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Abstract: This paper proposes a control technique for a large-scale grid-connected photovoltaic (PV)
plant that maintains the connection of an inverter to the grid voltage under different types of faults,
while injecting a reactive power to accommodate the required grid connection. This control strategy
is suggested to improve the low-voltage ride-through (LVRT) capability of grid-connected PV power
generation plants. A 20 MW solar PV power plant is modeled and simulated using Matlab/Simulink.
The power plant is composed of 10 parallel groups of arrays with a power rating of 2 MWp. The solar
PV arrays are connected to a medium-voltage side-rated 22 KV to the utility grid. A dynamic analysis
of the grid-connected large-scale solar PV power plant is introduced. This analysis is accomplished in
order to determine the impact of three-phase short-circuits at the point of common-coupling (PCC),
where the solar PV power station is connected to ensure a practical voltage level by injecting active
and reactive power. The reactive power support allows for faster restoration of voltage values at
the PCC. When subjected to transient disturbances, the stability of the studied system relies on both
the type of the disturbance and the initial operating situation. The disturbance may be either small,
resulting from electrical load changes, or large, such as from a transmission line short-circuit (fault)
and significant generator loss.

Keywords: dynamic analyses; grid-connected; large-scale PV power plants; voltage source inverter;
LVRT capability; reactive power; voltage support requirements

1. Introduction

Photovoltaic (PV) solar power systems have attracted a great deal of interest recently
in several countries, such that a considerable introduction of photovoltaic energy into the
power system is anticipated. With a growing interest in PV power generation systems
and the adoption of national policies focused on pollution-free energy, an increase in the
number of utility-scale-sized PV power plants, which will have a substantial influence
on the existing power grid, is expected. PV generation units behave in a different way
from conventional generating units, such as thermal, in terms of both their output reactive
power capabilities and their fault-ride-through (FRT) capabilities. FRT means the system’s
aptitude to stay connected and to deliver energy to the electrical network instantaneously
after a fault in the network. The control possibilities for distributed power generation
systems (DPGS) operating on unbalanced grid faults have been investigated [1]. The
investigated control approaches for a grid-side converter can be used for different DPGSs.
Moreover, the DC-link voltage controller can be considered in the presence of a PV system’s
control strategy. These control techniques can be an add-on countenance to the basic
control structures of DPGS [2] in order to simplify the different choices when dealing with
grid disturbances. Moreover, the solar PV power system is exceedingly non-linear and
operates in a changing environment; loads, PV generator outputs, topologies, and key
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operating parameters continuously change. A control strategy has been suggested [3] for
a three-phase PV generation unit connected to an electricity distribution network. Two
control loops are applied: an inward current-control loop and an outside loop for a DC-
link voltage regulator. The former algorithm decouples the dynamics of the photovoltaic
generator from a medium voltage distribution network and loads, while the latter scheme
maximizes the active power generation and enables the power flow control of the PV
power plant. Appropriate feedforward schemes have been suggested for the inner control
path (current-control) to make the dynamics of the loop independent from the rest of
the proposed system. Further, a feedforward compensation scheme has been suggested
for the outer control loop to make the dynamics of the PV system resistant to the PV
modules’ non-linear characteristics. Modeling guidelines are presented in [4]. PV generator
simulation studies have employed a voltage source inverter (VSI) for grid integration.
Some PV systems with MW capacities have been integrated into the power system, mainly
at sub-transmission medium voltage levels. Moreover, large PV generation is expected
to be increasingly connected to medium voltage distribution systems where large loads
and locally distributed generators also exist. This is important for studying utility-scale
PV systems in terms of their dynamic characteristics, control strategies, and performance
improvement, and to develop appropriate simulation models. The modeling of the transient
and steady-state performance of PV systems have been explored in references [5,6].

