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Keywords Abstract

MATLAB-Simulink, A grid-connected power system's performance depends on the produced
PV Systems, energy's power quality and power coefficient. The higher the power
STATCOM, quality of the energy transferred to the grid, the more critical it is for power
Reactive Power Compensation, plants, energy distribution systems and end-users. This study investigated
Power Plant. the optimisation possibilities obtained by applying STATCOM (Static VAR

Compensation) for a 1 MW PV-based Solar Power Plant (PV-SPP) in the
Mugla-Tiirkiye province. First, the data of components such as the inverter
and PV panel that make up the plant were obtained, and the raw MATLAB-
Simulink modelling of the plant was carried out. System performance
outputs were obtained by adding STATCOM modelling to the obtained
modelling. The scientific results of the optimisation would be obtained if
this technique was applied to the existing power plant. Since STATCOM
also performs the RPC (Reactive Power Compensation) process, itis an up-
to-date and effective technique that improves system energy power
quality. According to the simulation results, this system with STATCOM
draws 24,043% and 11,671% less reactive power and current than the
non-STATCOM system.

YATAGAN-MUGLA TURKIYE’ DE KURULU OLAN 1 MW SEBEKE BAGLANTILI BiR PV
GUC SANTRALINDE MATLAB-SIMULINK PORTALINDA STATCOM YOLUYLA
PERFORMANS iYILESTIRILMESI

Anahtar Kelimeler 0z

MATLAB-Simulink, Sebekeye bagli bir gii¢c sisteminin performansi, iiretilen enerjinin gii¢ kalitesine
PV-GES, ve gli¢ katsayisina baghdir. Sebekeye aktarilan enerjinin gii¢ kalitesi ne kadar
STATCOM, yuksekse santraller, enerji dagitim sistemleri ve son kullanicilar icin o kadar
Reaktif Gii¢ kritiktir. Bu ¢alisma, Mugla-Tiirkiye ilinde bulunan 1 MW'lik bir PV tabanli Glines
Kompanzasyonu, Enerjisi Santrali (PV-GES) i¢cin STATCOM (Statik VAR Kompanzasyonu)
PV Sistemler. uygulanarak elde edilen optimizasyon olanaklarini arastirmistir. Oncelikle tesisi

olusturan inverter ve PV panel gibi bilesenlerin verileri elde edilmis ve tesisin
ham MATLAB-Simulink modellemesi gergeklestirilmistir. Elde edilen
modellemeye STATCOM modellemesi eklenerek sistem performans ¢iktilari elde
edilmistir. Optimizasyonun bilimsel sonuglari, bu teknigin mevcut santrale
uygulanmasi durumunda elde edilecektir. STATCOM, RPC (Reaktif Giig
Kompanzasyonu) islemini de icerdiginden, sistem enerji gii¢ kalitesini iyilestiren
glincel ve etkili bir tekniktir. Simiilasyon sonuclarina gére, STATCOM uygulanmis
sistem, Onceki sisteme gore %24,043 daha az reaktif giic ve %11,671 daha az
akim cekmektedir.
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Highlights

e Inthe study, the improvement in the quality of the energy produced in a PV system was simulated.
o The work carried out is an efficiency-enhancing method for grid-connected PV plants at present.
e STATCOM technique brings advantages not only for PV power plants but also for end users.
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Figure. Active/ reactive power waveform (a) without and (b) with STATCOM

Purpose and Scope

The main purpose of this study is to develop a performance-enhancing technique for transferring the energy
produced in a grid-connected PV system to end users in a quality way through the STATCOM application.

Design/methodology/approach

MATLAB-Simulink, which is an effective simulation-modelling tool to achieve the purpose of the study. used.
While developing the basic mathematical model on which the method is based, the structural single-line diagram

* Corresponding author: altankalay@mu.edu.tr, 0-252-2115145
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of a PV power plant and the connected energy transmission line is based. The evaluation was made over AC
power equations and vector diagrams, and the model was completed with STATCOM equations.

