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Enerji üretim, iletim ve dağıtım sistemlerinde reaktif güç kompanzasyonu için yatırım 

yapılmaktadır. Mevcutta elektrik dağıtım şirketleri reaktif güç kompanzasyonu için reaktör, 

kapasitör ve manyetik kontrollü reaktör yatrımı yapmaktadır. İletim şirketleri ise bu yatırımlara 

ek olarak mevcutta bulunann üretim santrallerinden yan hizmetler kapsamında reaktif güç 

desteği almaktadır. Günümüzde güneş enerji santrali (GES), rüzgâr enerji santrali (RES) gibi 

dağıtık üretim tesislerinin artmasıyla birlikte dağıtım şebekesine bağlı enerji akışı çift yönlü 

hale gelmiştir. GES ve RES gibi dağıtık üretim tesislerinde üretim olmadığı saatlerde 

iletkenlerden kaynaklı kapasitif reaktifin artmasına ve üretimin artması ise bölgede gerilim 

yükselmesine neden olur. Bu çalışmada dağıtık enerji kaynaklarının dezavantajlarını   avantaja 

çevirmek, kompanzasyon yatırım maliyetlerini azaltmak amacıyla GES’lerin reaktif güç 

kompanzasyonu için kullanılabilirliği araştırılmıştır. Bunun için bir elektrik dağıtım bölgesinde 

bulunan bir trafo merkezine bağlı bir GES’nden reaktif güç desteği alınması için gerekli 

simülasyon çalışmaları yapılmıştır. Daha sonra bölgedeki GES’nden yedi saat boyunca reaktif 

güç desteği alınarak deneysel çalışmalar yapılmıştır. Sonuç olarak GES’nden alınan reaktif güç 

desteği sayesinde kompanzasyon yatırımlarının azalacağı vurgulanmıştır. 
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Reactive power compensation investments are made for energy production, transmission and 

distribution systems. Currently, electricity distribution companies invest in reactors, capacitors 

and magnetically controlled reactors for reactive power compensation. With these investments, 

transmission companies receive reactive power support from existing production plants within 

the scope of ancillary services. Nowadays, with the increase in distributed generation facilities 

such as solar power plants (SPPs) and wind power plants (WPP), the energy flow connected to 

the distribution grid has become bidirectional. In distributed generation facilities such as SPP 

and WPP, during hours when there is no production, the capacitive reactive originating from 

the conductors increases and the increase in production causes voltage rise in the region. In this 

study, the usability of SPPs for reactive power compensation was investigated in order to turn 

the disadvantages of distributed energy resources into advantages and to reduce compensation 

investment costs. For this purpose, necessary simulation studies were carried out to obtain 

reactive power support from a solar power plant connected to a transformer center in a 

electricity distribution region. Later, experimental studies were carried out by receiving reactive 

power support from the solar power plant in the region for seven hours. As a result, it has been 

emphasized that the reactive power support received from the solar power plant will reduce 

compensation investments. 
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INTRODUCTION 

The main task of electricity distribution companies is to transport the energy received from the 

transmission level to the end user in a quality and sustainable manner. At all voltage levels in the 

electrical power system, the voltage value must remain within the specified operating range. The 

increasing penetration of renewable energy sources and the increasing variability and subsequent 

uncertainty in the electrical grid cause various operational concerns. [1]. Distributed energy sources, by 

their nature, may cause voltage level distortions due to their inability to produce energy continuously 

due to their intermittent operation, and capacitive reactance increases due to the conductors going to the 

distributed source during periods when they are not producing. In order to operate electricity distribution 

grids more stable and securely, the concept of obtaining ancillary services from renewable energy 

sources connected to the distribution grid has become more popular with the increase in renewable 

energy potential. The trend of obtaining reactive power support from existing renewable energy sources 

is becoming increasingly widespread in the world. Obtaining ancillary services from generation plants 

connected to the distribution grid established for electricity generation will provide technical and 

economic benefits [2]. STATCOM applications are mostly due to the high cost of using power electronic 

components. In the future, low-cost reliable switches must be used to generate the required reactive 

power. STATCOM can be integrated into the grid to provide an adaptable reactive power source for 

loads. Inverters can be called STATCOM products from existing sources [3]. STATCOM is becoming 

increasingly popular among electrical engineers both at home and abroad due to its many features [4]. 