Small-scale grid-connected PV generators are not permitted to take action during
power distribution faults and should be isolated during distribution network faults. Since
the capacity of PV stations is increasing, it is recommended to maintain the operation
of these arrays in both normal operating and disturbance circumstances [7–9]. Two new
requirements need to be taken into account. The first requirement is that, during the
steady-state situation, the grid support should be regulated by providing reactive power
and participating in the voltage control of the network. The second requirement, during
a transient situation, is keeping the PV farms connected and injecting current during
short-circuits and utility faults. PV power plants should be capable of providing dynamic
grid support. Therefore, PV farms should not be isolated from the grid either during
or after a fault and should not take extra reactive power except before the faulty period.
Consequently, the generation station must continue the connection even if a fault arises.
Inverters can directly resupply active power after the fault clearance and contribute to
the stabilization of the electrical network. This procedure is known as limited dynamical
support, which happens if the voltage falls below the defined value. Dynamic grid-support
is crucial to stability and security features because frequent interruptions may impact the
equipment’s lifetime and create additional instabilities in the grid [10]. However, this
function can be enhanced if the PV stations can maintain a connection to the grid for as
long as possible [11].

Voltage fluctuations and possible harmonics injections can be alleviated by injecting
an exact reactive power through the PV power inverter [12–14] or via nearby controlled
reactive power sources. An alteration in the renewable power generation can cause sub-
stantial oscillations in the voltage magnitude of the distribution grid. Control approaches
for the reactive power are required to fully realize the reactive power capabilities of three-
phase PV inverters and mitigate power fluctuations. By allowing the control of voltage
fluctuations, these control methods enable the three-phase inverter to generate reactive
power instead of real power when there are considerable fluctuations. The capacity of the
solar PV plant influences the power output fluctuations caused by intermittent cloudiness.
It is known that increasing the size of the PV plant leads to a smoothing-out of the output
power fluctuations [15–18], which also means that, as the rate of the PV power generation
system increases, the PV-grid-connected power system becomes more stable. However,
the output variation of the PV system depends on the faults and transiency of the power
system [19–21].

To ensure the stability of the power supply, the common requirements are LVRT
capability and active/reactive power constraints during and after the fault, as well as the
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absorbtion or supply of a reactive current to support the point of common coupling (PCC)
after the recovery period and frequency deviation [22–24]. FRT is expressed by a time
versus voltage relationship, indicating the minimum possible requirements of the PV farm
regarding voltage dip according to the grid code requirements [25–30]. Figure 1 illustrates
the typical boundary curve for FRT. This curve is only an example and is different in almost
every country.
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The active current can be reduced during faults to satisfy the reactive current require-
ments after the fault period. A quick return to normal active power generation is necessary
to maintain the power balance and frequency stability within the studied grid [31–39]. An
appropriate reactive current/power has to be injected/absorbed in a voltage deviation
situation, as shown in Figure 1. In this case, the slope of the minimum reactive current
injection can be in the range of 0–10, while a deadband of 10% voltage deviation is used to
improve system stability. The requirements of reactive power production under voltage
faults (when V < 0.85 p.u.) are employed in the form of a proportional–integral (PI) voltage
controller with a reactive current reference.

This paper examines the dynamic performance of a utility-scale PV plant in the case
of unstable conditions resulting from a fault occurrence in the grid. Moreover, it examines
the effects of large-scale PV systems’ fault ride-through (FRT) capability and dynamic
reactive power assistance. The coordinated reactive power control for medium-voltage-
distribution grid regulation with PV generation is studied in this article. This study aims to
support the grid with reactive power and control the PV system’s bus voltage. Therefore,
the results obtained from the analysis will enable the flexible design of the active power
controller, which can be adjusted to the fault situation. The modeling and control of PV
power plant systems are presented, including the modeling of a large-scale PV and the
power conditioner unit that interfaces the PV plant to the utility grid with an appropriate
control of power flow. The real power output of the PV is given to the switching VSI
interfacing with the power grid. The dynamic performance of a large-scale PV generation
system is investigated in this paper in the presence of unbalanced conditions caused by
utility-grid faults. A flexible active power controller, which can adapt itself to the fault, can
be designed based on the results obtained from the system. The PV output is fed to the
VSI to interface with the utility grid. Simulations are then conducted to demonstrate the
operation principle of the proposed control method.
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2. Studied PV Power Plant