Findings
From the point reached with the survey, improvements and improvements have been achieved in the parameters
that determine the power quality of the energy obtained from the power system.

Originality

In general, studies on STATCOM applications are handled on transmission and distribution systems, but a
technique that will not only improve the quality of energy produced in a grid-connected PV plant but also bring
improvement in terms of energy transmission and distribution lines is discussed in this study. The study aims to
help researchers who carry out optimization activities in power plants and energy systems.

1. Introduction

Global warming threatens the sensitive ecosystems of our world and quickly destroys or damages many
natural life forms. One of the most fundamental factors that cause global warming is the fossil fuel-based
energy conversion processes that have emerged globally, causing the assumption of greenhouse gases. About
80% of the energy consumed to date is derived from non-renewable energy sources, e.g., fossil fuels (Tobnaghi,
2016). Greenhouse gases and pollutants increase when fossil fuels are converted into electricity or heat.
Therefore, the atmosphere is damaged. This situation emerges as the most decisive factor affecting the
ecosystem negatively. Due to the gradual depletion of fossil fuels, the need for electrical energy has increased
globally. Renewable energy technology has emerged as an effective and appropriate solution to the energy
crisis due to its environmentally friendly, green, and pollution-free features, due to both the global pollution
and negative environmental impact caused by the energy conversion processes in fossil fuels and the decrease
in fossil fuel reserves. PV energy has started to be preferred more among other energy sources due to its
inexhaustibility in terms of its energy source and its positive environmental effects. (Priyadarshi etc., 2017).
Photovoltaic energy production is widespread as a clean energy source globally, and environmental factors
such as working in various environments and solar radiation are critical working parameters for PV systems.
Module temperature seriously affects the production performance of systems (Nishioka etc., 2003).

A PV system can operate in different solar radiation and temperature conditions, and its operating
performance is directly affected by these factors. (Kameda etc, 1996; Sewang etc. 1994; Hishikawa etc., 1994.).
Suppose the PV system is designed as a power plant; power quality, energy transmission efficiency, and the
parameters given above affect the total system performance. Some up-to-date techniques have been
developed as performance-enhancing optimisation methods for these designs. In general, these techniques
are compensation and STATCOM applications, including the RPC process. Unlike manual-mechanical
controlled transmission systems, facts devices used in power systems can overcome instantaneous electrical
stresses. Industrial development increases the need and demand for such devices in power plants and
transmission systems. As energy and power transfer becomes widespread, the use of power electronic
elements for system stability and reliability increases, for this reason, generally energy control in PV systems
is provided by power electronic converters (isen etc., 2021).

When examined on the scale of Turkey, the biggest problem of distribution systems is the inability to provide
uninterrupted energy to the consumer (Giiner etc., 2022). PV-SPPs with STATCOM application can help to
reduce these problems.

Harmonic resonances and reactive transmission problems are the leading factors affecting the power quality
of PV-SPPs. Such problems directly affect the generation and transmission capacity of the power system (Guo
etc., 2020). Studies and developments in this area have gained much more critical attention in increasing the
efficiency of compensators' grid and power systems (Dixon etc., 2005). Utilising this study, in the case of
applying STATCOM to a PV-SPP installed in the MUGLA-Yatagan locality, the arrangements obtained in the
current-voltage characteristics have been reached. A decrease in current and reactive power values has been
achieved, increasing system efficiency.
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1.1.STATCOM

The RPC process is defined as controlling the active and reactive power values by interfering with the system's
power factor. This way, it is carried out to increase the performance of ac power systems. Reactive power
consumes transmission capacity and reduces system efficiency significantly, increasing energy generation and
transmission costs. The RPC process generally takes place in two dimensions: load compensation and voltage
regulation. With the control of the system power factor, the load compensation is carried out, and the system
voltage and current regulation are also realised similarly. The control of harmonics created by large non-linear
industrial loads is an important and necessary process. (Wanner etc., 2022; Bonnard 1985).

