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Abstract

The increasing adoption of renewable energy sources in
industrial areas, driven by the need to both obtain a grid
voltage from renewable energy sources and reduce high
electricity bills, has led to an increased demand for
solutions that can improve the power quality of these
systems. A photovoltaic power plant (PVVPP) based on a dc-
chopper circuit protection system is proposed for the
enhancement of the power quality of PVPP. The aim of the
presented protection method is to protect the panels in the
PVPP from the harmful effects of the high dc-voltage that
occurs during grid faults. The adaptive neural network
control system is applied in both the T-type inverter and the
dc-chopper circuit protection system. The proposed
protection system is implemented with a 250 kW PVPP to
verify its validity with simulation results during grid fault.
This approach can potentially improve the reliability and
stability of PVPP, and contribute to the maintain of PVPP
into the grid.

Keywords: Photovoltaic power plant, Artificial neural
network, dc-chopper circuit,

1 Introduction

The use of solar photovoltaic energy as a source of
renewable energy has been gaining significant importance in
recent years [1,2]. As a result, the operation and design of
photovoltaic power plant (PVPP) have become a crucial
issue in relation to electrical grids [3]. The reliability and
stability of the power system are crucial in ensuring a safe
and efficient power supply and meeting the increasing
demand for renewable energy sources [4,5]. Grid faults can
occur due to various reasons such as lightning strikes, short
circuits, or the connection of large loads on the electrical
power grid system [6]. These faults can cause the voltage
value in the electrical grid system to fall below its nominal
value and can have detrimental effects on devices that are
sensitive to voltage fluctuations [7]. It can also lead to a loss
of power generation and cause damage to the PVPP system
[8]. During a grid fault, the PVPP must be able to stay
connected to the grid to prevent power outages. If the voltage
value does not recover 90% within 1.5 seconds, the grid-
connected PVPP is disconnected from the power system

Oz

Hem yenilenebilir enerji kaynaklardan bir sebeke gerilimi
elde etme hem de yiiksek elektrik faturalarini azaltma
ihtiyacindan kaynaklanan endistriyel alanlarda
yenilenebilir enerji kaynaklarmin giderek daha fazla
benimsenmesi bu sistemlerin gii¢ kalitesini iyilestirebilecek
¢Oziimlere olan talebin artmasina neden olmaktadir.
Fotovoltaik enerji santralinin (FVES) giic kalitesinin
arttirilmast i¢in da-kiyict devre koruma sistemine dayali bir
fotovoltaik enerji santrali 6nerilmistir. Bir da-kiyict devre
koruma sisteminin temel amaci, FV panelleri sebeke
arizalar1 sirasinda olusan yiliksek da-voltajin zararli
etkilerinden korumaktir. Uyarlanabilir sinir ag1 kontrol
sistemi, hem T tipi eviricinin denetim sistemine hem de da-
kiyict devre koruma sistemine uygulanmustir. Onerilen
koruma sistemi, sebeke arizasi sirasmda benzetim
sonuglariyla gegerliligini dogrulamak i¢in 250 kW' lik bir
FVES ile uygulanmistir. Bu yaklagim potansiyel olarak
FVES’ in giivenilirligini ve istikrarint artirabilir ve FVES’
in sebekeye baglantisinda katkida bulunabilir.

Anahtar kelimeler: Fotovoltaik enerji santrali, Yapay sinir
ag1, da-kiyici devresi

[9,10]. Therefore, the fault ride-through (FRT) mode of
PVPP must be activated during grid faults to ensure
continuity of power supply. The FRT mode enables the
PVPP system to ride through the fault, generate power, and
feed it to the grid [11].