Figure 2 represents a schematic block diagram of the proposed 20 MW solar power
plant. The diagram contains only a few elements. This PV plant comprises ten PV genera-
tors with 2 MVA rated power, a three-phase PWM inverter, and an L filter connected to a
0.4/22 kV transformer. The first winding of each transformer is connected to a low-voltage
(LV) bus (700 V). The secondary side of the three-phase transformer is linked to a medium-
voltage (MV) bus, which is the connecting point to the PV power plant. The MV bus is
connected to the grid and the slack bus through two transmission lines. All the components
of the solar PV farm will be explained in detail later in this section. The integration among
the different models of 2 MW arrays is presented to construct a large-scale solar PV plant
with a rating of 20 MW. Therefore, the control system for the ten parallel inverters is similar.
The MV bus of the PV farm is rated 22 kV nominal voltage, and is connected to the PV
plant via distribution lines. (In Figure 2, these lines are shown as lines 1–10). The 22 kV bus
is connected to the load through line G1. The load bus is connected to the grid using line
G2. To specify the lines, two different kinds of lines have to be dimensioned individually
since they carry different currents and powers.
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2.1. PV generators

Figure 2 shows a single-line diagram of the studied three-phase PV power plant
interfaced with a medium voltage network at the PCC. The major blocks of the PV schematic
are an array of PV panels, a three-phase VSI, and a three-phase interfacing transformer. The
PV arrays are in a parallel connection with the DC-link capacitor and input terminals at the
DC-side of the VSI. The three-phase VSI is controlled based on the sinusoidal pulse-width-
modulation (SPWM) scheme. Each PV generator has a nominal apparent power of 2 MVA.
Each PV generation unit is composed of different PV modules to the grid-connection
inverter. This PV generator model is called the static model because the PV arrays have no
rotating parts, only static ones.

2.2. Voltage Source Inverter

Three-phase VSIs are essential for PV interfacing with the utility grid, as shown in
Figure 3. The figure shows a PV-power-inverter-interfacing-grid schematic diagram and
the supplementary control strategy. The main aspect is to arrange the inverter’s actions
to obtain the required power quality for each inverter. Regulating the grid’s voltage and
sharing the desired active and reactive power are the main requirements for the inverters
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according to their ratings. The VSI control strategy should be able to provide flexible
operation. If the grid voltage is stiff in the grid-connected systems, voltage regulation of
the utility grid might not be required. Therefore, the VSI will perform as a PQ generator
and voltage regulation will not be a choice. Conversely, if the stiffness of the utility grid
is lower, the DG VSI will support the voltage profile by working as a PV generator. The
SPWM modulation strategy would guarantee the minimization of lower-order harmonics
in a three-phase VSI inverter current to follow the power quality standards for connecting
VSI inverters to the utility grid [23–27]. This function can be accomplished by using the
AC-side filter of the VSI.
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2.3. Step-Up Transformers

In order to step up the voltage level, 10 units of step-up three-phase transformers
are utilized. The power capacity of each transformer is 2 MVA with a rated frequency of
50 Hz. The voltage ratio is 0.4/22 kV. Copper losses are neglected, while the short-circuit
voltage is 6%. The transformer has a D1/Yg connection and three single-phase transformers.
The medium voltage winding is a solid grounded Y connection. The neutral is held at
the zero potential. Therefore, the voltage of the healthy phase under fault in any of the
phases remains constant and thus no arcing voltage or over-voltage conditions occur. Solid
grounding reduces the possibility of over voltages. The voltage of the healthy phases
stays the same as before the fault, requiring less equipment insulation and resulting in
cost savings.

2.4. Distribution Lines

The distribution lines are specified according to the data in [10] and are shown in
Figure 2. In the case of lines 1 through 10, the lines support a nominal current of In = 2
MW/

√
3 × 22 kV = 52.5 A. The length of these lines is 1 km. According to the tables, for a

rated voltage of 22 kV, the cross-section area is 95 mm2. The resistance, capacitance, and
inductance per kilo-meter for the positive and negative sequence of this cable segment can
be procured from the manufacturer’s tables. The values obtained are listed in Table 1.

The line supports a nominal current of In = 20 MW/
√

3 × 22 kV = 525.4 A. The line is
designed by considering the worthiest case when the 2 MVA load is disconnected, and the
PV panels supply the maximum power. According to [9], for a rated voltage of 22 kV, the
cross-section is 240 mm2. The values for the cross-section area, inductance, resistance, and
capacitance per km, as well as the positive and negative-sequence values, can be obtained
from these tables. The obtained values are: Rg′ = 0.124 Ω/km, Lg′ = 0.40 mH/km, and
Cg′ = 0.20 µF/km. The values for zero sequence are: Rg′0 = 0.995 Ω/km, Lg′0 = 1.61 mH/km,
and Cg′0 = 0.205 µF/km. The power line length is about 10 km. With these line dimensions,
the model for the PV generation station is entirely demonstrated.
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Table 1. Distribution line parameters.