One of the critical applications that provide stability and dynamic character regarding power transmission,
which is one of the essential processes of AC transmission systems, is; STATCOM. A STATCOM consists of
complex control systems and IGBTs to dynamically control reactive power, continuously regulating voltage on
the transmission line. A STATCOM generally consists of an IGBT voltage-source converter, series-connected
phase reactors, and a step-up power transformer.
Key advantages of this process;

e Boost transmission network stability and reliability

e Connect into transmission systems between generation and end-users

e Providing reactive power to electric transmission systems

STATCOM devices occupy an important position in terms of new-generation power systems. A STATCOM
design is generally implemented as a DC-AC voltage converter developed with a capacitor unit. Together with
a transformer, this unit performs control as a Synchronous Voltage Source (SVS) on a dynamic basis. In the
STATCOM way and the phase controls of the voltages, the capacitive-inductive current control in the line is
realised more quickly (Qingguang etc., 2004). Each STATCOM unit can be considered a DC-AC voltage source.
In these systems, capacitor groups are used as the main energy source. Using step-up transformers, the energy
obtained from these units is increased to the required voltage values for transmission lines and end users and
transferred to the network. In this respect, STATCOM systems also have an SVS feature. STATCOM controls
the voltage at the line terminal by controlling the amount of reactive power the power system needs or needs
to transfer according to its demand. RPC is performed via the VSC connected to the secondary side of a step-
up transformer given to the system or the amount of active power it receives. On the other hand, in relation to
other previous studies in this field; some methods and algorithms suggested in parallel with the theory of the
study are given in Table 1 (Montoya etc.2019; Liu etc., 2020; Osman etc., 2004).

Table 1. Proposed methods associated with the study

SYMBOL | YEARS | AUTHORS ALGORITHM
Francisco .
GA 2019 | G. Montoya Geometric algebra

Muvan Neutral Time-Delay

NTDS | 2020 |.-Y3"&  |gystem
Liu, etc.
Muvan Particle swarm

PSO 2020 uyang optimisation
Liu, etc.
glsi.an and The discrete wavelet

DWT 2004 0. P. Malik transforms

2. Material and Method

The PV power plant, the basis for the operation, consists of 22 serials-connected BOVIET branded panels
with the product code SOLAR-BVM6610P-270, 16 lines comprised of 12, 22 serially connected panels 1 line
composed of 8 parallel strings. It consists of a total of 17 inverter-connected lines (Figure 1,2). In addition,
the technical specifications of the inverter and PV panels, which form the basis of the PV-SPP system, are
given in Tables 2 and 3.
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Figure 1. Reviewed PV-S

Table 2. PV panels features of the system

Number of Cells 60 Voc 38,3V
STC Power 270 W NOTC 45°C
Imp 8,71 A Max. Syst. Voltage 1000V
Vwvp 31V Number of Panels 4400
Isc 9,16 A

Table 3 Inverter Features of the System
DC Side-Voltage 720V Total Output Power 1,1 MW

DC Side-Power 61,8 kW Total Output Current 1,6 KA
AC Grid Voltage 380-570V Total Output Voltage 682V
AC Side-Power 71 kW

Number of Inv. 17
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Figure 2. Single-line diagram of PV Strings
2.1.Simulink Modeling of the Studied System

Simulink modelling of the considered system was created based on mathematical models at this study stage.
To design Simulink modelling more compact, 16 of 17 sequences with the same parameter values were
brought together under a sub-mask. The high-power quality of PV-SPP will increase the efficiency of
transmission lines and power systems. It will also get an overall economic benefit by reducing the power
values of the components used in transmission lines and production systems. On the other hand, one of the
up-to-date and effective techniques to improve power quality in power distribution systems and transmission
lines is the STATCOM application. With this application, the distortions (for example, harmonics) occurring in
the available waveforms of energy parameters, such as current and voltage transferred to end-users, are
brought to an arrangement. At the same time, an increase in the power quality of the energy produced is
achieved by performing RPC. The Simulink modelling of this arrangement is given in Every STATCOM module
consisting of six IGBT sub-module, a DC capacitor and a control unit. At the same time, Simulink modelling of
transmission-distribution grid sections containing distribution lines and end-users was performed and
gathered under the sub-system (Figure 3). The single-line diagram, which is the basis for modelling the
optimised PV-SPP system, is given in Figure 4.
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2.2.Mathematical Model

The phase angle between current and voltage in the RPC process is also reduced, reducing total apparent
power. Vector diagrams of this process can be seen in figure 5.

