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ABSTRACT

The generation of photovoltaic (PV) solar energy is increasing continuously because it is renewable, unlimited,
and clean energy. In the past, generation systems depended on non-renewable sources such as oil, coal, and gas.
Therefore, this paper assesses the performance of a 51 kW PV solar power plant connected to a low-voltage grid to
feed an administrative building in the 6th of October City, Egypt. The performance analysis of the considered grid-
connected PV system is carried out using power system simulator for Engineering (PSS/E) software. Where the
PSS/E program, monitors and uses the power analyzer that displays the parameters and measures some parameters
such as current, voltage, total power, power factor, frequency, and current and voltage harmonics, the used inverter
from the type of grid inverter for the considered system. The results conclude that when the maximum solar
radiation is reached, the maximum current can be obtained from the solar panels, thus obtaining the maximum
power and power factor. Decreasing total voltage harmonic distortion, a current harmonic distortion within
permissible limits using active harmonic distortion because this type is fast in processing up to 300 microseconds.
The connection between solar stations and the national grid makes the system more efficient.
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1 Introduction

The importance of renewable energy sources (RESs) is increasing every day because of their clean
sources, not polluting emissions where solar and wind energy dominate the new power generation
plants, as they have become a reality in the whole world. Due to the impact of weather conditions
on renewable power generation, there would be high fluctuations in modern power systems [1]. Solar
energy is sustainable and renewable, meaning that it does not run out, as it is a natural source of the
sun. It can be used in remote locations that are not connected by electric cables. They are used to
meet the electricity needs of satellites. It is the best way to get electric power in the mountains, deserts,
and open seas. Grid-connected solar systems are considered a new investment by selling solar energy
to electricity distribution companies during the daytime. The use of solar energy as an alternative
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to fuel is constantly increasing and the most appropriate applications used to benefit from solar
energy come through the installation of a system connected to the national grid without the need
for energy storage batteries because the system works to pump electricity during the day [2]. The low
cost of photovoltaic (PV) production as well as various incentive rules introduced by governments,
such as net metering, solar credits, and feed-in tariffs, are the reasons for the rapid growth of the
PV sector and the increasing application of solar energy [3]. The stability of the power system results
from the network maintaining a constant value of voltage and frequency to ensure the generation,
transmission, and distribution of electrical energy to consumers in a way that ensures the work of the
devices connected to the network. There are also specific supply voltages, so the electrical network
must maintain its value of 220, and 110 V. The power system maintains stability by balancing the
power generated with consumption through continuous review and control of the grid. The increase
in the energy demand results in a decrease in the grid frequency unless it is matched by an increase
in the generated power, which returns the frequency value to its nominal value. Five conditions must
be met before the synchronization process between the solar power plants and the electric grid takes
place. The solar power generation source must have equal line voltage, frequency, phase sequence,
phase angle, and waveform to that of the electric grid to which it is being synchronized [4].

The optimization of the grid-connected PV system method is based on more utilization of the array
output power and less electrical power sold to the grid [5]. A comparative study between three different
configurations (i.e., power system, stand-alone, PV-interconnected power system with battery energy
storage system (BESS)) to be installed in the Zafarana site to feed the load needed to minimize buying
energy from the national grid [6]. The best performance of grid-connected PV systems was studied
using a list of commercially valid system devices. The analysis depends on selecting a PV module,
an optimal number of modules, and the type of module installation, to achieve more benefit during
the operational lifetime [7]. The PV systems can be classified according to connected PV systems as
follows.

1.1 Off-Grid System

An off-grid system is completely far from the electricity grid and there is no alternative source
of energy. The solar system must be relied 100% upon to provide all electricity needs. The plant is
designed based on ensure all the needs for electricity throughout all seasons and days of the year. It
is recommended to make this system in use where it is possible to dispense with part of the electrical
energy during long periods of bad weather. Since there is no support from the network. The best solar
system in caravans, camps, and street lighting. The angle of inclination of solar panels is implemented
based on achieving the best balance between production and consumption in winter and summer.
When designing the system, all the following information must be available: electrical loads (devices
and their number), the number of hours of use for each load separately, the Timing of use loads (day
or night), geographical location of the project.