Inverters installed with distributed generation systems and rooftop solar systems can support ancillary 

services such as reactive power compensation, voltage regulation, flicker control, active power filtering 

and harmonic reduction [5-7]. Variable speed generators and wind turbines have the potential to add 

inertia to the grid, reduce power losses, provide voltage regulation of the system and assist in frequency 

control [8-10]. Therefore, in order to control the voltage to compensate for the effects of renewable 

power plants connected to the distribution grid with compensation investments, it is necessary to first 

use the reactive power features of inverter-controlled power plants and then check other options. 

Inverter-based power plants can respond very quickly to regulations in reactive power demands and 

disruptions in grid voltage [11]. However, while the reactive power support range from PV-based power 

plants is 5-10% within the power, it can be received at 100% at night [12]. During the night when there 

is no active power, DC-DC conversion is not used. However, an improved control scheme with an 

energy storage system can allow the inverter to operate in reactive power mode even without the PV 

panels harvesting solar energy. The inverter can then be programmed to operate as a VAR compensator 

to deliver only the required reactive power, which will then regulate the voltage at the load end [13].  

By controlling the reactive power, compensation investments made every year will be significantly 

reduced [14]. In addition, by controlling the voltage, technical losses will be reduced, and energy 

efficiency will be increased. In this way, grid security will be improved, and voltage limit, line capacity, 

WPP penetration, capacitor penetration will be increased [15]. While receiving reactive power support 

as a ancillary service from distributed generation plants, should care to take the necessary reactive power 

support on whichever feeder the need is. For example, when the transmission transformer requirement 

is capacitive reactive, this support should not be taken from a feeder with capacitive reactive load, and 

if care is taken to get it from the feeder with inductive load, feeder-based technical losses will be reduced. 

Likewise, changes in the reactive power control values of distributed generation sources will 

significantly increase the voltage quality and security of the grid [16]. Photovoltaic (PV) power plants 

are a key factor in their integration with the electricity distribution grid. PV plant is a special form of 

distributed energy resources that can affect the electrical distribution grid and substation. There is a wide 

variety of compensation products considering the way they deal with the reactive power problem. 

Inverters, which are among these compensation systems, can provide reactive power according to 
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demand as automatic control of the power factor [17]. In this study, simulation and experimental studies 

of obtaining reactive power from PV power plants were carried out by using inverters in PV power 

plants. Simulation studies show that the problems experienced with the commissioning of a biogas 

power plant in a selected transmission transformer center have been eliminated thanks to the reactive 

power support received from the solar power plant. Thus, when reactive power support is received from 

existing production plants, renewable energy penetration will increase even more. In addition, the most 

important difference of this study from other studies is that the technical losses between the existing 

methods and the reactive support from the inverter are given mathematically. 

MATERIALS AND METHODS 

Study Area 

According to Article 14 (Compensation of Reactive Energy) of the Electricity Grid Regulation, 

the ratio of the inductive reactive energy drawn from the system monthly to the active energy drawn 

from the system cannot exceed 20%, and the ratio of the capacitive reactive energy given to the system 

monthly to the active energy drawn from the system cannot exceed 15% [18]. Among the substations 

from which an electricity distribution company receives energy, a substation was selected whose 

reactive power was determined not to be within the limit values in the legislation. There are 2 similar 

100 MVA transformers in this substation and it is a region where seasonal consumption is intense and 

distributed generation resources are common. A biogas production plant with an installed power of 10 

MW was later added to a transformer in this substation. With the connection of this production plant 

from the distribution grid to the substation, the system’s reactive power ratio was increased and the need 

for reactive power compensation arose. 

A distribution grid receives energy from the substation connected to the transmission operator. 

Feeders at 31,5 kV voltage level coming from the transformers in this substation enter the distribution 

center entrance cell of the distribution company. Feeders leaving the distribution center either go to 

another distribution center or to a transformer to be transmitted to the end user. In this transformer, it is 

converted from 31,5 kV voltage level to 400 V voltage level and transmitted to electricity consumers. 