119



KALAY et. al. 10.21923/jesd. 1168233

b

Figure 5. AC Powers vector diagram pre & post RPC

Parameter values in Figure 5 are calculated with the equations given below;
S1 =+ (PF+QP) 1
So =(PF + QL) (2)

P, =+3.u.i.cos ¢ 3)
P, =+3.u.i'.cos ¢’ (4)
Qc = Pra-(tgp —tg ') (5)

The meanings of the symbols in the formulas are as follows; Pj;, Pz Active power post-and-pre-RPC, 4Q;
Capacitor capacity for compensation process, Q1, Q; reactive power without and with RPC, S1, Sz; apparent
power without and with RPC, i —i’; current post-and-pre-RPC, ¢ — ¢'; phase angle post-and-pre-RPC, u;
system voltage (Kalay etc., 2021).

The phase difference between the busbar voltage and the converter's output voltage. It is written as Where Vo
is the busbar voltage, V is the converter's output voltage, X is the link transformer’s voltage, leakage reactance,
and 6 is the connected state of STATCOM (Coteli, 2007) (Figure 6). A is the angle of V concerning V. Since ¢ is

very small, if we set 6=0, if V,, is higher than V, Q flows from Vy to V (i.e., STATCOM absorbs reactive power).
Conversely, if Vo is lower than V Q flows from Vto V| (i.e, STATCOM is generating reactive power), (Wen-Hao
etc., 2010).

P="%sins (5)
X
Q ="2(V, —V.cos &) (6)
P=0;

o=V

Q=W X (7)
’

() g o

P,Q
| Voltage
Va v Source pr— %
3 X Converter

Figure 6. Operating Principle of the STATCOM.
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3. Simulation Results

This section analyses the performance parameters obtained before and after the STATCOM simulation. First,
the characteristic curves of the PV power system, which are essential to analyse the system as an energy
source, are obtained. Performance simulations were carried out in two different situations for the PV-SPP,
each sub-array consisting of 22 series-connected PV panels with 12 parallel strings. At first, current and power
values are under three different radiation values. Accordingly, 1 kW/m2 value PV-SPP produces the highest
power and current values. The data and graphics of this analysis are given in Figures 7-a, b and Table 4.

Array type: Boviet Solar Technology Co._ Ltd. BVM&6610M-270;
22 series modules; 12 parallel strings
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Figure 7. Current-voltage (a), power-voltage(b) graphs under different irradiance condition
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This time, the exact process was carried out in varying temperature conditions. Figures 8-a, b and Table 4
show performance graphics and value outputs for different operating temperatures. According to this
simulation result, with its 25 °C operational performance, PV-SPP strings produce the most effective operating
current, voltage and power.

The optimisation realised in the system is concretely demonstrated. The current, voltage, active and reactive
power characteristics that emerge from transferring the system to the load are handled before and after the
STATCOM process. For example, although the AC voltage transferred from the system experienced some
distortions (harmonics, flickers, etc.) during its transfer to the load, it turned into a voltage characteristic with
a smoother waveform after STATCOM (Figure 9,10). After the voltage analysis, the PV-SPP transfers the
current under load supply conditions; likewise, analysed under STATCOM pre-and post-conditions. The
distortions in the current waveform are transformed to the approximated pure-sine format when post-
STATCOM. This situation is seen in Figures 11 and 12. As a result of the RPC process, another function of the
application, reactive power control, was also carried out. As shown in Table 4 and the current-carrying
capacity has been increased with STATCOM applied to the PV-SPP output at operating conditions of 1 kW/m?2
and 25 °C, which are the most effective systems input parameters. As a result of RPC, the active power obtained
at the output did not change, but a decrease was achieved in the reactive power and total load current (Figure
13). In addition, the current and voltage values, whose waveforms are given in Figures 9-12, were obtained
through scopes connected to the PV-SPP step-up transformer output seen in Figure 3.

