around 15% of the electricity generation [27-28]. 
 

FIGURE 1. Energy production by Resources at the end of 2020 in Turkey 

 

 
FIGURE 2. Description of general power flow of Turkish grid 

The location of the three most important power plants (I, II, 

and III) and the general load flow direction in the Turkish 

power system are shown in Fig. 2. [29]. The power 

generation capacity of the West Anatolian (southwest of the 

Marmara region) region is higher than its consumption. Thus, 

the surplus electric power generation from the west 

Anatolian region is exported through the Çanakkale 

Bosphorus to the Trakya region (the north of the Marmara 

region) using the 400 kV submarine cables.  

Turkey had 77.9 TWh hydropower generation capacity in 

2020 and most of these plants are in the eastern and 

southeastern Anatolia regions [30]. As the consumption in 

these regions is less than the production, the surplus energy 

flows to the western part of Turkey. This specific situation 

can create severe conditions, like inter-area oscillation and 

rotor angle stability problems if there are contingencies like 

faults or power plant outages. In this context, rotor angles of 

large power plants in the eastern and western sides of Turkey 

need to be observed during stability analyses. Power grid 

constraints for voltage and frequency are given in Table 1 

and Table 2, respectively. 
 

TABLE 1. 

VOLTAGE LIMIT VALUES FOR TRANSMISSION SYSTEM 

Voltage level (kV)       Normal operation  Contingency Disconnect 

 Min Max Min Max 

400  340 420 - 450 
154  140 170 - - 

 

TABLE 2. 
FREQUENCY LIMIT VALUES FOR TRANSMISSION SYSTEM 

    Operating frequency (Hz) Time 

47.5-48 10 min 
48-48.5 20 min 
48.5-49 1 hour 
 49-50.5 permanent 

 50.5-51.5 1hour 

III. WIND ENERGY STATUS IN TURKEY 

The cumulative installed wind power capacity in Turkey is 

9305 MW and additionally 1872 MW is under construction. 

All these WPPs are onshore. Turkey has 75 GW offshore 

wind power capacity [31]; however, there is not any offshore 

project. This situation shows that the development of the 

offshore wind sector can contribute to reaching the 50% 

renewable energy target of Turkey [32].  

 Due to average wind speed above 7 m/s, the Aegean, 

Marmara, and Eastern Mediterranean regions are attractive 

for wind farm developers [33]. Kıyıköy is considered a 

candidate area for connecting large-scale OWPP as the 

average wind is greater than 8.75 m/s and it meets other 

criteria such as low water depth and free from military zones 

and shipping routes [25].  

 
IV. SYSTEM UNDER STUDY     

A. SYSTEM DESCRIPTION 

Kıyıköy OWPP is proposed for the development of 

900 MW in phase I and 900 MW in phase II. Kıyıköy Phase-

I will be connected to Substation-A with 400 kV double 

circuit overhead lines (OHL), and Kıyıköy Phase-II is 
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connected to BUS A and BUS B with a single 400 kV OHLs 

as shown in Fig.3. 

Each OWPP stage has 60 units of 15 MW WT units which 

are based on NREL’s model [34]. Additionally, there are 

178 MVAr shunt reactors to compensate reactive power 

generated by the submarine cable feeders. A single-line 

diagram of the OWPPs and equivalent grid model is given in 

Fig. 3. The parameters of the equivalent model are given in 

Table 3. The capacity of specified generation plants related to 

the case studies is given in Table 4. The full model of the 

Turkish grid was used in the simulation, even though a 

simplified Single line diagram is shown here for the sake of 

clarity. 
 

TABLE 3.  
DATA OF EQUIVALENT GRID UNDER STUDY 

Transformer ATR-1 ATR-2 TR-3 TR-4 

Power (MVA) 250 250 100 100 

Voltage Level 

(kV) 

400/154 400/154 400/154 400/154 

𝑈𝑘 12% 12% 11.36% 34.36% 

Location S1 S2 S3  

Short circuit 

power (MVA) 

4670 1128 5211  

Short circuit 
current (kA) 

6.74 4.22 7.52  

𝑋/𝑅 13.4 7.4 15.3  

Transmission 

line 

Length X/R Charging 

power 

MVAr/100km 

X 

Transmission 

line I 

38 12.7 69 265 mΩ\km 

Transmission 
line II 

90 12.7 69 265 mΩ\km 

Transmission 

Line III  

- 12 0 52 Ω 

 
 

FIGURE 3. Basic representation of the system under study. 
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(coupling effect) 

Turkey has a large power grid consisting of 2034 

synchronous machines, 5294 busbars, and 4772 transformers. 