The single line diagram of the feeder coming out of the substation for the pilot region we chose in our 

study is shown in Figure 1. In this feeder, the transformer center reaches the Solar Power Plant building 

at the end of the 15-kilometer line. 

 

Figure 1  

Single line diagram of the supported solar power plant [19]. 

The power plant from which we will receive reactive power support has 6 solar power plants with 

a power of 1 MWp and a total installed power of 6 MWp. Each power plant has 3572 solar energy panels 

with a power of 335 Wp. Each power plant has a PVS800 model 1 MWp central type inverter from ABB 

and is suitable for receiving reactive support. When field type solar power plants in the distribution 

region are examined, 1250 kVA transformers and 1 MWp inverters with a total power are used in solar 

power plants with a typical installed power of 1 MWp. While solar power plants produce at full load; 
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Although the transformer power is sufficient to obtain reactive power control with a power factor of 

±0.8, inverter powers may be insufficient. Reactive power support ancillary service can be received from 

these types of solar power plants when they do not produce at full load. 

In order to receive reactive support from solar power plants, the active and reactive power flow 

in the grid must be effectively monitored and a communication infrastructure must be established. An 

uninterrupted and high-quality communication infrastructure will enable more flexible operation of 

distributed energy resources. Remote terminal unit (RTU) installations have been completed from field 

type SPPs in the electricity distribution region. Effective monitoring can be achieved by connecting the 

RTU installed in the field to the SCADA control center of electricity distribution company. Within the 

scope of the study, solar power inverters were manually controlled from the SCADA system according 

to the reactive power requirement in the substation on the feeder to which they were connected. 

Inverters 

One way to get maximum benefit from PV plants is to increase the functions performed by the 

inverter. In addition to the primary task of the inverter, conversion, it also performs multiple functions, 

including both reactive and real power control. The inverter works as a static compensator (STATCOM) 

device to generate reactive power to meet the demand generated from the loads and delivers active 

power to the grid. Inverters can provide reactive power according to demand by changing the power 

factor. Reactive power demand is provided according to the rule in the graph in Figure 2. In order to 

receive reactive power support from the inverter, if there is active production P in the production plant, 

reactive power support with the Qmax value according to the graph can be received. When a renewable 

source is not available, the inverter only acts as a reactive power compensator and provides improvement 

in power factor [20, 21]. 

 

Figure 2  

Active power- reactive power capacity table for PV power plant inverter [21]. 

The equivalent circuit of the grid-connected PV system in Figure 3 consists of a PV array with a 

capacitor connected in parallel with a diode as the main switch. The capacitor is connected to the power 

input of the inverter. The inverter output is connected to the grid through the RL filter. 

Analysis Program 

Within the scope of this study, the DigSilent program, which is a power systems analysis program, 

was used. Using the analysis program, the load was run on the distribution company feeder using the 

substation meter data and the approximation ratio of the results of the program was determined. 

According to the substation meter data and the power system analysis program, the substation in need 

of reactive power support was determined. The impact of renewable energy sources on this substation  
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Figure 3  

Grid-connected three-phase inverter PV system [22]. 

and the analysis of the reactive power support to be received from these sources are included under the 

experimental study title. 

RESULTS 

System Simulations 

System simulations of the feeders of the substation we chose for three cases were carried out with 

the DigSilent power systems analysis program. In the first two simulations, the reactive power needs of 

the system were analyzed before and after adding the biogas production facility, while in the third 

simulation, the reactive power need required for the transformer center to remain within the specified 

reactive power limits was analyzed after the biogas production facility was connected. In the 

simulations, data obtained from the real-time transformer center were used to analyze the data. Initially, 

the accuracy of these data was confirmed by comparing the transformer center values with the simulation 

results.  