1.2 On-Grid System

On-grid solar systems generate electricity only when connected to the government electricity grid.
The inverter in this system is automatically disconnected when the power is cut off. The station is
connected to the electricity network and the surplus energy generated from PV cells is sold to the
national electricity distribution companies under long-term contracts. It does not unite batteries with
a relatively short life span, and this reduces plant costs and operating expenses compared to the
standalone or hybrid plant.
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1.3 Hybrid Grid System

Hybrid stations are generally defined as the sharing of two or more different sources of generation
(or storage) of electrical energy to provide electrical power to the load. It can be a mixture of both
traditional and renewable sources or only renewable. It is characterized by its ability to provide
electricity through the panels directly in addition to the current of the national grid or from a
backup generator running by diesel or wind energy. The design is based on providing part of the
need for electricity by solar energy, not all of the consumption. If the energy generated from the
panels is not enough to supply the loads and batteries at peak times, the system will automatically
recharge the batteries from the grid or generator. All the energy generated from the cells is used first,
then any shortfall in the electricity of the national grid is added, but if there is a power outage, it
provides alternative energy through batteries connected to it with different storage capacities that
are determined based on the customer’s desire. Hybrid substations have a Hybrid inverter with the
following outputs: Solar power source: DC input from panels, Alternative power source: 220-volt AC
input or 380 volts (3 phase) coming from the electrical network. Additional alternate source: Some
models have a 60 Hz input, coming from the diesel generator, The exit goes to the battery bank and
220 V AC or 380 V (3 phase) output for home use.

2 Literature Review

Solar power plants are starting in connection to the national electricity grid. Thanks to the
Egyptian government’s issuance of Resolution No. 1947 of 2014 on the tariff of renewable energy,
individuals in homes and companies are allowed to generate solar energy and sell it to electricity
distribution companies at a distinct and fixed price for 25 years. In a grid-connected three-phase PV
system, a boost converter with maximum power point tracking (MPPT) is used to get the maximum
amount that can be obtained from the sun and transmitted to the grid. The inverter is responsible for
converting direct current to alternating current, and it is one of the most important components of
the solar plant, which is responsible for controlling the flow of electric current before it is injected
into the network. Therefore, a voltage source transformer (VSI) is used [8]. The MPPT is used to
control the inverter due to instantaneous changes in solar radiation and temperature [9]. Limited power
point tracking (LPPT) is used in certain cases when there is a large surplus in power generation and
consumption is low, it is only useful in these cases [10].

The reactive power requirements of the network will decrease as the network can provide less
reactive power. This happens when the PV inverter is connected to the grid. Various methods were
discussed to operate PV transformers in terms of injection and absorption of reactive power in addition
to the functions they perform [11]. The grid-connected PV system is simulated using the real-time
digital simulator (RTDS) to study the effect of the variation in the power factor of the loads, the
photoelectric penetration, the introduction of harmonics into the system by the photoelectric inverter,
and the preventing slip in the PV system on the system’s reliability and connectivity [12]. In the
distribution systems, it is required that the PV system connected to the grid be turned on in the event of
any disturbances in the system [13]. This type of solar power plant is considered the most economical,
as it achieves returns on investment of up to 17%, although it does not provide a solution to the power
outage crisis, as the plant does not produce energy during periods of power outages from the national
grid. The monitoring system has the functions of displaying real-time monitoring data and querying
power generation statistics. So, important data are collected from the working temperature of the solar
PV module, the atmospheric temperature, and the amount of sunlight, as well as the generation voltage
of the solar PV module [14].
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Electricity production losses range from 20% to 25% [15]. From the study of the network-
connected system, it was found that when batteries are not used, this reduces the costs of the plant and
operating expenses compared to the operating cost of PV power plants, which is approximately 90%
less than the high cost of operating conventional electric power plants. In contrast, it was found that
in this system, when the power is cut off, the solar station is automatically disconnected. This system
generates energy only when the network currently is available. In the event of a power outage, the
system becomes suspended and does not provide any backup source of energy. The study showed that
the stations are independent of the network and it is not economical when installing an independent
system large enough to provide energy for large loads such as air conditioning, central heating, or
factories. In the event of cloudy weather for a period exceeding the standards on which the design
was based, a decrease in the productivity of the cells occurs. A large loss of electrical energy occurs
during the cycle of charging and discharging batteries. This loss is up to 30% just for charging and
discharging the batteries, in addition to about 5% waste in the charging regulator and 5% lost in
the inverter. Thus, the total loss amounts to about 40% of the energy generated by the panels. In
comparison, in the solar system connected to the grid, there are no batteries or charging regulators,
so the losses are limited to the inverter and cables to reach only 5%. The causes of losses vary from
changes in the current-voltage characteristics of PV units due to manufacturing processes, differences
in the orientation and inclination of solar surfaces, and the effects of temperature. The grid-connected
PV system encounters various types of distortions during grid failure where when a grid fault appears,
the point of common coupling (PCC) will be very low resulting in high DC power-balancing coupling
voltage. This downstream voltage may damage the inverter as well; the voltage drop will force the PV
system to be disconnected from the grid according to the grid code. The shutdown of a large PV plant
may harm the operation of the power system [16].