The total installed capacity, substation, and transmission line 

length of the Turkish power grid are 99.38 GW[35]. All 

stability analyses are performed for the complete Turkish 

power grid.  

TABLE 4. 

CAPACITY OF SOME GENERATION PLANTS 

Plant Power MVA 

Power plant I 315 
Power plant II 360 

Power Plant  III (PP III) 775 

B. POWER PLANT AND WT CONTROLLER 

The block diagram of WT controllers is given in Fig. 4 [36]. 

The power plant controller has been modeled using the 

station controller model and the WT controllers have been 

implemented using the full-scale WT converter controller 

model of DıgSILENT PowerFactory software [36]. The 

ratings of the converters used in the WTs are given in Table 

5. 
TABLE 5. 

CONVERTER RATINGS 

Parameter Value 

Voltage (kV) 3.3 
Power (MVA) 16,7 
Power Factor 0,9 

Interfacing reactor impedance (Ω) 1,1314 

 

The WT controller has 4 components as described in [36]: 

 Reactive and active power (PQ) controller: It generates 

current references for the current controller located in the 

inner loop. The active control loop generates the d-axis 

current reference and the reactive power control loop 

generates the q-axis current reference for the current 

controller. The PQ controller contains additional control 

blocks to supply fault ride-through (FRT). If the grid 

voltage is detected out of limits, the WT provides reactive 

power support to the grid.  

 The current controller contains two PI controllers for d-

axis and q-axis current control loops and it generates 

voltage references to the grid side converter of the Model. 

 Active power reduction controller responds to 

frequency deviation in the grid and it generates an active 

power reduction factor for the PQ controller. 

 Station controller: The station controller of OWPP 

performs voltage or reactive power control at the PCC 

according to the grid code requirements. In the simulation 

studies, the control modes of station controllers have been 

selected as voltage control modes for both of the OWPPs 

at BUS A, B, and C which are considered as the PCCs. 

The reactive power control has a droop of 4% according 

to the grid code. 

The WT controllers’ parameters used in the simulation 

studies are given in the Appendix. The WT controller 

parameters are determined considering the grid code 

requirements.  

V. GRID CODE COMPLIANCE ANALYSIS 

The grid code compliance studies are performed to confirm 

that the planned Kıyıköy Phase-I OWPP complies with the 

grid code. The studies are categorized into four parts: 

i. Reactive power capability test;  

ii. LVRT test; 

iii. Voltage control test; and 

iv. Frequency response test. 

A. REACTIVE POWER CAPABILITY TEST 

The grid code defines the required WPP reactive power 

capability curve as demonstrated in Fig. 5 with a blue line. 

The result of the reactive power capability test is shown in 

Fig. 5 with the red curve. As the wind park can be operated at 

all points inside the red polygon, it can be concluded that the 

OWPP fulfills reactive power capability requirements.  

 
 

FIGURE 4. Simplified diagram of WT and power plant controller 
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FIGURE 5. Reactive power capability curve of OWPP (red line), reactive 
power capability requirements of grid code (blue line) 

B. LVRT TEST 

The requirements of LVRT outlined in the grid code are 

illustrated in Fig. 6. During the period that the PCC phase-

to-phase voltage remains in zones 1 and 2, the power plant 

must remain connected to the grid in case of voltage drops 

in one or all phases. Otherwise, the power plant is expected 

to be disconnected from the power grid. 

 
FIGURE 6. LVRT capability required by the grid code 

The system FRT-mode response is tested by applying the 

three-phase short circuit to the PCC for 200 ms and the 

voltage at the PCC goes down to 0% as shown in Fig 7. The 

post-fault oscillations are well-damped WTs provide 1 pu 

reactive current during the fault as per the requirement. It can 

be concluded that the turbine’s reactive current injection rate 

reaches 100% of the nominal value in 30 ms. According to 

the grid code, the turbine is expected to reach the maximum 

reactive current, which is stated as up to 100% of the nominal 

current, in 60 ms with a 10% tolerance. Fig. 8 shows 

converter voltage and current during the three-phase to 

ground fault. It converter remains connected to the grid and it 

provides the reactive current to support PCC voltage during 

the fault.  