Simulation 1: Current Situation 

In the first simulation, existing reactive power simulations were performed before connecting the 

biogas production facility to investigate whether the system needed reagents and whether it met the 

demands of electricity distribution company. According to the load profile data of the transmission 

transformer located in the distribution region, which we determined above, the load was run using the 

power systems analysis program (Figure 4). When the biogas production plant was not in operation, the 

reactive power ratio we saw in the transmission transformer load profile data was compared with the 

result of the power systems analysis program. As a result of the simulation, the active power absorbed 

in the transmission transformer is 12,03 MWp, while the capacitive reactive power appears to be 1,4 

MVAr. When the reactive power ratio of the transmission transformer is calculated according to 

Equation 1, it appears to be 11% capacitive reactive. Since it has a value lower than the 15% limit range, 

there is no need for an additional compensation investment, according to the regulation. 

𝑅𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝑃𝑜𝑤𝑒𝑟 𝑅𝑎𝑡𝑖𝑜 = tgδ =
Q

P
=

1,4

12,03
= 0,11  

(1) 

Simulation 2: Commissioning of the Biogas Production Plant 

In the second simulation, reactive power demands in the new situation were examined by 

performing reactive power simulations after the biogas production facility was included in the 

substation. The first simulation was repeated after a 10 MWp biogas production power plant was  
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Figure 4 

Substation analysis study when the biogas production facility is not in operation [19]. 

commissioned at the substation. When the biogas production plant comes into operation, according to 

the analysis results, it is understood that 2,09 MW active and 1,33 MVAr capacitive reactive power is 

drawn in the transmission transformer (Figure 5). When the reactive power ratio is calculated according 

to Equation 2, it is seen that the reactive power ratio is 64% when the generation plant comes into 

operation. This calculated value is above the 15% limit value within the scope of the regulation. 

𝑅𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝑃𝑜𝑤𝑒𝑟 𝑅𝑎𝑡𝑖𝑜 = 𝑡𝑔𝛿 =
𝑄

𝑃
=

1,33

2,09
= 0,64𝑉(𝑥) = 𝑥 ∗ (𝑙 − 2 ∗ 𝑥) ∗ (𝑤 − 2 ∗ 𝑥) (2) 

 

Figure 5 

Substation analysis study while the biogas production facility is in operation [19]. 

Simulation 3: Determination of Compensation Investment Needs 

When the load profile data was analyzed based on one-year data after the biogas production 

plant was put into operation (Figure 6), it was found that a 1,32 MVAr reactor investment was required 

to keep the capacitive reactive ratio within 15% limits. 
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Figure 6 

Determination of compensation investment need while the biogas production facility is in operation [19]. 

For the three simulation studies conducted above, the net active power drawn from the 

substitutions, the reactive power found in the substitutions, and the reactive power ratio in the grid are 

shown in Table 1. 

Table 1 

Summary ınformation of simulation studies. 

Simulation Explanation 

Net Active 

Power in 

Transformer 

(MW) 

Net Reactive 

Power in 

Transformer 

(MVAr) 

Reactive 

Power 

Ratio 

Simulation 1 Current Situation 12,03 1,4 0,11 

Simulation 2 
Commissioning of the biogas 

production plant 
2,09 1,33 0,64 

Simulation 3 
Determination of compensation 

investment needs  
2,05 0 0 

Implementation of Pilot Application 

After the preparations for the pilot application were completed, the pilot application was carried 

out between 16.01.2024 at 19:00 and 17.01.2024 at 02:00. Since there was no production after sunset 

on 15.01.2024 in the transformer, whose active power curve was the same the day before and the day 

after, it was observed that the capacitive reactive increase in the grid originating from the production 

plant conductor. After sunset at 19.00 on 16.01.2024, reactive power support started to be received from 

the SPP inverter. The support process ended at 02.00 on 17.01.2024. As soon as the support process was 

completed, the value that appeared inductive in the load profile suddenly turned out to be capacitive. In 

the pilot application, a total of 2,4 MVAr inductive reactive support was provided to the system, 400 

kVAr from each of the 6 inverters in the solar power plant site. 

