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Abstract: Over the last few years, the number of grid-connected photovoltaic systems (GCPVS) has
expanded substantially. The increase in GCPVS integration may lead to operational issues for the
grid. Thus, modern GCPVS control mechanisms should be used to improve grid efficiency, reliability,
and stability. In terms of frequency stability, conventional generating units usually have a governor
control that regulates the primary load frequency in cases of imbalance situations. This control should
be activated immediately to avoid a significant frequency variation. Recently, renewable distribution
generators such as PV power plants (PVPPs) are steadily replacing conventional generators. However,
these generators do not contribute to system inertia or frequency stability. This paper proposes a
control strategy for a GCPVS with active power control (APC) to support the grid and frequency
stability. The APC enables the PVPP to withstand grid disturbances and maintain frequency within a
normal range. As a result, PVPP is forced to behave similar to traditional power plants to achieve
frequency steadiness stability. Frequency stability can be achieved by reducing the active power
output fed into the grid as the frequency increases. Additionally, to maintain power balance on both
sides of the inverter, the PV system will produce the maximum amount of active power achievable
based on the frequency deviation and the grid inverter’s rating by working in two modes: normal
and APC (disturbance). In this study, a large-scale PVPP linked to the utility grid at the MV level
was modeled in MATLAB/Simulink with a nominal rated peak output of 2000 kW. Analyses of
the suggested PVPP’s dynamic response under various frequency disturbances were performed. In
this context, the developed control reduced active power by 4%, 24%, and 44% when the frequency
climbed to 50.3 Hz, 50.8 Hz, and 51.3 Hz, respectively, and so stabilized the frequency in the normal
range, according to grid-code requirements. However, if the frequency exceeds 51.5 Hz or falls below
47.5 Hz, the PVPP disconnects from the grid for safety reasons. Additionally, the APC forced the
PVPP to feed the grid with its full capacity generated (2000 kW) at normal frequency. In sum, the
large-scale PVPP is connected to the electrical grid provided with APC capability has been built. The
system’s capability to safely ride through frequency deviations during grid disturbances and resume
initial conditions was achieved and improved. The simulation results show that the given APC is
effective, dependable, and suitable for deployment in GCPVS.

Keywords: frequency stability; grid integration; active power control; solar PV; frequency ride-
through; technical requirements; renewable control
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1. Introduction

Solar photovoltaic (PV) demand is spreading and developing as it becomes the most
cost-effective choice for energy generation in many areas, such as home-energy systems,
off-grid microgrids or utility-scale projects [1-3]. Since 2013, power generated by PV has
been the highest among renewable sources [4]. The generation of electricity from solar
energy has witnessed a significant increase, with new installations totaling an estimated
130 GW by the end of 2020. In this regard, penetration of PV power plants (PVPPs) into
electrical power systems has been increased dramatically, as shown in Figure 1 [5]. Because
of the high integration levels of PV systems into the electrical grid, new rules have been
put in place for power system operators and some grid codes (GCs) that should be met [6].
The new integration requirements stipulate PVPPs to act similar to traditional power
plants and play a key role in improving frequency and voltage stability, withstanding
diverse disturbances, and enhancing the utility grid stability, reliability, security, and power
quality [7]. For instance, during grid faults, new GCs need PVPPs to withstand the fault and
support the voltage stability using reactive power injection, as in the case of conventional
power generators [8], and the research shows that PVPPs are not capable of doing that
under certain conditions, e.g., fault conditions or frequency swings may cause inverters to
disconnect or cease generation momentarily [9].

% 10 Installed capacity of solar energy generation worldwide
7 L T T T T T T T T T |
I solar photovoltaic
6 Solar thermal -}

T

Installed capacity (MW)

4 L

3

| I I
i I I

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Year

Figure 1. Growth trend of PV energy 2010-2020.

For grid frequency stability, the generation capacity should be equivalent to the
required load; otherwise, frequency problems may occur and thus lead to service discon-
nection [10]. Conventional generators (such as steam, diesel and gas), which are generally
equipped with a governor control, can stabilize the deviation in grid frequency (50 or 60 Hz)
by reducing their output power through active power control [11]. Consequently, the de-
manding efforts to replace conventional power generators with PV systems necessitate
embedding such features for stable renewable power generation.