 
FIGURE 7.  %100 penetration level; LVRT simulation results, (a) PCC 
voltage; (b) OWPP active and reactive power (c) positive sequence 
reactive current of WT 

 
FIGURE 8. LVRT simulation results, (a) Converter voltage and current; 
(b)Converter phase angle;  

This confirms that the OWPP remains connected to the 

power system in case of severe fault and provides reactive 

current to support the grid voltage. Thus, the OWPP satisfies 

LVRT grid code requirements.  

C. VOLTAGE CONTROL TEST 

Reactive power support from the OWPP depends on the 

droop value which is defined as the ratio of the p.u. change in 

voltage to the p.u. change in reactive power produced by the 

WT. Mathematically, it can be written as,  

Droop (%)= 
∆𝑈

𝑈𝑛𝑜𝑚
⁄

∆𝑄
𝑄𝑚𝑎𝑥⁄

                                                                      (1) 

According to TEIAS (Transmission system operator), it can 

vary between 2% and 7% range, though the value is 

generally set at 4%. The droop value is calculated using (1). 

The reactive power support requirements in the WPP 

based on the grid code are shown in Fig. 9., the power plant 

should start to respond in 200 ms, and the reactive output 

power should reach 90% of the nominal value within 1 

second and stabilize within 2 seconds. The peak value of the 
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oscillations that may occur in the reactive output power 

should not exceed 2% of the actual change. 

 

 
FIGURE 9. Reactive power support requirements of WPP based on grid 
code 

The voltage step changes of 5% magnitude are applied to 

the PCC in order to check the reactive power response from 

the OWPP and the results are shown in Fig. 10. The plant 

response time starts within 20 ms against t. This response 

time is determined as at least 200 ms in the grid code [13]. 

On the other hand, the plant reactive power response it 

reaches the nominal balance value in 300 ms. In the grid 

code, the injected reactive power is expected to balance 

completely in 2 seconds. Thus, reactive power requirements 

are achieved well within the time periods stipulated in the 

grid code. 

 
FIGURE 10. 100% penetration level (a) Bus voltage set-point variation in 
time; (b), Reactive power variation in voltage test simulation with 4% 
droop; (c) Converter current and voltage 

D. FREQUENCY RESPONSE TEST 

The frequency response requirement of the grid code is 

shown in Fig. 11. The WPPs are expected to operate at full 

power capacity between 47.5 Hz and 50.3 Hz. when the grid 

frequency exceeds 50.3 Hz, the power is to be reduced at the 

rate of 0.5 pu/Hz of the excess frequency till 51.5 Hz.  

 

 

 
FIGURE 11. The required frequency response curve of WPP by the grid 
code 
An equivalent voltage source is connected at the PCC and its 

frequency is varied stepwise for analyzing the power 

reduction response of the WPP and the results are given in 

Fig. 12.  

 
FIGURE 12. 100% penetration level (a) The applied frequency step 
change of the grid at frequency test case; (b) Frequency test result with 
100% active power; (c) Converter current and voltage 

When the grid frequency is increased to 51 Hz, the active 

power output of the OWPP decreases from 1 p.u. to 0.7 p.u. 

as per the requirement of 0.5pu/Hz. When the frequency 

reaches 51.5 Hz, the active power output of the OWPP drops 

to zero. Thus, gird code frequency response requirements are 

satisfied by the planned OWPP.   

 

As can be seen from the test results, the proposed OWPP 

satisfies all grid code requirements. During the test, it is 

observed that the controller parameters should be properly 

adjusted to meet the grid code requirements. 

VI. VOLTAGE AND FREQUENCY STABILITY ANALYSIS 

Voltage and frequency stability are two electrical power 

quality critical parameters that define the power system 

performance. A series of simulation studies are performed 

using the complete model of the Turkish power grid 
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including the planned large-scale OWPP to examine the 

Turkish power system voltage and frequency stability 

including RES.  

A. STATIC VOLTAGE STABILITY ANALYSIS 

Voltage stability is the capability of the power system to 

maintain acceptable bus voltages at every node under normal 

operating conditions. Increasing the load demand or 

changing the system conditions causes a gradual voltage 

drop, which can lead to an unmanageable voltage drop 

during a fault condition, hence provoking voltage instability 

problems in the power system. The main reason for voltage 

instability is usually a lack of reactive power support, weak 

grid strength due to contingencies, or very high overload 

conditions in the power system [37].  