Figure 7 shows the measured instantaneous power values of the transmission transformer. When 

Figure 7 is examined, active power decreases from 7,6 MW to 0,2 MW between 19.00 in the evening 

and 09.00 in the morning, the day before the pilot study. Likewise, in the transmission transformer data, 

the capacitive reactive power value reaches up to 1,8 MVAr. In the evening of the same transmission 
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transformer, between 19.00 and 02.00, when we receive reactive power support from inverters, the 

active power value decreases from 7,6 MW to 4,8 MW. However, since we receive reactive power 

support, the amount of reactive power drawn from the system does not increase in the capacitive 

direction as it did the previous day, on the contrary, it increases slightly in the reactive direction. Thus, 

the system, which had 1,8 MVAr capacitive reactive power the day before, goes in the opposite 

direction, and the transformer is loaded inductively, and approximately 0,4 MVAr inductive reactive 

power appears in the system. This 6-hour support shows that this support will be sufficient for a 6-month 

period in which the production-consumption trend of the transmission transformer will not change 

during the winter period. Finally, when inductive reactive power support from solar inverters is stopped, 

capacitive power is generated in the system again between 02.00 and 08.00. 

 

Figure 7 

Transmission transformer load profile (Change in Substation Meter Values as a Result of Inductive Reactive 

Support from Solar Inverter)[19]. 

In addition, according to the trend graph of an inverter at the time of receiving support, when a 

command was sent to receive 400 KVAr inductive reactive power support, the inverter responded in a 

very short time. According to the SCADA screenshot in Figure 8, the inverter provided continuous 

reactive power support. 

Cost Analysis: Meeting the Compensation Needs of Electricity Distribution Region in 2023 

from Solar Power Plants 

As a result of the analysis carried out in the distribution region of electricity distribution company, 

the compensation needs for the substations from which energy is received were determined. In line with 

these findings, it was revealed that 16 different substation reactors needed to be invested. Table 2 shows 

the power and investment costs of 25 reactor investments that need to be made for these 16 different 

substations. A total of 65,6 MVAr reactor power and a cost of $1.890.223 is needed for 25 reactor 

investments. The solar power plants located on the feeders connected to the substations in this region 

have a total production capacity of 1054,73 MW. In addition, the required reactor power value for each 
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Figure 8 

Trend of receiving reactive power support of an inverter. 

feeder is less than the reactor power we can get from the solar power plant connected to the relevant 

feeder. Therefore, all of the reactor power required for each transformer can be provided by solar power 

plants. In this case, the $1.9 million cost benefit required for the reactor investment can be achieved 

when reactive support is received from the solar power plant instead of the compensation systems that 

need to be installed only for 2023. 

Table 2 

Compensation investment needs for the electricity distribution region in 2023 and installed plants connected to 

relevant transformers. 

Substation 
Shunt Reactor 

(MVAr) 

Investment 

Cost 

Solar Power Plant Installed Power Connected to The 

Electricity Distribution Grid (MW) 

TM 1- TRA 2,4  $ 75.351  
15,34 

TM 1- TRB 1,8  $ 69.527  

TM 2- TRA 3,6  $ 69.368  

55,38 TM 2- TRA 2,4  $ 72.158  

TM 2- TRB 1,8  $ 69.527  

TM 3- TRA 3,6  $ 98.672  89,78 

TM 4- TRA 1,8  $ 69.527  53,11 

TM 5- TRA 2,4  $ 75.351  61,7 

TM 6- TRA 1,8  $ 71.742  
88,79 

TM 6- TRB 1,8  $ 71.742  

TM 7- TRA 3,6  $ 88.302  
67,34 

TM 7- TRB 2,4  $ 75.351  

TM 8- TRA 2,4  $ 69.731  
75,84 

TM 8- TRB 2,4  $ 75.351  

TM 9- TRA 2,4  $ 51.451  
134,33 

TM 9- TRB 2,4  $ 75.351  

TM 10- TRA 3,6  $ 51.451  
73,15 

TM 10- TRB 2,4  $ 75.351  

TM 11- TRA 5  $ 105.692  38,95 

TM 12- TRA 2,4  $ 75.799  59,05 

TM 13- TRA 2,4  $ 76.174  101,85 

TM 14- TRA 2,4  $ 93.268  
79,5 

TM 14- TRB 2,4  $ 75.351  

TM 15- TRA 2,4  $ 64.103  14,35 

TM 16- TRA 3,6  $ 94.535  46,3 

TOTAL 65,6  $ 1.890.223  1054,73 
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Technical Loss Analysis: Meeting the Compensation Need of Electricity Distribution 