The PV installation location affects the degradation rate of PV panels as well as the installation
locations related to solar radiation and ambient temperature profiles on the lifespan of the transform-
ers [17]. Based on the analysis of the amount of reactive power to enhance voltage stability, a study
was developed to display the voltage stability behavior that uses PV systems. A network simulation
IEEE-14 with RESs was developed and integrated using the Power System Simulator for Engineering
(PSS/E) [18]. The inductor can be used to reduce the flow of current from the inverter to the utility
network [19].

The contribution of this paper focused on studying the connection between the solar station and
the public network through the PSS/E program alternative to the MATLAB program that works with
monitoring and using the power analyzer that displays the parameter. In addition to decreasing the
total harmonic distortion of the voltage when connecting the solar station with the network and
indicating that the components of the solar station had little losses compared with the network in
this system, finally used active harmonic distortion is used to deal with the current harmonics because
this type is fast in processing up to 300 microseconds. We can make developing of this paper using
a smart meter instead of net metering to measure automatically the amount of energy that has been
consumed and the amount of energy produced by the solar panels and calculate the invoice as positive
or negative for the customer, this will be done automatically.

3 Methodology

This paper presents a new performance-based approach that evaluates a 51-kW solar PV power
plant connected to a low-voltage grid to feed an office building in the 6th of October, Egypt. The
performance analysis of the grid-connected PV system is performed using the power system simulator
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for Engineering (PSS/E) software. Where there is a PSS/E program that monitors the system and
can be viewed using a power analyzer. This is an alternative to the MATLAB program, and some
of the following elements can be measured current, voltage, total power and power factor, frequency,
current and voltage harmonics, and the inverter is an on-grid type. The public grid can be fortified
with electricity by linking it with the solar station to work together in parallel to make both more
efficient. The station is connected to the electricity grid and the surplus energy generated from the PV
cells is sold to the national electricity distribution companies under long-term contracts. The system
also works to reduce carbon footprints in the biosphere.