Many successful applications in the literature have been
proposed to protect PV systems from the effects of
overcurrent and voltage that will occur during grid faults.
These proposed protection systems are of two types,
software and hardware. Software protection systems are
more difficult to implement than hardware protection
systems due to the fact that require special expertise. Ref [12]
and [13] present a dc-chopper circuit protection scheme for
the PV system during grid fault conditions. Pl controller is
used in the control scheme of dc-chopper circuit protection
and PV system. However, The Pl control system is a
conventional control system. Traditional control systems
have difficulty solving complex systems such as PV. Ref
[14] presents a static synchronous compensator device
(STATCOM) for PV and wind systems, named Wind-
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STATCOM and PV-STATCOM. However, this approach
requires cost and additional equipment. STATCOM also
requires the installation of a large amount of storage
equipment. The hybrid system has difficulty protecting from
over-currents and therefore causes mechanical stress. Ref.
[15] implemented a dynamic voltage restorer (DVR) to the
PV system during voltage sag. Ref. [16] Smart-Transformers
(ST) are applied to improve fault ride-through strategies
within a microgrid. However, the DVR and ST systems are
more expensive than the dc-chopper system. Each of these
methods has its own disadvantages and advantages, and
selecting the best method for a specific application will
depend on factors such as cost, complexity, and
performance.

This article aims to suggest using Artificial Neural
Networks (ANNSs) to enhance Fault Ride-Through abilities
in Photovoltaic systems. The specific objectives of this
research include:

1) To review the current state-of-the-art in PV FRT,
including challenges and limitations of existing
approaches.

2) Topresent a case study of using ANNSs to improve FRT
capabilities of a PVPP, including a detailed explanation
of the ANN architecture, training process, and
performance results.

3) Overall, the main goal of this research is to demonstrate
the potential of ANNSs as a powerful tool for improving
the stability and reliability of grid systems.

2 PVPP panel system

Solar PV cells convert sunlight into electrical energy. An
equivalent electrical circuit of a PV cell depicts in Figure 1.
By using this model, researchers can predict the cell's
performance under different conditions and optimize the
design of the cell to improve its efficiency. This could pave
the way for the creation of solar cells that are both more
efficient and cost-effective, and play a crucial role in
fulfilling the world's growing energy requirements [17,18].
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Figure 1. The equivalent electrical circuit model of a solar
cell [17,18].

Isc depicts a short circuit, lo depicts saturation current, Ng
depicts a series connected cell, T depicts a temperature cell,
K depicts a Boltzman constant, Rs depicts series resistance,
Rsh depicts shunt resistance, and q depicts the charge of an
electron (q=1.6x10"%°C) [17, 18].

Figure 2 illustrates the T-type inverter, which utilizes
fewer semiconductor switches compared to other inverter
types, such as the three-level Neutral Point Clamped (NPC)
inverter. This reduction in switches results in lower
conduction loss and improved efficiency. A T-type inverter
method also has a lower harmonic distortion compared to
other inverter topologies, which leads to better power
quality. The grid-connected PVPP is the most widely used
PV system. A general structure of grid-connected PVPP is
illustrated in Figure 2. The PV panels of the grid-connected
PVPP consist of 7 series connected modules per string and
88 parallel strings. The power of the grid-connected PVPP is
250 kW.

A dc/ac inverter converts a dc voltage obtained from the
PV panel output into ac voltage. This inverter generates the
ac voltage required to connect the PV panel to a power grid.
A T-type inverter requires fewer semiconductor switches
than a three-level NPC to obtain the same voltage levels
while still performing just as well. Therefore, a T-type
inverter is used as dc/ac inverter in this study. Figure 2 shows
the T-type inverter, and Table 1 lists its different switching
states. Auxiliary switches are used in T-type inverters. The
auxiliary switch is used to clamp the dc-link midpoint and a
leg of each phase reduces the number of semiconductors
switches. A negative level "N" employs a similar number of
switches to a positive cycle. Therefore, T-type topology has
higher efficiency and lower conduction loss than three-level
NPC [19].