Description Symbol Value

Resistance of Lines 1–10 R′ 0.193 Ω/km

Inductance of Lines 1–10 L′ 0.43 mH/km

Line capacitance 1–10 C′ 0.17 µF/km

Zero-sequence resistance R′0 0.772 Ω/km

Zero sequence inductance L′0 1.72 mH/km

Zero sequence capacitance C′0 0.175 µF/km

3. Control Strategy for the PV Plant

Figure 4 shows the inverter control scheme for the case of a grid-connection operation.
Two control loops are employed to control the inverter. Usually, there is a fast inner control
loop, which is applied to control the grid current, and an outer voltage control loop, which
is responsible for controlling the DC-link voltage. However, the inner control loop leads
to power quality issues such as low total harmonic distortion (THD) and a high power
factor, while the voltage control loop draws up the power flow in the studied system. The
DC-bus voltage of the VSI is measured and compared to the reference value of the DC bus
in order to control the active power throughout the inverter. A PI controller manipulates
the resulting voltage error, producing a current reference signal as its output. This control
process is accomplished through the well-known rotating dq synchronous frame [7]. A
synchronous reference frame control utilizes a reference frame transformation of abc to dq
that transforms the measured current and voltage values into a d-q frame based on the
fundamental frequency (Figure 4). A special advantage of this control method is that the
processing of voltage and current signals is performed in two coordinated systems. The
transformed voltage signal detects the phase and frequency of the utility grid, while the
transformed current signal monitors the grid current. Consequently, the control variables
become dc values, and filtering and control becomes easier. In this case, when integrated
with the PI controllers, this transformation eliminates the steady-state error. The voltage
equations in the d-q synchronous reference can be expressed as follows:

Vd = Vsd − R f Id − L f
dId
dt

+ ωL f Iq (1)

0 = Vsq − R f Iq − L f
dIq

dt
−ωL f Id (2)

where Vd, Vq, Id, and Iq are the direct-axis and quadrature-axis components of the three-
phase AC voltage and currents. Rf and Lf are the output filter resistance and inductance,
respectively, and ω is the angular frequency of the utility grid.

Figure 5 shows that the q-axis voltage controller uses the q-axis current to control the
flow of the reactive power, while the DC-link voltage controller uses the d-axis current as
the desired value to regulate the flow of the active power between the AC bus and the DC
bus. The terms −Lfid, Lfiq are inserted in order to decouple the dq axes’ dynamics. An
enhanced voltage oriented control technique (EVOC) was implemented in the PV grid-
connected inverter in order to improve the power flow transfer, dynamics, and transient
stability [28–30]. The controller is coordinated with the system to gain much better stability
and enhanced operation during a grid fault. The conventional voltage oriented control
(VOC) scheme for a PV plant is conducted in a synchronously rotating frame to enable
decoupled active and reactive power control, and to improve the PV plant performance
due to transients by enhancing the dynamic response. The response time of the reactive
power controller is about 30 ms maximum and the current control band can range from
−10 to +20% of the nominal current.
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Figure 5. Current regulator using LVRT.

This is developed with the EVOC strategy in order to provide rapid reactive power
support to the grid through the d and q axis components of the grid voltage. In order to
supply gate pulses for the converter on the grid side, a sinusoidal PWM approach, based on
Park’s transformation, is used next. Figure 5 shows a schematic of the d-q control. Direct
and quadrature current components are applied to control the active and reactive powers,
respectively. The DC-bus voltage is truly fed from the PV panels. The reference for active
current control is given by the DC-bus voltage, which is supplied by the PV generator. If
the reactive power is controlled, the reference settings in the system are used.

A measurement system is utilized to measure the d and q components of the positive-
sequence component of the AC voltages and currents to be manipulated, as well as the
DC-link voltage, Vdc. A phase-locked loop (PLL) is employed for synchronization with a
signal from the three-phase utility voltage. The output signal produced (angle θ = ωt) is
used to determine the direct-axis and quadrature-axis components of the three-phase AC
currents and voltages (represented as Vd, Vq or Id, and Iq).