Active power vs. voltage (PV) and Reactive power vs. 

voltage (QV) curves are used to determine the critical active 

and reactive power limits for steady-state voltage stability 

limits. To investigate the Turkish power system steady-state 

voltage stability, PV and QV curves are obtained for some of 

the critical busbars in the system and at the PCC of the 

OWPP.  

(i) PV Curves: The PV curves of BUS K (the most 

critical bus in the power system) and BUS C (connection 

point to the OWPP with the main grid) are shown in Fig. 13 

and Fig. 14, respectively.  The PV curves of other connection 

points are not shown since the voltage control in BUS B is 

provided by the synchronous generator. Moreover, as BUS A 

is a strong bus, the voltage level of BUS A remains almost 

nominal. Voltage profiles of the OWPP connection point and 

critical bus are illustrated in Fig. 13 and Fig. 14. For each 

bus, three voltage profile curves are acquired: (i) without 

OWPPs, (ii) with the OWPP providing active power at the 

unity power factor, and (iii) OWPP providing both the active 

power and voltage regulation at the PCC. These curves show 

that the critical load level increases from 50970 MW to 

51775 MW when the OWPP is connected. Moreover, when 

the OWPP voltage control is activated, it increases to 51845 

MW.  
 

 
FIGURE 13. PV curve at the critical bus, -bus K 

 
FIGURE 14. PV curve of the connection point of Phase-II OWPP 

(ii) QV curves: The QV curves of BUS K and BUS C are 

shown in Fig. 15 and Fig. 16, respectively. The substation 

steady-state voltage profiles are depicted for different cases., 

the critical reactive power levels of Bus K and BUS C are 

summarized in Table 7. As shown in Fig.16, the maximum 

reactive power level for BUS C increases from 1300 MVAr 

to 2960 MVAR when the OWPP is connected. Moreover, 

when the OWPP voltage control is activated, it increases to 

3200 MVAr. Since the critical reactive power is much higher 

than the operating point of the power grid, it does not pose a 

problem in terms of steady-state voltage stability. The 

OWPP increases the stability limit at both the buses, and it 

is better when the voltage regulation is activated. 
 

 
 
FIGURE 15. QV curve at the critical bus, Bus K. 
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FIGURE 16. QV curve at the connection point of Phase-II OWPP 

TABLE 6.  

CRITICAL VOLTAGE LEVEL FOR DIFFERENT CASE STUDIES 

 
 

Without 
OWPP 

 
With OWPP 

With OWPP+ 
voltage control 

 BUS K BUS C BUS K BUS C BUS K BUS C 

Critical voltage 
Level (p.u.) 

0.62 0.73 0.60 0.75 0.60 0.73 

Reactive power 
level (MVAr) 

-75 -3951 -79 -3934 -78 -3057 

 

B. DYNAMIC VOLTAGE STABILITY ANALYSIS 

 

The dynamic voltage stability analysis has been 

investigated by evaluating the busbar voltages during the 

three-phase to ground faults at some of the most critical 

buses determined by the TEIAS. The fault cases are listed 

below:  

i. A three-phase to ground fault has been applied to 

400 kV buses at the PP III bus for 100 ms, and 

ii. A three-phase to ground fault has been applied to 

the 400 kV Transmission line I for 120 ms, which 

is the most critical transmission line outage for the 

Turkish power system  

iii. A three-phase to a ground fault has been applied to 

the proposed OWPP busbar for 100 ms.   

The voltage dynamics at the faulted busbar and nearby 

busbars are investigated in detail. In addition, frequency 

variations and rotor angle variations are examined to see the 

response of the power grid in the case of simulated fault 

events. 

1) THREE-PHASE SHORT CIRCUIT AT 400 KV BUSBAR 
OF PP III 

A three-phase to ground fault is applied at the 400 kV PP 

III bus at the instant of 40 s. In Fig. 17, the voltage 

variations at the faulted busbar and the nearby busbar 

during fault are demonstrated. While the voltage level at the 

faulted busbar is zero as shown in Figure 17 with a blue 

line, the voltage level of the nearby busbar changes 

according to the distance between the fault point and the 

busbar.  After fault clearing, the voltage of the Turkish 

power system attains nominal voltage levels in 40.32 s  

 
FIGURE 17. Voltage variation at 400 kV busbar of PP III and nearby 
substations during a three-phase ground fault 

Fig. 18 (a) presents the frequency of Bus A, and Fig. 18 (b) 

shows the rotor angle of power plant I and power plant II.  