Each phase output of a 3-phase system is obtained by
using semiconductor switches namely Q1, Q2, Q3 and Q4.
These switches are on or off for the positive or negative
periods of the sinusoidal wave. When Q1 is on, the current
flows from Vg (+) to the output and the output voltage is
positive. When Q1 is off, current flows through Q3/D2. The
simple delay time is applied during the on-off time. A short
circuit in the dc-link is prevented using this delay time. This
delay time is set to 1 ms. When Q2 is on, the current flows
from V¢ () to the output and negative output voltage. When
Q2 is off, current flows through Q3/D2 [19].
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Figure 2. The T-type inverter for the grid-connected PVPP.

Table 1. Voltage Levels and Switching States in a T-type
inverter [19].

Level Q. Q Q

Phase voltage

P 0 0 1 0 Va2
0 0 1 0 1 0
N 1 0 0 0 -Vac/2

A T-type inverter has the same switching structure as a
three-level NPC. However, the three-level NPC has two
extra switching devices, which complicates the control of its
system.

3 Short circuit analysis of the grid-connected PVPP
system

High-level currents occur in power systems during grid
faults. Protection systems are designed to protect against the
harmful effects of these high currents. The protection system
protects the power system from the harmful effects of high-
level currents during grid faults. If these protection systems
are not well designed, high-level currents can cause serious
damage to the power system.

A dc-chopper circuit system consisting of a self-turn-off
device IGBT, and a resistor is given in Figure 3. Many
protection methods are used in the literature. The dc-chopper
circuit system is widely used with its lowest cost and simple
structure among these methods. A dc-chopper circuit system
is placed between the PV panels and the ac inverter. A switch
signal of the IGBT in the protection system is off in normal
operation. Therefore, a dc-chopper circuit is disabled during
normal operation. A dc-chopper circuit does not affect the
PV operation and supplies the grid system during normal
operation. A dc-chopper circuit system works by detecting
overvoltage in dc-link voltage. When value of dc-link
voltage rises, a protection control system sends on-and-off
signals to the IGBT. Therefore, the PV panel system will be
protected from the harmful effects of over-voltages that will

occur during grid faults. When a dc-link voltage returns to a
normal level, a dc-chopper circuit system will be disabled.
The PV is quickly restarted and supplies the grid system. The
current capacity of the IGBT in the dc-chopper circuit is
chosen higher due to the fact that a high current will pass
through the protection circuit [12,13,20].

T-type inverter

Re

R

dc-chopper circuit

I I
AV,
[AVeert 2 ANN3|-L
I Vi : Control system
Figure 3. A dc-chopper circuit [12,13,20].

4 Proposed control system for PVPP

A proposed control system for PVPP is given in Figure
4. This study applies the grid-connected PVVPP to realize the
proposed T-type inverter power control optimization and
conversion. The control system for the T-type inverter
includes all the essential control methods necessary for the
PVPP system to connect to the grid. A control system of an
inverter is the most important part of a grid-connected PVVPP.
In Figure 4, the inverter control diagram is illustrated for
normal operation. A control diagram of a grid-connected
PVPP consists of two loops. The first loop is an iq current,
which controls the amplitude of the Vg voltage. The T-type
inverter’s input dc-link voltage must have a value in the
nominal operating range.
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Figure 4. Proposed control system for PVPP

Therefore, a dc-link voltage is chosen as 481 V. A second
cycle is the iq current. iq current value is selected as 0. ANN1
is designed to regulate the ig current and ANN2 is designed
to regulate the iq current. The Levenberg Marquardt
algorithm is used to train ANN1 and ANN2 datasets. In order
to create the feedforward network, 10 neurons are selected
for the hidden layer. ANN1 and ANN2 are generated using
2500 datasets of chosen ig and iq current values. The datasets
are randomly divided with 15% being used for testing,
another 15% for validation, and the remaining 70% for
training purposes.

5 Simulation results

The block diagram of the grid-connected PVPP is
designed for 250 kW. A simulation of grid-connected PVPP
is realized using Matlab/Simulation. An asymmetrical fault
is three phase-to-ground (3LG) fault. The 3LG fault is
implemented between t=1s and t=1.1s on the grid system.