PVPPs have a lot of qualities that are different from conventional power plants. As
a result, GCPVS are faced with a slew of novel issues. Moreover, the high penetration
of renewable power sources affects the operation of power systems [12]. In the past,
when PVPP penetration level was low, all regulations required these plants to disconnect
directly as soon as a grid fault or disturbance occurred. Nevertheless, because of the high
penetration of PV systems, disconnections occurring simultaneously with grid disturbances
would pose stability and operational issues and may even result in a blackout [13]. In terms
of frequency stability, traditional generation units have a governor control that functions
as a primary load-frequency control during frequency deviations. To avoid big deviations
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in the frequency, this control must be turned on right away. It will reduce the amount of
active power that is injected into the grid to keep the frequency stable [14].

Recently, distribution generators such as PVPPs, which have no governor control,
are gradually replacing conventional generators [15]. Thus, problems with frequency
stability will arise, necessitating immediate resolution. In this regard, recent studies have
confirmed that major frequency deviations and instability issues are to be expected [16-18].
For instance, several new GCs require frequency management capability in the future
generation of PV systems to assure network stability. Frequency control can be done by
reducing the amount of active power that is put into the grid when the frequency goes
up. This is called “active power control” (APC). A power ramp rate limiter is also being
added in various GCs, which presents a barrier for PVPP integration due to the absence
of inertia in their systems [19]. To solve these issues, APC capability is becoming an
essential capability of the modern power system to enforce the PVPPs to behave similar to
traditional power plants and contribute towards achieving frequency stability. When the
grid frequency exceeds 50.2 Hz to 51.5 Hz, PVPPs must reduce the produced active power
by a factor of 40% per Hz of the supplied PV power, according to the German GC. If the
grid frequency is less than 50.2 Hz, the available active power generated by PVPP should
immediately increase [20,21]. The US GC requires PVPPs to govern frequency deviation by
active power control in the same way as traditional generators, with a drop characteristic
of 5% [22].

According to the new Malaysian regulation, PVPPs must operate continuously in the
47-50.5 Hz frequency range. However, the PVPP is projected to lower its active power by
40% per Hz if the system frequency surpasses 50.5 Hz during over-frequency events [23].
In terms of China GC, the use of an APC may not be required. However, the PVPPs
must endure the over-frequency occurrence (50.2-50.5 Hz) within 2 min. Otherwise, the
disconnection of PVPPs from the power grid is required [24]. Even though the capability of
APC requirements for GVPVs is extremely critical for frequency stability, it is not explicitly
described in various grid codes. The APC is also delegated to distribution or transmission
system operators in several countries, such as South Africa [25]. Overall, the German grid
code imposes the strictest restrictions in terms of ACP for PV system integration. APC is
expected to become a necessity for additional countries in the near future as renewable
energy deployment increases.

In the literature, numerous studies have been conducted to meet the requirements of
various grid codes. For instance, the feedback linearization approach (FLS) was suggested
in [26]. In this study, the inverter can ride-through grid faults by maintaining current levels
within its set limits, ensuring that it is safe to operate during disturbances. A new fault-ride-
through control scheme that limits fault current within the limits of the system is presented
in [27]. Some other studies focused on fulfilling other requirements such as harmonics [28],
voltage unbalance [29], and voltage stability [30]. These studies, however, ignored the APC
capability. Although most of the above studies focused on voltage stability regarding the
PV pentation of the electric grid, only a few studies investigated the frequency stability.
Predictive PV inverter control, for example, has been presented in [31] for fast and precise
management of active power. However, the APC was not exactly used to change according
to the frequency variation.

There have been some studies focusing on the use of smart inverters and their impact
on grid stability [32]. However, these are performed at distribution level for individual
households and not in large-scale power plants [33]. Grid-code requirements can be
met using a two-second time window ramp rate restriction for PV plants incorporating
energy storage devices, as demonstrated in [19]. However, this method depends on weak
battery behavior, while power oscillations could occur. Frequency synchronization of
GCPVS using a frequency droop control (FDC) strategy is proposed in [34]. The FDC
of PVPP showed good performance in stabilizing the frequency at the connection point.
However, the ACP concept during over-frequency according to the standard requirements
is not taken into consideration. In [35], active power analysis of wind farms based on the