When the fault happens, the PP III is disabled and the 

frequency of the power system begins to decrease until the 

49.82 Hz (frequency nadir). On the other hand, oscillation 

is observed in the rotor angles of important generators.  

After the fault clearing, frequency is restored and rotor 

angle oscillation in is damped within 5 s.  

 
FIGURE 18. Frequency response of power system b) The rotor angle 
response of generators 

During the fault, the active power of the OWPP Phase -I 

decreased, and it provides 0.08 pu reactive current to 

support the voltage recovery as shown in Fig. 19. After 

fault clearance, the active power and reactive power of 

OWPP reach the nominal value again.  
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FIGURE 19. (a) Active power of Phase-I OWPP; (b) Positive sequence 
reactive current 

2) THREE-PHASE SHORT CIRCUIT AT 400KV 
TRANSMISSION LINE I 

A three-phase to ground fault is applied at 400 kV 

Transmission Line I at the instant of 40 s and the resultant 

voltage variations at the selected buses are shown in Fig. 

20. The fault is applied at 30% of the transmission line 

length. The voltage level at the line ends falls down to 0.2 

and 0.25 p.u. during the fault. They recover to the nominal 

value within 100 ms after fault clearance.  

 
FIGURE 20. Voltage variation at transmission line busbar and nearby 
substations during a three-phase ground fault 

The frequency is restored and rotor angle oscillation of the 

power plants I and II decay within 9 s after fault clearance 

as shown in Fig 21. The reduction of the active power of 

and injection of the positive sequence reactive current from 

OWPP Phase-I during the fault is shown in Fig 22. 

 

 
FIGURE 21. a) Frequency response of power system b) The rotor angle 
response of generators  

 
FIGURE 22. (a) Active power of Phase-I OWPP; (b) Positive sequence 
reactive current 

3) THREE-PHASE SHORT CIRCUIT AT 400KV BUS A  

A three-phase to ground fault is applied to the 400 kV BUS 

at the instant of 40 s and the resultant voltage variation is 

shown in Fig. 23 for the cases with and without the OWPP 

After clearing the fault, the voltage recovery time of BUS A 

is shown in Fig. 23.  
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FIGURE 23. a) Voltage variation at busbar during the three-phase 
ground fault b) zoom of voltage variation in the recovery process 

It can be observed that the reactive currents injected by 

OWPP Phase-I and Phase-II assist to support the voltage 

levels at the faulted bus, and the OWPPs remain connected 

to the grid despite the zero voltage level.  

 

 
FIGURE 24. a) Voltage variation at BUS A during the three-phase ground 
fault; b) Reactive current from BUS B to BUS A c) Reactive current from 
OWPPs 

C. FREQUENCY STABILITY ANALYSIS 

In this case, the frequency stability of the Turkish grid is 

examined through the simulation of different under full or 

zero power operations of the OWPP. The OWPP is said to 

be at full power if it is generating the rated output power. 

Likewise, if it is said to be at zero power, if it is not 

generating any power. The OWPPs were replaced with the 

conventional power plants in frequency stability studies.   

The scenarios are listed below:  

 Case study I: Outage of PP III with the OWPP at 

zero power; 

 Case study II: Outage of PP III with the OWPP at 

full power; 

 Case study III: Outage of PP III with the OWPP at 

zero power and without interconnection line to 

other countries; 

 Case study IV: Outage of PP III with the OWPP at 

full power and without interconnection line to 

other countries; 

 Case study V: Adding new load with the OWPP at 

full power and without interconnection line to 

other countries; 

 Case study VI: Outage of PP III with the OWPP at 

full power and without interconnection line to 

other countries considering grid forming controller 

 

 

 

1) OUTAGE OF PP III WITH OWPP AT ZERO POWER  

PP III is tripped at the instant of 40 s to examine the 

frequency stability for OWPP at zero power and the results 

are shown in Fig. 25. Due to the outage of PP-III, the 

system frequency begins to decrease until the nadir 49.982 

Hz.  The oscillations are observed in the rotor angles of the 

important generators and the oscillation decay within 10 s. 

Case study-I is determined to observe the effect of OWPP 

integration on frequency stability. The results are compared 

with case study-II.  