3.1 Steps Electrical Network Starting from Station 66 kV to Load with Connection PV Station at Low
Voltage

First stage: a step-up transformer is used to raise the voltage from 66 to 500 kV where whenever
increase the voltage, decrease the current and power losses as well as the voltage drop, thus reducing
the cost. Second stage: use step down transformer to reduce the voltage from 500 to 220 kV and use
another one to reduce it from 220 to 66 kV and use the last time use step down transformer to reduce
it from 66 to 11 kV or 220 kV but on the 6th of October network, used 11 kV. Third stage: 11 kV is
input to the distributor and transformer distribution to reduce from 11 kV to 400 V after that enters to
distribute on the box and biller and finally the load. The connection of the PV station to the network
51 kW may happen on the distribution box as shown in Fig. 1. The targeted site has been prepared on
the rooftop of the administrative building of the 6th of October City, Egypt to connect a 51-kW solar
PV station with a low-voltage grid (distribution box). Then we brought the components of solar energy
from solar panels, installation structures, charging regulators, connectors, cables, the on-grid inverter,
grounding system, and protection until the installation of the solar energy system is completed. The
PSS/E program monitors and analyses the nature of the considered grid-connected PV system. The
panels absorb sunlight and produce DC electricity, and through the inverter, which converts it into
220 AC volts, more energy than is needed is pumped into the grid through a net meter.

3.2 Steps to the Connected Solar Panel of the Administrative Building of 6th of October to the National
Grid

1. Providing the necessary stands on which the panels can rest.

2. Prepare the solar panel and mounting structure of your panel.

3. Connect electric wires by using an MC4 connector and there are three types of connection

(series, parallel, and series-parallel).

4. Connection of solar panel to the solar inverter.

5. Connected solar inverter to the battery.

6. Connected solar inverter to the grid.

Preparing the site (on the rooftop of the administrative building of the 6th of October City
to connect the solar station, and we brought the components for solar energy from solar panels,
installation structures, charging system, connectors, cables, on-grid inverter, grounding and protection
system until the solar energy installation system is completed, and after the completion of its
installation, it is the connection between the solar station and the network through the PSS/E program,
and this can be viewed through the Power analyzer. The panels absorb sunlight and produce DC
electricity, which passes through the inverter, which converts it into 220-volt AC energy, where a
meter called net metering is installed. It is a bidirectional meter. This counter reads backward when
the generation of the electric panels is greater than the consumption, and this value is added to the
customer’s balance. In the end, a comparison is made between the amount of energy that was consumed
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and the amount of energy produced by the solar panels, and the customer’s bill is either positive or

negative.
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Figure 1: Electrical network starting from station 66 kV to load with connection PV station at low
voltage

3.3 Net Metering

A dual bidirectional meter is installed, this meter reads in reverse when the generation of electrical
panels is greater than consumption and this value is added to the customer’s balance, and at the end, a
comparison is made between the amount of energy that has been consumed and the amount of energy
produced by the solar panels and the customer’s invoice either positively or negatively. The studies
conducted to connect the solar PV station to the grid are shown in Table 1.

Table 1: Data of the considered grid-connected PV system

Item Value Unit
Annual solar radiation 3032 Kw/m?
Meridian 32,7267 East
Latitude 26,1642 North
The capacity of solar plant 51 kW
The capacity of one solar panel 345 w
Number of solar panels 148 Panel

(Continued)
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Table 1 (continued)

Item Value Unit

Guiding panels - Southward

Total annual production of solar panels in the first year 88728 kW

Required space per kilowatt of solar panels 9.71 Flat meter

Total area required 495 Flat meter

The inclination angle of the panels 23 Degrees from the
horizontal

Loss of order ratio 22 %

4 Results and Discussion

4.1 Measuring Voltage of a Solar PV Station Connected to the Network

In accordance with the Egyptian Distribution Code 4-1-1, a PV that operates in parallel with
the utility system shall operate within the limits of the voltage variation in the range of +10% of
the nominal voltage. The maximum permissible voltage according to the code for connecting solar
power stations = 220 + 10% = 242 volts, the minimum permissible voltage according to the code for
connecting solar power stations = 220 — 10% = 198 volts. Using the program PSS/E has facilitated the
measurement of some parameters and made monitoring the nature of the considered system. From
Fig. 2, itis clear that the value of the voltage ranged between 220 to 250 V throughout the whole day, as
the voltage was measured about every forty minutes. The results exceeded the permissible values during
the measurements period during the actual operating periods of the station because the distribution
network voltage is high, based on the measurements of the connection point after disconnecting the
station. We recommend informing the competent networks that there is a voltage surge.
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Figure 2: Three-phase voltage of the studied PV solar station connected to the grid