Energies 2022, 15, 2035

4 0f 21

frequency domain using closed-loop control is conducted. However, only the frequency
impact on the operation of the wind turbine was investigated, while this study overlooked
the reduction of output power once the frequency is increased. A hierarchical control
architecture for over-frequency support in large-scale PVPP is introduced in [36]. In [37],
authors established a frequency control with the coordination of a fractional-order PID
(FOPID) controller and electric vehicles (EVs) in interconnected smart-grid power systems
to improve the frequency response under changing load conditions. The proposed control
was compared to PI and PID controllers and proved that the FOPID controller has better
performance. However, this study does not deal with APC to reduce the frequency increase
according to the new grid-code requirements. Moreover, no renewable source is connected
and feeding power into the grid for frequency stability testing. As the main purpose of
APCs is to enforce renewable source to behave similar to traditional power plants, which
reduce their injected power according to the frequency increase, FOPID enhances the
tuning frequency response and overlocked the grid frequency stability. A comprehensive
review of FO controllers is given in [38] for frequency control. None of the papers are
about an APC developed for renewable energy-based generation for frequency control,
i.e., the main theme of the work presented herein. In addition, a smart solar inverter
enables active power curtailment, as well as volt-watt and frequency—watt management
systems for mitigating voltage and frequency aberrations in a smart power grid, and is
presented in [39]. However, the APC based on the recent integration standards is not
taken into consideration in these studies. Moreover, the behavior of renewable sources
integrated into the power sector similar to traditional power plants is overlooked, which
needs further investigation. Therefore, these methods do not sufficiently deal with APC to
achieve efficient and comprehensive frequency stability concerning grid-code compliance.
In addition, APC-capable photovoltaic inverters have yet to be commercially manufactured,
and related research on the topic is in its infancy. Thus, this paper attempts to overcome
the reported drawbacks and fill the gap. In view of the problem statement and literature
gap, the objectives of this research can be summarized as follows:

1.  To develop a complete control method that will allow large-scale PVPPs to tolerate
frequency increases by rapidly reducing the necessary active power under a variety
of frequency deviation scenarios to meet the standard criteria (GCs).

2. To design power control for frequency support at the grid during frequency devia-
tion and enforce the PVPPs to behave as traditional power plants towards smooth
integration and grid stability.

3. Toadd a new and simple control aspect to the existing single-stage inverter controller
to work at normal and abnormal conditions without additional or extra elements.
The controller is aimed at mitigating the frequency deviation according to the recent
integration requirements during abnormal conditions.

2. Grid-Connected PV System

For an accurate design, the overall performance and reliability of the PV system is
important. Consequently, proper modeling and control design permit the development
and smooth performance of APC. Figure 2 depicts the power stage of a 2000 kW single-
stage PVPP that was modeled in this research by means of Matlab/Simulink. The solar
PV array, maximum power point tracking (MPPT), DC-link control, the inverter with its
management, the filter, and the transformer that connected to the medium-voltage (MV)
side of the distribution grid were all part of a three-phase GCPVS. The PV array generates
2000 kV at STC. To obtain maximum available power, the MPPT controller based on the
“Perturb and Observe” technique is used. This MPPT system automatically varies the VDC
reference signal of the inverter VDC regulator to obtain a DC voltage which will extract
maximum power from the PV array. The DC-link is used to link between the PV system
and the inverter. The converter is modeled using a 3-level IGBT bridge PWM-controlled.
The inverter choke RL and a small harmonics filter C are used to filter the harmonics
generated by the IGBT bridge. The inverter controller consists of an inner and outer loop
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to control the current and voltage, respectively. VDC regulator is developed to determine
the required I; (active current) reference for the current regulator. The current references I;
and I, (reactive current) are controlled via the current regulator. The regulator determines
the required reference voltages for the inverter. In this model, the I, reference is set to
zero. A three-phase transformer is used to connect the inverter to the utility distribution
system. On the MV side of the distribution grid, the proposed PVPP is connected to 11
kV bus-bar in the distribution system via the step-up transformer (0.4/33) kV. For control
and analysis purposes, the control structure of the three-level voltage source inverter (VSI),
including the mathematical modeling, inner and outer loops of the control and the pulse
width modulation (PWM) of VSI control, are synchronized to the distribution system of the
power grid via a synchronous rotating reference frame-phase locked loop (SFR-PLL) based
on the (d-q) synchronous reference frame [40]. The 3-ph voltage vectors are transformed
from the natural reference frame (abc) to the rotating reference frame (d-q) using Park’s
transformation. Multiple current and voltage control loops were used to regulate output
current and voltage from the PV inverter stage to the distribution network [41]. The
following subsections describe the process of designing, scaling, and testing a PV power
station that is connected to the electricity grid on a model basis.