The outer controller loop is composed of an AC voltage regulation block and a DC-link
voltage regulation block. The output signal of the AC voltage regulator is the reference
current signal Iqref that is used for regulating the current component in the quadrature axis
Iq, which adjusts the reactive power flow. The output of the DC-link voltage regulator is the
reference current signal Idref, which is utilized by the current regulator and compared to
the Id component of the current, in phase with the voltage that regulates the flow of active
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power. The inner current regulation loop is mainly composed of the current regulator
block. The current regulator is used for regulating the magnitude and phase of the AC
voltage generated by the voltage source inverter VSI (V2d V2q). The current references Idref
and Iqref are produced by the DC-link voltage regulator and the AC voltage regulator,
respectively. At the same time, the current regulator is supported by a feed-forward-type
regulator, which estimates the output voltage V2 (V2d V2q) from the measured voltage V1
(V1d V1q), as well as the transformer leakage inductance.

4. LVRT Conditions

For the period of LVRT, the PV generation plant should be able to connect to the utility
grid when the system voltage at the PCC decreases to zero within 0.15 s. Furthermore, the
PV power plant cannot be disconnected from the utility grid until the voltage at the PCC
is lower than the LVRT line. When a dip occurs, the PV power generation facility must
maintain its connection to the grid and must also send reactive power into the grid to help
the utility maintain grid voltage. During fault, the PV generation plant should prioritize the
supply of a certain amount of reactive power to enable dynamic voltage support. Therefore,
the reactive component of the current Iq should agree with the necessities of Equation (3):

Iq ≥ 1.5(0.9−UG)IN , → 0.2 ≤ UG ≤ 0.9
Iq ≥ 1.5IN , → UG < 0.2

Iq = 0, → UG > 0.9
(3)

where UG is the voltage at the PCC (in per unit), and IN is the rated current of the PV power
generator. The active and reactive current components also have to satisfy the subsequent
condition

I2
d + I2

q ≤ I2
max (4)

where I′max is the maximum value of current that the PV generator is allowed to deliver,
typically 1.1 times the current rating.

Therefore, the PV inverter can maintain a constant peak value of injection current
during LVRT operation to strictly avoid an inverter overcurrent trip. This limit ensures
that the inverter is not in danger of overcurrent tripping during LVRT operation. However,
the above limitations should be considered during the design and operation phases of PV
inverters. The voltage range that the PV inverter can withstand during LVRT is severely
limited if a constant power control strategy is employed when the derating operation is dis-
abled. Nevertheless, by using the above reactive power control strategy, both the active and
reactive power (depending on the requirement) can be controlled by the LVRT operation.

5. System Simulation

To ensure that the model operates correctly and that the predicted values of both active
and reactive powers are provided, simulation results were obtained. The Matlab/Simulink
model of the studied plant is displayed in Figure 6. As previously mentioned, this model
for 20 MW PV power plants was built up and connected to the power grid. This plant is
composed of 10 groups of PV arrays. Each group is rated at 2 MWp which is connected
to the power grid using a three-phase inverter and a step-up transformer. The inverter is
modular and consists of a number of parallel units. The inverter rating is 2 MW. The power
capacity of each transformer is 2 MVA with a rated frequency of 50 Hz and the voltage ratio
is 0.4/22 kV. Simulations are carried out to obtain the active and reactive power outputs
that are delivered to the grid, as well as the voltage at each point for the ten integrated
generators. Table 2 shows the values of the Vdc and the current controller values. Table 3
shows the values of the PV array parameters. The fill factor as a measure of solar PV panel
efficiency (FF) is equal to 0.73, according to the data in Table 3.
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Table 2. Parameters of the controller.

Nominal power Pnom 2 MW

Nominal frequency 50 Hz

Initial DC voltage 700 V

Nominal DC voltage Udc 700 V

Rated power Pnom 20 MW

Vdc regulator gains Kp and Ki 7 and 800

Current regulator gains Kp and Ki 0.3 and 20

Choke impedance 1 mΩ, 250 µH

Transformer leakage impédance Rxfo, Lxf /Pnom 0.002, 0.06

Table 3. PV array parameters.