Table 4. Performance Results for PV String under different conditions.

Temperature
(Irradiance 1 kW/m?) Voltage V Current A Power kW
65 °C 581,455 103,811 60,362
45°C 635,68 103,515 65,802
25°C 690,8 103,2 71,291
Irradiance
(Temperature 25 °C) Voltage V CurrentA  Power kW
1 kW/m? 690,8 103,2 71,291
0,5 kW/m? 693,828 51,08 35,844
0,1 kW/m? 663,551 9,433 0,687
1000 - B
500 - B
£
S
§ 1}
$
-500 |- 1]
-1000 -
1] D.IUS 0:1 0.15 0.2 D.I25 03

time-sec
Figure 9. Pre-STATCOM system voltage waveform and values
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Figure 13. Active/ reactive power waveform (a) without and (b) with STATCOM

As aresult of the Simulink simulation, the reactive power, active power and load current values of the
system before and after the STATCOM application are given in Table-5.

Table 5. Simulation results values pre/post STATCOM

. Current- Active Power-
Reactive Power-kVAR KA MW
Pre-
STATCOM 782,45 1,645 1,125
Post-
STATCOM 594,32 1,453 1,117

4. Result and Discussion

With the use of energy and the gradual decrease in energy reserves of traditional energy sources, renewable
energy sources centred energy production has increased. Recent developments and the gaining of a more
complex character of most users' load profiles reveal the necessity of improving the quality of the energy
produced and transferred to the consumers. In this respect, the STATCOM application, also discussed in this
study, significantly increases the power quality of the energy obtained from power systems. From the point
reached with the survey, improvements and improvements have been achieved in the parameters that
determine the power quality of the energy obtained from the power system. For example, if values such as
current and voltage are transferred to loads and networks that cause possible harmonic and distortion,
distortions in waveforms are reduced by STATCOM. RPC application provided a correction in the power
coefficient and a decrease in the reactive power value. In addition to the improvement in the load current
waveform, its value has also been reduced. In this way, an increase in the current-carrying capacity of the
system was obtained, although the active power value did not change. The result is continuously regulating
voltage and current on the transmission line, much more significant amounts of real power, preventing under-
voltage or loss of power. This situation can be seen analytically, especially in Figures 10,12 and 13. 11,671%
decrease in system current and a 24,043% decrease in system reactive power increased total system
efficiency. The numerical data of this can be seen in Table 5.

Harmonic analyses of the output waveforms can be performed by expanding the study further, thus obtaining
more mathematical expressions of the optimisation. Real-time operating parameter values of the plant can be
added to the study. The manufactured sub-unit of the modelled STATCOM can be added to the power system,
and the experimental content can be added to the survey.

Conflict of Interest

No conflict of interest was declared by the authors.

124



KALAY et. al. 10.21923/jesd.1168233

References

Tobnaghi D.M., 2016, A Review on impacts of Grid-connected PV system on Distribution Networks. International Journal of
Electrical and Computer Engineering 10(1): 137-152.

Priyadarshi N., Anand A, Sharma A., Azam F., Singh V., Sinha R, 2017, "An experimental implementation and testing of GA based
maximum power point tracking for PV system under varying ambient conditions using dSPACE DS 1104
controller." International Journal of Renewable Energy Research (IJRER) 7.1, pp. 255-265.

Nishioka K., Hatayama T., Uraoka Y., Fuyuki T. Hagihara R, Watanabe M., 2003, Field-test analysis of PV system output
characteristics focusing on module temperature. Solar Energy Materials and Solar Cells; 75(3-4): 665-671.