| DCLink I Inverter Transformer
Y PCC
e H A
L vae | — ] Filter f—bb Bd
T |/~

— AC f— bC Cd
v | 0.4KV e 11KV -
PV array 11111 pwm Power Grid &
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VPV lp; * A U(OD

Voltage Outer Loop Vq Vq*
MPPT -oL v

Figure 2. Large-scale PV power station interconnected to the utility grid.

2.1. PV Array Modeling and Sizing

To study the PV system in GCPVS, modeling and analysis of the PV module of the
array system are essential. The PV array is the complete power generating unit, comprising
many modules linked in series and/or parallel together to yield high voltage, current, and
power. In this research, a SunPower SPR-435NE-WHT-D PV Monocrystalline module has
been selected for the proposed PVPP design. Every single module produces a maximum
power of 435 W at standard test conditions (STC). The other electrical and mechanical
specifications of the module, such as ideal factor of diode (m), short-circuit current (),
open-circuit voltage (Voc), maximum power current (Imp) maximum power voltage (Vimp),
along with temperature coefficients of open-circuit voltage and short-circuit current (o,
), respectively, are provided in the datasheet by the manufacturers as listed in Table 1.

This module is used for the construction of the 2 MW PVPP. To build the pro-
posed 2 MW PV plant, the appropriate number of PV panels could be found by divid-
ing the maximum required power (2 MW) by maximum output power of each mod-
ule. (2 x 1074/ 435) = 4597 modules distributed as 418 parallel strings and 11 series mod-
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ules [42]. Reduced output current ripple and stable voltage on the DC side of the inverter
are achieved using an 800 V DC-link in this configuration [43]. In line with this, dividing
the voltage of DC-link by the maximum voltage of the panel gives the number of series
PV modules needed (800/72.9) = 11 series modules, and thus the parallel strings are 418
strings. Therefore, to produce 2 MW of power at STC, a 4589 unit with a maximum output
of 435 W was employed and distributed as 418 parallel strings and 11 series modules, as
illustrated in Figure 3. The output voltage, current, and power are 801.9 V, 2495.46 A, and
2,001,109.73 W, respectively.

Table 1. SunPower SPR-435 NE-WHT-D module specifications.

The Parameters The Value The Parameters The Value

Maximum power Pmax =43521 W Numbers of cells per module Neenn =128

Maximum current Imp =597 A Temperature coefficient of Is. a; =0.0307/C°

Maximum voltage Vimp =729V Temperature coefficient of Voo ay = —0.0229/C°

Short-circuit current Iy, = 6.43 A erﬂlil and series resistance 19 77 ) (537 ()
prirs

Open-circuit voltage ~ Vo =85.6 V Ideally factor of the diode m = 0.872

Impp = 5.97 x 418 =2.49 kA

Vmpp=72.9x 11 =801.9V

Pout=2495.46 x 801.9 =2.37 MW
Figure 3. The PVPP array configuration.
2.2. Control Strategy of PV Inverter

GCPVS (grid-connected photovoltaic system) integration into the power grid relies
heavily on the inverter. There are different controllers for three inverters, such as the
fractional-order proportional-integral-derivative (FOPID) controller to remove the ampli-
tude and phase shift error while decreasing the total harmonic distortion of the current.
However, the control based on PI is easier in implementation with less complexity. Control
optimization and power conversion is carried out in the proposed architecture using a
self-commutated VSI. The converter is represented using a PWM-controlled three-level
IGBT bridge. The harmonics generated by the IGBT bridge are filtered using the inverter
choke RL and a small harmonics filter C, as shown in Figure 4. Using a three-level inverter
gives advantages such as producing lower output current ripple without necessarily using
high switching frequency and applying lower voltage stress on inverter switches. From
a system perspective, the benefits of using three-level converters are not only limited to
the converter itself, but there are additional positive impacts on increased power ratings,
enhanced power quality, low switching losses and reduced harmonic distortion. Thus, for
a grid-connected PV system to be compatible with an MV connection, the inverter control
frame must include all the basic control needs [44]. In a single-stage VSI inverter, the
voltage of DC-link must be in the 550-850-volt range [45]. Therefore, the selected DC-link
voltage of the system is 800 V. The selected DC-link voltage is close to the array’s maximum
output voltage (796.4 V) to maintain a steady supply of voltage at the inverter’s DC side
and reduce current ripple. A schematic representation of the inverter control is presented