The dc-link voltage of a 250 kW PVPP with and without
the dc-chopper circuit protection system under a 3LG
symmetrical fault is illustrated in Figure 5. In order for a
PVPP to maintain connected to a power grid, the PV panel’s
output voltage (Va) must be kept constant at 480V. The
unprotected system oscillates between 500V and 600V of dc-
link voltage value after a grid fault. Therefore, a PVPP
system cannot be connected to a power grid. The dc-link
voltage value of a PVPP system with a dc-chopper circuit
reaches 480V after a grid fault. PV panel system mains
continue to connect with the grid.

Active power of a 250 kW PVPP with and without the
dc-chopper circuit protection system under 3LG symmetrical

fault is depicted in Figure 6. The PV panel’s output active
power must be kept constant at 250 kW. An active power of
PVPP with unprotected method oscillates between 250kW
and -500kW when a fault is implemented to the system. An
active power of PVPP with a dc-chopper circuit reaches 250
kW again shortly after the fault is applied. At the same time,
the PV panel system continues to inject 250 kW of active
power into the grid.

600
500 '\!
-
3400
3
>
300 with de-chopper circuit
- without de-chopper circuit
200 1 ! 1 1 1
0 0.5 1 1.5 2 2.5 3
t(s)

Figure 5. The dc-link voltage of a 250 kW PVPP with and
without the dc-chopper circuit protection system under
3LG symmetrical fault

The phase-to-phase output of the T-type inverter without

a filter is illustrated in Figure 7. The switching signals of the
IGBT of an unprotected system are distorted when the fault
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is applied to the system. Therefore, the shape of the sine
wave obtained at the output of the inverter is also distorted.

A phase-to-phase output of the T-type inverter without a
filter is illustrated in Figure 8. When the fault is applied to
the system, the switching signals of the IGBT of a protected
system with a dc-chopper circuit are quite smooth.
Therefore, a shape of a sine wave obtained at the output of
the inverter is also smooth.

The error histogram plot of the ANN1 model is given in
Figure 9. The total error of the ANN1 is range from -0.00301
to 0.003655. There is an error rate of 0.000497 in the
validation dataset, which consists of 2500 samples in a bin.

The regression values (R) of the test phase, validation,
and training of ANN1 are 0.99954, 0.99957, and 0.99952,
respectively. These figures are given in Figure 10. This value
of R is nearly equal to 1. Therefore, the accuracy value of R
is reliable for ANNL training.
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Figure 6. Active power of a 250 kW PVPP with and
without the dc-chopper circuit protection system under
3LG symmetrical fault
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Figure 7. Non-filter of output voltages of the T-type

inverter during grid fault with an unprotected system.

600 T T T T T

4
=
=

[
=
=

Voltage (V)
=

-200

'600 1 1 1 i 1 L
1.5 1.51 1.52 1.53 1.54 1.55

t(s)
Figure 8. Non-filter of output voltages of the T-type
inverter during grid fault with protection system.
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Figure 9. The error histogram plot of ANN1.

6 Conclusion

Fault ride through the improvement of PVPP based on
the ANN system has the potential to greatly improve the
reliability and stability of grid system. The ANN-based
approach has several advantages over traditional methods,
including its ability to model and predict nonlinear and
dynamic systems and its robustness to system uncertainties.
The switching signals of the IGBT of presented system with
a dc-chopper circuit are quite smooth while the switching
signals of IGBT of an unprotected system are distorted
during grid fault. The active power of PVPP with a dc-
chopper circuit reaches 250 kW again shortly after grid fault
while an active power of PVPP with unprotected system
oscillates between 250kW and -500kW even after the grid
fault. This study presented also demonstrated the
effectiveness of using ANN for FRT improvement in PV
systems.
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Figure 10. Regression plot of ANN1 model.
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