 

 
FIGURE 25. a) Frequency response of power system b) The rotor angle 
response of generators 

2) OUTAGE OF PP III WITH THE OWPP AT FULL POWER 

PP III is disabled to examine the frequency stability for 

OWPP at full power at the instant of 40 s. The results of the 

outage are shown in Fig. 26. Fig. 26 (a) demonstrates the 

frequency variation of the Turkish power system after an 

outage of PP III.  Fig. 26 (b) illustrates the rotor angle 

response of critical generators. As can be seen in Fig. 26, 

the system frequency begins to decrease until the nadir 

49.987 Hz. Moreover, the results show that the frequency 

and rotor angle of critical generating plants are stable after 

tripping of PP III with a OWPP at full power 

According to the penetration level, traditional power plants 

are disabled when the OWPPs are integrated into the power 

system. Therefore, the total power system inertia decreases. 

This affects the frequency response of the power system. 

When we compare the frequency nadir value for zero power 

and full power OWPP, the frequency nadir is higher at zero 

power OWPP. 
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FIGURE 26. a) Frequency variation of power system b) The rotor angle 
response of generators 

3) OUTAGE OF PP III WITH OWPP AT ZERO POWER 
AND WITHOUT INTERCONNECTION LINE TO OTHER 
COUNTRIES 

PP III is disabled to examine the frequency stability for 

OWPP at zero power without interconnection line to other 

countries at the instant of 40 s. The results of the outage are 

shown in Fig. 27. Fig. 27 (a) illustrates the frequency 

response of the Turkish power system after an outage of a 

critical conventional power plant when the interconnection 

line to other countries has opened. Fig. 27 (b) shows the 

rotor angle response of important generators. As can be 

seen from the results, the system frequency begins to 

decrease until the nadir 49.76 Hz. The frequency of the 

Turkish power system without interconnection line 

deteriorates more as compared to the interconnected 

operation mode (case study-I) at zero power OWPP. 

However, the frequency has remained stable because of the 

availability of the spinning reserve.  

 
FIGURE 27. a) Frequency variation of power system b) The rotor angle 
response of generators 

4) OUTAGE OF PP III WITH OWPP AT FULL POWER 
AND WITHOUT INTERCONNECTION LINE TO OTHER 
COUNTRIES 

PP III is disabled to examine the frequency stability for 

OWPP at full power without interconnection line to other 

countries at the instant of 40 s. The results of the outage are 

shown in Fig. 28. Fig. 28 (a) shows the Turkish power 

system frequency variation after an outage of a critical 

conventional power plant with OWPP at full power without 

interconnection. Fig. 28 (b) shows the rotor angle response 

of critical generators.  

 

 
FIGURE 28. a) Frequency variation of power system b) The rotor angle 
response of generators 

The system frequency begins to decrease until the nadir is 

49.73 Hz. When the results of case study-III and IV are 

compared, the frequency nadir value of case study-IV is 

lower than case-study-III due to low inertia. On other hand, 

frequency oscillation is more when the OWPP is integrated 

into the power system without an interconnection line with 

other countries.  But frequency stability is preserved even if 

OWPP is at full power without an interconnection line. 

5) ADDING NEW LOAD WITH OWPP AT FULL POWER 
AND WITHOUT INTERCONNECTION LINE TO OTHER 
COUNTRIES 

A new load of 550 MW is added to the power system to 

examine the frequency stability for OWPP at full power 

without interconnection line to other countries at the instant 

of 40 s. The results of adding the new load are shown in 

Fig. 29. The frequency variation of the Turkish power 

system is given in Fig. 29 (a) after adding new load with 

OWPP at full power without interconnection. Fig. 29 (b) 

depicts the rotor angle response of critical generators. When 

new load is added, the frequency starts to decrease until the 

nadir 49.95 Hz and there is an oscillation in frequency and 

rotor angle of important generators. These oscillations 

decay and reach the nominal value. 
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FIGURE 29. a) Frequency variation of power system b) The rotor angle 
response of generators 

The power system becomes weaker when the 

interconnection to the UCTE grid is lost. Under such a 

scenario, the oscillations tend to be higher, however, they 

decay and stable system operation is achieved.  