Energies 2022, 15, 2035

7 of 21

in Figure 4. Double-loop control modes are employed in this control system. It is made up
of two parts: an inner current loop (which includes both reactive current (I4) and active cur-
rent (I4)) and an outer voltage loop. It is common practice to use proportional-integral (PI)
controllers to regulate the DC-link voltage and grid current [46]. The typical PI controllers
are used in both loops to regulate the grid current and the DC-link voltage. For easier
control of active and reactive current parameters, the feed-forward decoupling strategy

is applied.
PV array 3-ph, 3 level inverter
i Sld J ICJ
V=400V
- 2 e : s Grid 3,
Ds SZJ J J : 400 (I);/I]akV 1KV, 301
¢ a S2b
R 125 QL 0.01mH
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Figure 4. Synchronized rotating frame control of the three-phase three-level inverter: Schematic diagram.

The DC-link voltage (V) is stabilized or managed by the outer loop. It is vital to
note that during normal operation, the voltage loop output is used as the active current
reference (I), but the reactive current reference (I;) is kept at a value of zero. A leading
or lagging power factor of 0.9 or more is required by the new integration requirement.
Therefore, grid inverters will run at a unity power factor (PF) condition to meet this new
need [47]. To simplify the controller design, especially for APC capability, a feed-forward
decoupling control strategy is adopted in the inner loop control to decouple the active
and reactive currents. The control system collects the instantaneous value of DC-link
voltage, grid-connected current and grid voltage in a timely fashion, and then calculates the
control pulse width of each bridge arm, and tracks the given value of grid-connected power
obtained by dc voltage outer loop. Table 2 provides an overview of the most important
parameters of the inverter-connected power grid. The phase locked loop (PLL) dependent
on the d-q synchronous reference frame (SRF-PLL) is used for the purpose of grid voltage
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and phase angle synchronization. pr 1 is attained via the SRF-PLL transformation that is
used to convert abc to dq0.

Table 2. Overview of the most important parameters of the inverter-connected power grid.

Inverter Parameters The Value
Grid voltage (V) 11 kV
Grid frequency (f) 50 Hz
Voltage of DC-link (V4.) 800V
Capacitor of DC-link (Cg) 0.2130 F
Grid angular frequency () 27t x 50 rad/s
Filter parameters (R and L) 1.250, 0.1 mH
inverter Switching frequency (fs) 2kHz
Current loop parameter of PI (K, K;) 0.3,20
Voltage loop parameter of PI (K, Kj) 2,400
Transformer (n =V /Vs) 04/11kV

The inner PI controllers loop generates both active and reactive voltage references (V*?
and V*7). The dq0 to abc transformation uses both active and reactive references voltages
to obtain V.. It is now time to feed the PWM signal generator V. so that the VSI can
generate switching pulses. When considering a filter (R + jwL) with access to the power
grid as illustrated in Figure 5, grid inverter voltage equations are driven as follows:

di .
Via= L%‘FRlu"‘Vgu 1)
di .
Vip= L% +Riy+ Vg, )
di. .
‘/1'(;: LE +Rlc+Vgc (3)
1
di [
vde f—
—— DC
Vde _1_
e n
AC
Inverter

Figure 5. Three-phase view of a grid-connected voltage source inverter.