Region in 2023 from Solar Power Plants Technical Loss Analysis 

Within the scope of this study, the effects of receiving reactive power support from solar power 

plants and making reactor investments on the grid were examined and compared. Using the meter data 

on the inlet side of the reactor connected to the grid and the index values in the meter data at the reactor 

exit, the technical loss rate was calculated as 5,35%. Likewise, when reactive support is received from 

the solar power inverter, the technical loss rate calculated using the values taken while the inverter is on 

and the values taken when the inverter is off, in line with the values taken from the technical quality 

recorder data, is 2,65%. 

The average consumptions for these two applications, when 2400 kVAr reactive power support 

is received from both the reactor and the solar power inverter, are as in Table 3. For both supports, 

according to 8760 hours of data, a technical loss cost of approximately 8,5 million TL arises (calculation 

was made by taking 2023 electricity generation company and market average: 1097 ₺/MWh). 

Table 3 

Lost Energy Cost in 2023. 

Active Power 

(MW) 

Loss Rate 

Difference Between 

Reactor and Solar 

Inverter 

Lost Power (MW) 
8760 Hours of Lost 

Energy (MWh) 

Lost Energy Cost 

in 2023 (₺) 

35,28 2,50% 0,882 7726,32 ₺8.475.773 

According to this technical loss study conducted for only a single transmission transformer, a total 

technical loss cost of 8,5 million ₺ occurs in a year. When this is done in the compensation systems 

connected to all transformers in the substations in our country, the costs resulting from technical losses 

will be much higher. 

DISCUSSION AND CONCLUSIONS  

The problem caused by the increase in capacitive reactivity as a result of the introduction of 

renewable energy sources was solved by obtaining inductive support from a solar power plant connected 

to the same substation. As can be seen from the performance expected from SPPs, reactive power 

support is a well-known method to ensure voltage regulation and most of the new generation vehicles 

based on power electronics are well suited for this purpose. For this reason, it has been proven to benefit 

from the reactive capacities of solar power inverters as well as reactive power compensation investments 

to ensure reactive power flow limits. Electricity distribution companies make compensation investments 

in order to avoid substation-based reactive penalties. These investments are made not on a feeder basis, 

but only to keep the substation’s reactive power within its limits. For example, a substation needs 

inductive reactive power support. If this need is supplied by an inductively loaded feeder, it will cause 

an increase in technical loss. The substation may be kept within the limit values, but feeder-based losses 

will increase. However, if this is done by taking solar power plants, technical losses can be further 

reduced by providing both transformer-based and feeder-based compensation. 

With the reactive power support that can be provided from renewable energy sources, especially 

inverter-controlled facilities, which have recently increased in electricity distribution company, the grid 

voltage will be effectively controlled in the +/- direction, and the compensation investments made every 

year will be significantly reduced. Operational problems encountered as a result of the increase in 

distributed generation resources will be reduced and renewable energy integration will increase. In 

addition, another important result of effectively controlling the voltage profile is that it has been proven 

that it will enable the optimization of technical losses, and help increase grid efficiency, according to 

the comparison of reactive support received from the reactor and solar power inverter. Finally, in the 
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current situation, compensation facilities are connected to a feeder of the substation. Electricity 

distribution companies only make compensation investments to avoid reactive penalties. For example, 

let's assume that a substation needs an inductive reagent. In this case, inductive support is received from 

the reactor connected to a feeder. But perhaps the feeder connected to the reactor is inductively loaded. 

In order to remain at the reactive limit value, the substation receives inductive support from the 

inductively loaded feeder, causing technical losses to increase even more. When reactive support from 

generation plants connected to the distribution grid becomes widespread, these will be analyzed on a 

feeder basis, so the substation will remain within the reactive limit range, and technical loss optimization 

will be made by receiving support from the relevant feeder according to the reactive needs of the 

substation feeder outputs. 
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