6) OUTAGE OF PP III WITH OWPP AT FULL POWER 
AND WITHOUT INTERCONNECTION LINE TO OTHER 
COUNTRIES USING GRID FORMING CONTROLLER 

The virtual synchronous generator (VSG) control structure 

is shown in Figure 1. In this topology, the converter is 

normally connected to the grid through a passive inductive-

capacitive (LC) filter. 𝑅𝑓, 𝐿𝑓, and 𝐶𝑓 are the filter 

resistance, inductance, and capacitance, respectively, and 

the interconnection impedance is denoted by 𝑅𝑔 and 𝐿𝑔. 

 
FIGURE 30. VSG-control block diagram. 

The control system includes a traditional current controller 

and voltage controller as an inner and intermediate loop, 

respectively. The outer control loops comprise of a 

conventional reactive and active power droop controller. 

The active power transferred by the VSG is regulated by 

the swing equation demonstrated in (1): 

𝑃𝑟𝑒𝑓 − 𝑃 = 𝐽
𝑑𝜔

𝑑𝑡
+ 𝐷(𝜔𝑚 − 𝜔0) (1) 

Where 𝑃𝑟𝑒𝑓 , 𝑃, J, and D are the active power reference, the 

active power of VSG, the virtual inertia, and the droop 

coefficient for the active power regulation, respectively, 𝜔𝑚 

is the VSG angular frequency, and 𝜔0 represents the 

reference grid frequency.  Note that if the converter is 

operated in a grid-connected mode, the VSG control 

synchronizes to the grid voltage phase angle through the 

power balance of the swing equation. Thus, the normal 

operation of the VSG does not rely on any grid 

synchronization method as commonly needed for grid-

connected converters.  

PP III is disabled to examine the frequency stability for 

OWPP at full power without interconnection line to the 

UCTE at the instant of 40 s based on VSG. The results of 

the outage are shown in Fig. 2. Fig. 2 (a) shows the Turkish 

power system frequency variation after an outage of a 

critical conventional power plant with OWPP at full power 

without interconnection considering VSG. Fig. 2 (b) shows 

ROCOF considering grid forming and grid following 

controller.  

 
FIGURE 31. a) Frequency variation of power system b) ROCOF 

The results show that the frequency nadir and rate-of-

change-of-frequency (ROCOF) are improved when grid 

forming control is utilized instead of grid feeding control as 

VSG provides inertia. The frequency nadir value is 

increased from 49.73 Hz to 47.78 Hz and ROCOF is 

improved from 0.013 p.u./s to 0.006 p.u./s. Based on the 

results, when the integration of renewable energy plants 

increases, the utilization of grid forming controller instead 

of the conventional controller can be a remarkable option in 

large-scale renewable power plants in future power 

systems. 
RESULTS AND DISCUSSIONS 

The grid compliance analyses of Kıyıköy OWPPs are 

performed using the grid connection requirements defined 

in the Turkish grid code. In the grid compliance analyses, 

reactive power capability, LVRT performance, voltage 

control performance, and frequency response ability have 

been analyzed. According to the obtained results, the 

Kıyıköy OWPPs have satisfied all grid code requirements 

without any violation. 

The static voltage stability analysis is performed using 

PV and QV curves. The results show that the active power 

margin for static voltage stability increases from 50970 

MW to 51775 MW when the OWPP is connected. 

Moreover, when the OWPP voltage control is activated, it 

increases to 51845 MW. When the OWPP is connected, the 
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maximum reactive power level for BUS C increases from 

1300 MVAr to 2960 MVAR. Furthermore, when the 

OWPP voltage control is turned on, it rises to 3200 MVAr.  

In dynamic voltage and frequency stability studies, the 

obtained results show that the grid connection of Kıyıköy 

OWPP did not create any critical voltage and frequency 

problems in the Turkish power system. The power system 

inherently removed voltage and frequency oscillations that 

appeared in the case studies. A frequency nadir comparison 

for the different case studies is summarized in Table 7. As 

can be seen in Table 7, when the penetration level 

increases, the frequency nadir decreases. The main reason 

for a lower frequency nadir is that as conventional power 

plants are replaced by OWPPs, the total inertia of the 

system decreases.  

TABLE 7.  