The “Vj,, Vi, and V,.”, are the inverter voltages of phase a, b, and ¢, respectively. “i,,
ip, and ic”, are the inverter current of phase a, b, and ¢, respectively. “V,, ng, and Vg " are
grid voltage of phase a, b and ¢, respectively. Following the rotational transformation, the
following is the mathematical model of the grid inverter in d-q synchronous frame at the

line frequency:
di

Vig= L+ Rig+ Vg (4)
dig .
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As for grid-side power equations in space vector form, here are the active and reactive
power equations:

Q=15 (=V oy Ig+Vyi I) @)

where “Ip, V" and “Iy, V4" represent the current and voltage along the d and q axis at the
grid side in the d-q synchronous reference frame, respectively. As indicated previously, the
system must operate at a power factor of unity during normal operation. Then, if power
losses are ignored, V;; equals O for a balanced system. As a result, Equations (6) and (7)
become the following:

P =15V I, 8)

Q=-15VyI, )

3. Active Power Control

It is well known that the frequency in power systems must stay consistent (50 or 60
Hz). Consequently, at any point in time, the active power supply should be capable of
meeting the load demand. When the electrical grid experiences a power imbalance, the
frequency deviates from its nominal value. By reducing the amount of active power output
fed into the grid, frequency control can be achieved. This capability is referred to as APC.
Figure 6 illustrates a typical power—-frequency (APC) curve for GCPVs. It demonstrates the
necessity of reducing active power when the system’s frequency increases [48].

Typical Typical power—frequency response curve

100

80

60

40

20

0 1 1 1 I 1 1 1

48 48.5 49 49.5 50 50.5 51 515 52

Active Power output (% of available active power)

Frequency (Hz)

Figure 6. Controlling active power in a typical manner via frequency control.

Based on the German grid code, when the grid frequency exceeds 50.2 Hz till 51.5 Hz,
PVPPs are required to decrease the generated active power (P) by a gradient of 40% per
Hz of the available PV power, as depicted in Figure 7. If the frequency falls below 50.2
Hz, the PVPP should inject the maximum available power into the utility grid and operate
at full capacity [8]. In this study, the German GC will be used as a reference to achieve
the APC of the large-scale GCPVs. The controller is designed for this system of supplying
solar power into the main distribution line using an inverter that inverts the induced DC
voltage and current in solar panels into three phases of AC voltage and current. As a result,
the designed controller in this study must supply power into the grid according to the
following three cases:

o  First case: if the line frequency is less than 50.2 Hz and greater than 47.5 Hz, the PV
output power is totally inverted and supplied into the utility grid.
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e Second case: if the main line frequency increased above 50.2 Hz until 51.5 Hz, the
quantity of PV generated injected power into the grid must be decreased according to
the following equation:

50.2Hz — fnetwork

AP = 20P,, x =0T

(10)

e  Third case: if the main line frequency goes below 47.5 Hz or above 51.5 Hz, the DC
power inverted is totally cut.

502 Hz
) - foni A
Seria ) - 20,
Ap Ap=40%xP,, per Hz
50.2 Hz - foria

AP = 20P,, Once 50.2 Hz < f,;<51.5 Hz

50 Hz
P, power that is available on demand

AP power reduction

Jaria frequency of power grid

Continues operation
with full capacity

at fguw < 47.5Hz and fu,=>51.5Hz disconnection from the grid

within the range of  47.5 Hz < fgu < 50.2 Hz

Figure 7. The reduction in active power in the event of an over-frequency.

All the above three cases are achieved using a proportional-integral controller that
depends on a sensor that measures the main line frequency. The APC control should be
activated accordingly based on the measured value of frequency and the predefined values.
The controller should inject the maximum power via connecting all solar panels to the
inverter as frequency detected in the first case. However, if the frequency is detected in
the second case, the controller sends commands to remove several solar panels that are
connected in parallel. However, if the frequency is detected as per the third case, the
controller sends commands to turn off the inverter itself. Figure 8 shows the flowchart
algorithm of the controller.