Parameter Value

Open circuit voltage Voc 64 V

Short-circuit current Isc 5.87 A

MPP voltage Vmp 54.7 V

MPP current Imp 5.49 A

Number of parallel modules Np 445

Number of series modules Ns 15
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6. Results and Discussion
6.1. Three-Phase-to-Ground Fault at PCC

Simulations were carried out for a three-phase short-circuit at PCC connecting point
to illustrate the solar PV farm operation. Each PV generator produces 1.48 MW in normal
operating conditions. At these operating condition, the PV generator delivers active power
only when the reactive power equals zero (cosϕ = 1). At the PCC coupling point to the main
grid, the solar PV farm injects 1.24 MW and absorbs about 0.125 MVAr, resulting in a power
factor cos ϕ = 0.9984. The reactive power is absorbed by the three-phase interfacing trans-
formers. At a steady-state operation, the MV-bus voltage is about 0.9959 p.u., where the
voltage at the LV bus is about 0.9944 p.u., and 700 V at the PV bus. In the simulation model,
a three-phase short-circuit at the MV bus is simulated and removed after three cycles.

Figure 7a displays the voltage response at the MV bus in kV, Figure 7b displays the
MV bus current in amperes, and Figure 7c shows the injected active and reactive power
to the grid. No active power is supplied throughout the fault period and a few reactive
powers are absorbed due to the presence of the three-phase step-up transformers. The
medium voltage winding is a solid-grounded Y connection. The neutral is held at the zero
potential. Therefore, the voltage of the healthy phase under fault in any of the phases
remains constant, and thus no arcing voltage or over-voltage conditions occur. Solid
grounding reduces the possibility of over voltages. The exact values of the voltages and
active and reactive powers are noted before and after the time of fault. The DC-link voltage
has a maximum value of 876 V because it is determined by the total value of the open-circuit
voltage of the PV panels. Figure 8a shows the three-phase voltages at bus 1 while the active
and reactive powers of the PV generators injected into the MV bus are shown in Figure 8b.
The solar PV generator injects active power at about 2 MW and reactive power at about
1.40 kVAr before and after the fault occurrence. During the fault, an active power of about
0.55 kW is injected into the grid and a reactive power of about 16.2 kVAr is supplied to
the grid.

The solar PV farm should be not disconnected when a fault occurs. For this reason,
it is necessary to analyze the dynamic network’s support. The solar PV generators reach
steady-state conditions in a time period equal to 100 ms after the fault at the DC bus, and
immediately at the MV and LV buses. During the fault occurrence from 0.4 to 0.5 S, the
three-phase voltages in the low-voltage bus during a three-phase-to-ground fault are shown
in Figure 9a. The fault currents are shown in Figure 9b. Figure 9c shows the delivered
active and reactive powers of one PV generator at the low-voltage bus.

6.2. Single-Phase-to-Ground Fault in the Connection Point

A single-phase-to-ground fault was made in the MV bus. Accordingly, the apparent
power due to a short-circuit at the point connected to the external grid is about 450 MVA.
At steady-state conditions, the PV farm injects 20 MW into the network and absorbs
0.275 MVAr, which provides a power factor cos θ ≈ 1. This absorption of reactive power
is due to the three-phase step-up coupling transformers. Voltages at this condition are
0.9986 p.u. at the MV bus and 700 V at the DC bus for each generator. The short-circuit
fault is removed in the simulation after five cycles.

Figure 10 displays the waveforms in the case of a single-phase-to-ground fault.
Figure 10c displays the delivered active and reactive powers. Prior to the fault, the solar PV
plant supplied 13.46 MW. The PV farm does not inject any active power to the grid during
period of fault. The solar PV farm absorbs 0.728 MVAr before and after the fault. During
the fault, the PV injects 0.023 MVAr. This agrees with the grid standards for when the
solar PV power station has to deliver reactive power for the duration of a fault occurrence.
However, the DC-link voltage approximately equals 875 V during the one-phase-to-ground
fault, which matches the open-circuit voltage (Voc) of the PV modules.
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Figure 10. (a) Voltages in the MV bus in the case of a one-phase-to-ground fault. (b) Currents in the
MV park bus in the case of a one-phase-to-ground fault. (c) Supplied active and reactive powers of
one PV generator at the low-voltage bus during a one-phase-to-ground fault.