Comparison of frequency nadir for different case 

Case Study Zero Power of 
OWPP (Hz) 

Full Power  
of OWPP(Hz) 

The outage of PP III 49.988 49.987 
The outage of PP III without 
interconnection line 

49.76 49.73 

VII. CONCLUSION 

The effects of large-scale OWPPs integration on the voltage 

and frequency stability of Turkey’s power system are 

investigated through various scenarios. Firstly, grid 

compliance analyses are performed to confirm that the grid 

code requirements are satisfied by Kıyıköy OWPPs. Static 

voltage stability analyses are carried out using PV and QV 

curves to determine the maximum active power margin and 

minimum reactive power margin. These results show that 

the current loading level of the grid is greater than the 

active and reactive power margins. Thus, it was confirmed 

that there is no static voltage stability problem. Moreover, 

when the OWPP can provide voltage regulation at the PCC 

and thus improve the loadability limits.   

Different critical fault cases suggested by the TSO have 

been investigated to analyze the voltage stability of the 

Turkish power system. It is demonstrated that the OWPP 

has a positive impact on fault recovery as the recovery time 

is reduced from 150 to 80 ms.  

The frequency stability analyses were conducted 

considering the outage of high-power conventional 

generation plants in the nearby regions. Based on the 

results, the frequency stability of the Turkish power grid is 

preserved in the case of the integration of large-scale 

OWWPs. Moreover, stable system operation is achieved 

even under weak grid conditions when the transmission 

lines to Greece and Bulgaria are disconnected.  

Effects of grid forming and grid following controllers on 

the Turkish power system performance have been 

investigated. In the grid forming controller, frequency 

stability is improved in terms of frequency nadir and 

ROCOF. 

The simulation results confirm that the Turkish power 

system does not face any stability problems with the 

integration of a 1.8 GW renewable power plant. Moreover, 

when the interconnection lines with neighboring countries 

are lost, frequency oscillations tend to be higher, however, 

these oscillations decay, and stable system operation is 

reached. But, when the penetration level of renewable 

energy sources (wind, solar) into the grid increases, 

stability problems may be faced. To solve possible 

problems, renewable energy plants can be operated in 

deloading operation, and then they can provide frequency 

and inertial response to support the power grid. In addition, 

the frequency oscillations can be reduced by using grid 

forming controllers such as virtual synchronous generators 

instead of the grid following controllers. For future work, 

the effects of grid forming controllers on the power system 

stability will be investigated in detail. Furthermore, the 

effectiveness of grid forming and grid following controller 

utilized in WTs on system stability can be compared.  

APPENDIX 

Active and reactive power controller parameters, current 

controller parameters, and active power reduction controller 

parameters are respectively given in Tables 8-10.  

 
TABLE 8.   

PQ CONTROLLER PARAMETERS 

   Symbol  Parameter Value 

𝐾𝑝 Active power control gain [p.u.] 0,5 

𝑇𝑝 Active power control time constant [s] 0,04 

𝐾𝑞  Reactive power control gain [p.u.] 0,5 

𝑇𝑞 Reactive power control time constant [p.u.] 0,01 

𝑋𝑚 Magnetizing reactance at Pbase [p.u.] 0 

deltaU Voltage dead band [p.u.] 0,1 
I_EEG FRT-mode: 0=acc.TC2007, 1=acc.SDLWindV 1 
Tudelay Voltage support delay [s] 0,01 
KdeltaU Reactive support gain (dyn. Voltage support) 2 
i_max Combined current limit [p.u.] 1 
ramp Active power ramp after FRT [%s] 500 
u_max Max. allowed internal voltage [p.u.] 1,1 
X Coupling reactance [%] 10 
id_max id current limit [p.u.] 1 
iq_max iq current limit [p.u.] 1 

 
TABLE 9 

CURRENT CONTROLLER PARAMETERS 

Symbol Parameter Value 

𝐾𝑞 Gain reactive current controller [-] 1 

𝑇𝑞 Integrator time constant reactive current ctrl [s] 0,002 

𝐾𝑑 Gain active current controller [-] 1 
𝑇𝑑 Integrator time constant active current ctrl [s] 0,002 
𝑇𝑚 Current filter time constant 0 

 

 
TABLE 10 

PARAMETERS OF ACTIVE POWER REDUCTION CONTROLLER 

Symbol Parameter Value 

fUp Start of Act. Power reduction [Hz] 50,3 
fLow End of Act. Power reduction [Hz] 50,05 
PHz Gradient of Act. Power reduction [%Hz] 40 
Tfilter  PT1- Filter time constant [s] 0,1 
negGrad Negative gradient for power change [pu/s] -0,5 
postgrad Positive gradient for power change [pu/s] 0,5 
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