The grid voltage is transformed in the d-q coordinate system, while its output generates
the commanded VSC voltages. Such an approach allows the full use of the advantages of
PI controllers. After backward transformation, the three voltages are delivered to PWM,
generating switching signals for an inverter. PI controllers are found in the simulation step
response. This non-systematic and hard action becomes more complex and time-consuming,
particularly in complex applications. Consequently, the formulation of controller tuning as
an optimization problem is a promising resolution. These circuits are composed mostly
of a direct current source, a power inductor, a power IGBT, a capacitor, a power diode, a
DC voltage sensor power, and a resistor acting as a load. For examining the performance
of multi-source chopper circuits, two distinct DC voltage sources are attached to the
circuits. This scenario will occur in a real-world environment, such as in photovoltaic
power systems. A proportional-integral controller was used to regulate the output voltage
of chopper circuits. The output voltage is sensed by the voltage sensor, and its value is
returned and compared to the reference value. To control the IGBT switch, errors will
indeed be modulated using a triangle carrier signal, as shown in Figure 9. Overall, Figure 10
shows the flowchart of the APC controller operation flow.
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Figure 9. Controller structure of the APC-based grid-connected PV system.
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Figure 10. The system flowchart containing controller structure of the PV system with APC.

4. Results and Discussion
4.1. Simulation Results of the Large-Scale PVPP

Figure 11 illustrates that the PV array can provide 2000 kW of power at STC. In
addition, the maximum current and voltage are 2495.46 A and 801.45 V, respectively. These
simulation results have proven that the PV array has a true maximum PV array current
of Ipy = 2495.46 A, maximum PV array voltage of Vi, = 801.9 V, and an output DC
power Py, equal to around 2 MW, which complies with the system sizing described above.
Figure 12 shows the output power of the PV system at three different levels of radiation. It
starts at 1000 W/m?2, drops to 400 W/ m2, rises to 800 W/m?, and then back to 1000 W/m?
with a temperature of 25 °C. The generated power under STC is around 2000 kW, whereas
the maximum power is 800 kW and 1600 kW when the radiation levels are 400 W/ m? and
800 W/m?, respectively. In conclusion, the simulation results based on the mathematical
modeling described above have been matched.
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Figure 11. The PVPP array output at STC.
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Figure 12. Output power of the PVPP array (dc generators) at different levels of radiation.
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A large-scale single-stage PV power plant should use a DC-link with a value close to
the optimum voltage of the system array to minimize output current ripple and provide a
stable DC supply for grid inverter operation [49]. The DC-link comprises of two capacitors,
C1 and Cy, which are split into £ 400 V. As the array’s open-circuit voltage (Vo = 938.3 V)
falls within the inverter voltage range, the inverter operates at the same nominal voltage
as the DC-link and must be compatible with the array’s current and voltage to sustain its
maximum values. Thus, the DC-link voltage was designed with 800 V in this research, as
shown in Figure 13. This voltage matched the output voltage of the PV array (801.9 V).

de link Voltage (Vdc)

g6l T T T

£40 N

g0 7

740 I i I i I I i 1 i
0 0.1 0z 0.3 0.4 0.5 0.6 0.7 0.8 0o 1

Time (s)
Figure 13. DC-link voltage of the PVPP.

In Figure 14, the inverter’s output voltage is shown as an unfiltered output with
switching effects. Through zero, the amplitude of the peak voltage switched between —800
V and +800 V. The output of the inverter will flip from the positive to the negative peak
of the DC-link voltage when all the parameters in the inverter reach a steady state. This
voltage is then filtered using a filter developed specifically for this investigation to reduce
distortions.

Inverter output voltage (Vab)
T T T

1000

—. 500

¥

Woltage (Vv

0

=500 F

_] ”UU i 1 1 1 1 i 1 I I
0 002 004 006 00R 0.1 012 014 016 018 02

Time (5)

Figure 14. Inverter voltage (Vyp).

4.2. Simulation Results of the APC

The generation units have a very important role in controlling their injected output
power when the frequency deviates from 50 Hz (e.g., because of a loss-of-loads event or
faults). As described earlier, the ability to reduce the increase in grid frequency by more
than 50.2 Hz is achieved by reducing the output power through active power control.
APC is one of the issues that large-scale PV power stations confront while integrating
into the electrical grid, and it has yet to be completely researched. Therefore, this section



Energies 2022, 15, 2035

15 of 21

presents the results of the comprehensive control strategy of PVPP to improve the APC
capability following the standards requirements and modern GCs interconnection rules.
Using Matlab /Simulink, the whole GCPVS model previously described is used to test the
proposed APC control technique. The PV power plant system is linked to the MV with
an optimal voltage of 11 kV. The following case studies show the results of the APC with
different levels of frequency deviation. Therefore, a suitable amount of active power is
reduced during the deviation according to the standard requirements described. It is worth
mentioning that all tests have been done at STC.