Kameda M,, Sakai S., Isomura M., Sayama K., Hishikawa Y., Matsumi S., Haku H., Wakisaka K., Tanaka M., Kiyama S., Tsuda S,
Nakano S., 1996, "Efficiency evaluation of a-Si and c-Si solar cells for outdoor use,” Conference Record of the Twenty-Fifth
IEEE Photovoltaic Specialists Conference-pp. 1049-1052. DOI: 10.1109/PVSC.1996.564310.

Sewang Y. and Garboushian V., 1994; Reduced temperature dependence of high-concentration photovoltaic solar cell open-
circuit voltage (Voc) at high concentration levels. In: Proceedings of 1994 IEEE 1st World Conference on Photovoltaic
Energy Conversion - WCPEC (A Joint Conference of PVSC, PVSEC and PSEC); IEEE: pp.1500-1504.

Hishikawa Y., Okamoto S., 1994, Dependence of the I-V characteristics of amorphous silicon solar cells on illumination intensity
and temperature Sol. Energy Sol. Cells ,33: 157-168.

isen, E. & Koghan, 0. (2021). ENERGY MANAGEMENT FOR PV/BATTERY STANDALONE PHOTOVOLTAIC SYSTEM. Miithendislik
Bilimleri ve Tasarim Dergisi, 9 (2) , 414-424 . DOI: 10.21923 /jesd.904233

Giiner, S. & Yazic,, S. (2022). BIR GUNES ENER]i SISTEMININ DAGITIM SISTEMI GUVENILIRLIGINE ETKILERININ
INCELENMESI. Miihendislik Bilimleri ve Tasarim Dergisi, 10 (2), 538-549. DOI: 10.21923/jesd.1012690

Guo K, Cui L, Mao M., Zhou L., Zhang Q., An Improved Gray Wolf Optimizer MPPT Algorithm for PV System with BFBIC
Converter Under Partial Shading. IEEE Access 2020; 8: 103476-103490. DOI: 10.1109/ACCESS.2020.2999311.

Dixon ., Moran L., Rodriguez J., Domke R., Reactive Power Compensation Technologies: State-of-the-Art Review. In Proceedings
of the IEEE 2005: 93(12): 2144-2164. doi:10.1109/JPROC.2005.859937.

Wanner R., Mathys and M. Hausler.,2022, Compensation systems for industry. Brown Boveri Rev.; 70: 330-340.

Bonnard G., 1985, The problems posed by the electrical power supply to industrial installations., Proc. IEE Part B; 132: 335-
340.

Kalay A, Ulgen K, Agcal A., 2021, Reactive Power Compensation Based Optimisation of Micro-Scale Stand-Alone Photovoltaic
Systems. Mugla Journal of Science and Technology; 7(1): 25-35. DOI: 10.22531/muglajsci.824451

Kalay A., 2021, Optimisation of a Stand-Alone PV System Feeding a 1 kW Value Asynchronous Motor by Digital Compensation
Way, PhD Thesis, Ege University, izmir, Turkey.

Qingguang Y., Pei L., Wenhua L., Xiaorong X., 2004, Overview of STATCOM technologies. IEEE International Conference on
Electric Utility Deregulation, Restructuring and Power Technologies. Proceedings; 2004: IEEE, pp.647-652.

Montoya, F. G. (2019). Geometric algebra in nonsinusoidal power systems: a case of study for passive
compensation. Symmetry, 11(10), 1287.

Liu, M,, Dassios, I, Tzounas, G., & Milano, F. (2020). Model-independent derivative control delay compensation methods for
power systems. Energies, 13(2), 342.

Osman, A. H,, & Malik, O. P. (2004). Protection of parallel transmission lines using wavelet transform. I[EEE Transactions on
power delivery, 19(1), 49-55.

Coteli R, Aydogmus Z., 2007, DGM-Statcom ile Reaktif Giic Kompanzasyonu. Politeknik Dergisi; 10(2): 123-128.

Wen-Hao Z., Lee S]., Choi MS., 2010, Setting considerations of distance relay for a transmission line with STATCOM. Journal of
Electrical Engineering and Technology; 5(4): 522-529.

125