4.2 Measuring Current of a Solar PV Station Connected to the Network

We note that the value of the electric current changes depending on the amount of solar radiation.
Fig. 3 shows that the value of the current is maximum at the peak time at 12.30 pm and the value of
the current reached 50 A and that when there is no radiation at time 12 am up to time 6 am, after
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6 am the amount of radiation increases so the current start to increase up to reach at 12.30 pm, after
that the radiation is decreased again and current decreases until reach at time 5 pm the current reach

to zero.
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Figure 3: Three-phase current of the considered solar PV station connected to the grid

These figures showed that in the period from 12 am to 7 am, the value of the current may be zero,
and this is due to the absence of solar radiation in that period and therefore the absence of power and
power factor in this period. It is clear that from 7 am the value of the current increases exponentially
until the time reaches 12.30 pm, and therefore the value of both the power and power factor increases
incrementally due to the presence of the maximum value of solar radiation. It was noticed that after
12.30 pm the current begins to decrease continuously until it reaches 5 pm the value of the current will
be zero, and this is due to the lack of solar radiation. This excremental is done in November month.

4.3 Measuring Total Power Using the Power Analyzer of a Solar PV Station Connected to the Grid

The maximum value of power occurs when the solar radiation is as much as possible because the
value of the power depends on the value of the current produced by the solar panels. Fig. 4 shows the
maximum value of the total power at 12.30 pm is 30.6 kW. The single-phase and three-phase power
can be calculated as shown in Eqs. (1) and (2).
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Figure 4: Total power of the considered solar PV station connected to the grid
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Py, =VIcoso @)
P,y =3VIcos@ 2)

where P, is the single-phase active power, P;, is the three-phase active power, and @ is the power
factor angle.

The total power experimentally must be the same when measuring total power theoretically.

4.4 Measuring Power Factor of a Solar PV Station Connected to the Network

We noticed that from the results shown in Fig. 5, from 12 am to 6.30 am, there is no solar radiation
value, so the power factor becomes lead because the effective power is almost equal to zero and the
ineffective power is present in the inverter capacitor, this makes the power factor negative, that is,
the current is leading the voltage. From 7.30 am, the solar radiation begins to increase gradually, so
the power value reaches 85%. In this case, the power factor will lag until it reaches 4 pm. The solar
radiation begins to decrease until the radiation is absent, so the power factor becomes negative again.
and this is written in the datasheet of the inverter. The results were in accordance with the requirements
of the code for connecting solar power stations during the measurement period during the actual

operating periods of the station.
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Figure 5: Measuring power factor of the solar PV station connected to the network

4.5 Measuring the Frequency of the Studied Solar PV Station Connected to the Network

One of the conditions for connecting the solar PV station to the network is that the output
frequency of the solar PV station is the same as the output frequency of the network. The frequency
in Egypt is 50 HZ. In accordance with the Distribution Code 4-1-3, a PV that operates in parallel with
the utility system shall operate within the frequency trip limits (48.5-51 Hz) [20]. The system must be
stopped to utility line activation within 500 ms for the permissible range and delay to avoid unnecessary
tripping in functionality system must allow continuity operation for short-term disturbances. The
results shown in Fig. 6 did not exceed the permissible values during the measurement period during
the actual operating periods of the station Where the maximum frequency in the figure was 50.2 Hz
and the lowest frequency in the figure was 49.7 Hz.
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Figure 6: Frequency of the solar PV station connected to the network

4.6 Sources of Harmonics for the Grid-Connected Solar PV System

In case uncorrected loaded or no load, non-linear loads such as computers-fluorescent lamps-
electric arc equipment-welding machines-electric furnaces, Inverter during conversion from dc to ac,
coils inside motor electric machines, and AC regulators.

4.7 Measuring Total Harmonic Distortion of the Solar PV Station Connected to the Network
4.7.1 Current THD

The current THD (THD),) is defined as the ratio of the equivalent root mean square (RMS) current
of all the harmonic frequencies over the RMS current of the fundamental frequency. The fundamental
frequency is the main frequency of the signal, i.e., the frequency that you would identify if examining
the signal with an oscilloscope. The mathematical definition of THD, and the RMS current can be
given as shown in Eqs. (3) and (4), respectively.