Every generator had the same response for both active and reactive powers. The
delivered active power both before and after the fault is about 448.9 kW. Throughout the
fault period, the generators do not supply any active power. The generation unit absorbs
5.5 kVAr before and after the fault. For the duration of the fault, each generator injects
27.56 kVAr to the utility grid. Figure 11 shows the response of the MV bus’s voltage in
kV and currents in amperes for the case of the three-phase-to-ground fault. In order to
investigate the change in the fault currents and the aggregated contribution, up to 20 MW,
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of the distributed PV systems, a fault analysis on the 22 kV line was conducted. Figure 11a
shows voltages in the MV park bus in the case of a three-phase-to-ground fault in the
22 kV-side, while the power injected at bus 1 in the case of a one-phase-to-ground fault in
the 22 kV-side is shown in Figure 11c.
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Figure 12a shows voltages in the LV bus side in the case of a one-phase-to-ground
fault in the 22 kV side. Figure 12b shows the currents in the LV bus side in the case of
a one-phase-to-ground fault in the 22 kV side. A sensitivity analysis can be conducted
by looking at the impact of the PV system faults on the numerous system parameters,
including the feeder/line length, X/R ratios, transformer impedance, and system ratings.
Figure 12c shows the supplied active power and reactive power of one generator at the
low-voltage bus. The severe peak of the inverter current can destroy the inverter power
semiconductor devices, except when they are sized to resist grid faults. In order to preclude
this appreciated solution, the control of the VSI must be adjusted to obtain better action
during grid faults.
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6.3. Active and Reactive Power Response

Solar irradiance is taken to be 1000 W/m2 in this simulation. Looking at the LVRT,
the response waveforms of the active and reactive powers, voltages, and currents at the
PCCs are depicted during the three-phase fault period in Figures 13 and 14, respectively.
Under these conditions, the voltage at the PCC falls to about 0.20 p.u. The control mode is
a LVRT mode to produce a specified amount of reactive power to the utility network. Due
to the presence of the reactive current component, the total current at the PCC is more than
the regular current. During the period of recovery, there is a linear recovery progression
between the active power and the current, which meets the conditions of Equations (3) and
(4). This case fruitfully confirms that the simulation model of the PV plant meets the LVRT
requirements considered above.
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A transformer enables one to raise the output power of the inverter by introducing
active power measurements during significant perturbations and at the site of common cou-
pling. The grid-connected PV-VSI controllers improve inverter performance and distribute
reactive power equally. The PV power plant should be able to regulate the reactive power in
order to address the issue of a voltage limit brought about by various disturbances. In order
to maintain grid voltage, the control strategy coordinates the reactive power compensation
device and the inverter’s reactive capacity, uses the PI controller to accomplish voltage-free
control, and optimizes the inverter’s reactive power distribution based on the reactive
line loss.
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7. Conclusions

LVRT capability and the reactive power/voltage support of a large-scale PV system
are introduced in this paper. An advanced simulation tool to conduct a switching transient
analysis, Matlab/Simulink, was used to demonstrate the control concept of a large-scale PV
system and the impact on the power system. A Simulink-based model of a three-phase grid-
connected 20 MW solar PV power plant is presented. This model is composed of 10 units
of parallel inverters which work together and share active and reactive power equally.
A comparable model is created and the model parameters are identified. The control
approach is also proven effective when irradiation conditions are rapidly changing. The
effect of a solar PV generation connection to the utility grid is studied and analyzed. A solar
PV plant has no mechanical parts, thus the transience will not be subjected to the inertia
of the rotating machines and will be quicker. Therefore, restoration of the PV generation
system that injects real and reactive power is faster due to the inverter controller and the
characteristics of the solar PV generation system. According to the simulation findings,
the control strategy can maintain voltage stability and minimize line loss in PV power
plants. The simulation results agree with the expected waveforms and allow a study of
the operation of solar PV plants under actual environmental conditions. Enhanced control
strategies permit solar power plants to establish a central and reliable electrical energy
supply. Dynamic grid support to a PV power plant during faults in a medium-voltage grid
is verified.
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