NI+ I3+ 182+ ..+ In?

THD, = 7 * 100 3)
1

Ly =VICF 12413+ 18 + .. + 1 (4)

where I, is fundamental current distortion values in amps or per unit amps. 7, is 2™ harmonic current
distortion values in amps or per unit amps. I, is individual harmonic current distortion values in amps
or per unit amps. Fig. 7 shows the current harmonics before and after connecting the solar station to
the network.
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Total harmonic current distortion shall be less than 5% at the rated generator output in accordance
with IEC 61727:2004. Because the tolerance is up to 5% and from the shown network the harmonic
distortion current for the grid and after connected to the network is greater than 5% so to solve this
problem, it is necessary to use the active harmonic filter. The working principle of the active harmonic
filter is to monitor the harmonics in the network and generate harmonic waves equal in value and
frequency and opposite in direction so that the result becomes zero. This process can take place at a
very fast speed that can reach 300 microseconds. These filters cancel the harmful harmonics in the
network in various load conditions and do not exceed the rated capacity of the filter. Table 2 shows
the current distortion limit as a function of harmonics.
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Figure 7: THD current before and after the connected PV solar station to the network

Table 2: Current distortion limit as a function of harmonics [21]

Odd harmonics

Distortion limits

3rd through 9™
11th through 15th
17th through 21st
23rd through 33rd
Even harmonics
2nd through 8th
10th through 32nd

<4.0%
<2.0%
<1.5%
<0.6%
Distortion limits
<1.0%
<0.5%

4.7.2 Voltage THD

The voltage THD (THD)) is the percentage of the RMS value of harmonic voltages of ranks
greater than 1, concerning the RMS value of the fundamental voltage (first-order). The control unit
calculates the voltage THD up to the fifteenth harmonic. Therefore, the THD, can be given as in

Eq. (5).

00 V 2
THDV — ZN=2 nrms

Vfundjm.\'

)
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where v,_,,,, 1s the RMS voltage of the nth harmonic v;,,_rsm is the RMS voltage of the fundamental
frequency. The maximum permissible value of the total harmonics according to the code for connect-
ing solar power stations is 5% [22]. Fig. 8 shows that the volt harmonics before connecting the solar
station to the network and after it are within the permissible limit because the harmonic distortion
volt is less than 5%, which is acceptable for this system. The maximum value of the total harmonics’
distortion volt during the station’s operating period is 3.2%, and the minimum value is 2%. The results
did not exceed the permissible values during the measurement period during the actual operating
periods of the station.

4

§ 35 -

5 3

g 25

2 2 . = -

§8

E L5 =

s ¢ =

®

E 0.5

0 S — E— S—— S— N —— S—
e e 222 e e 2 S S S S S22 2=2222=222
dddddddddddddddddgdcacaccoccaccoocaconacana
B b e Rl
OrANMINEHNMNTNOENMNTNCHNMINOANNTNOHNMTND
OO NN OO OO0 v~ rd vk vl ot AN A AN N
e e e R e e e e R R R ]
Time (hr)
PHB-THDv-with PV PHB-THDv

Figure 8: THD voltage before and after the connected PV solar station to the network

5 Conclusion

This paper discussed the performance of a 51 kW PV solar power plant connected to a low-
voltage grid to feed an administrative building on the 6th of October City, Egypt. This plant covers
the administrative building’s electricity needs and feeds the surplus into the low-voltage network. This
study was conducted using PSS/E which works with monitoring and using the power analyzer that
displays system parameters. The results show that when maximum solar radiation is attained, the
maximum current may be generated from the solar panels, resulting in maximum power and power
factor. Using active harmonic distortion to reduce total voltage harmonic distortion and current
harmonic distortion within allowable limits since it is rapid in processing up to 300 microseconds.
The link between solar stations and the national grid improves the system’s efficiency.
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