4.2.1. Normal Operation

To maintain grid frequency stability, the generation capacity should be equal to the
necessary load. If this is not done, frequency issues may arise, which could also result in
the service being disconnected. Changes in the supply and demand of electricity have the
potential to have a significant impact on the frequency of the networks. For instance, if
demand for electricity exceeds supply, the frequency will decrease. On the other hand,
if there is too much supply, the frequency will increase. In a normal case, the frequency
should oscillate around 50 Hz and then the supplied power should stay at the normal level.
This case is shown in Figure 15 in which the PVPP should supply the grid with 2 MW and
the frequency is stable at 50 Hz.

50.4 T T T T T

Frequency (117)
|
|

AC Qutput Power (MW)

0 0.1 02 0.3 0.4 0.3 0.6
Time (s)

Figure 15. Active power control behavior during normal frequency.

4.2.2. Frequency Less Than 47.5 Hz

According to the new requirements of grid codes, if the grid frequency is at 50 Hz, the
PV power plant should inject the maximum available power into the power grid. However,
if the grid frequency decreases to less than 47.5 Hz, the PV power plant should speedily
disconnect from the utility grid for safety. To test the effectiveness of the developed control
according to the standards requirements, a fault occurred at the distribution system for 0.3
s, leading the frequency to decrease to 47.4 Hz. As can be seen in Figure 16, the output
power is equal to 2 MW (full generation capacity) once the grid frequency is at 50 Hz. This
is the normal case where the grid is at the normal mood of operation, and the controller
takes no action. However, once the fault is activated, the frequency drops to less than 47.5
Hz and thus, the PV power plant is disconnected accordingly, which meets the standard
requirements stated by the grid codes.
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Frequency (11z)
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Figure 16. Active power control behavior during normal and less than 47.5 Hz frequency.

4.2.3. Frequency Ranging from 50.2-51.5 Hz

For grid frequency stability, in the case that frequency is between 50.2 Hz and 51.5 Hz,
the APC should act and decrease the power injected into the power grid accordingly and
thus stabilize the frequency at normal range (50 Hz). In this case, different scenarios are
tested below, and the results are shown in Figure 17.

Fequency (11z)

w1 u’,.‘

(]

in
T
|

=]
L
|

AC Output Power (MW)

=

03 0.6 0.9 1.2 1.5

Time (s)
Figure 17. Active power control behavior during different levels of frequency disturbances.

(1) From 0to 0.3 s, the frequency is in the range of 50 Hz and therefore there is no action
done by the controller.

(2) From 0.3 s to 0.5 s the frequency is increased up to 50.3 Hz, so the APC is activated,
and the output power is reduced by around 80 kW and the PV power plant supplies
the grid with 1.92 MW. Thus, the frequency recovers to nominal operation between
0.5sand 0.6 s.
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50.2 —50.3
X ———— X

Ap =2
p=20 50

2 x 10° = —80000 = —80000 + 2 x 10® = 1.92MW  (11)
(38) From 0.6 s to 0.8 s the frequency is increased up to 50.8 Hz, so the APC is activated,
and the output power is reduced by around 480 kW and the PV power plant supplies

the grid with 1.52 MW. Thus, the frequency recovers to nominal value between 0.8 s
and 0.9 s.

50.2 —50.8

= x 2 x 106 = —480000 = —480000 + 2 x 10® = 1.52MW (12)

Ap =20 x
(4) From 0.9 s to 1.1 s the frequency is increased up to 51.3 Hz, so the APC is activated,
and the output power is reduced by around 880 kW and the PV power plant supplies

the grid with 1.12 MW. Thus, the frequency recovers to nominal value between 1.1 s
and 1.2 s.

50.2 - 51.3
x e —

Ap =20
P 50

x 2 x 106 = —880000 = —880000 + 2 x 10® = 1.12MW (13)

(5) At1.2s, the frequency is increased to above 51.5 Hz, and then the APC is activated to
disconnect the PV power plant.

4.2.4. Frequency Higher Than 51.5 Hz

For safety concerns, the disconnection of the system should happen when the fre-
quency increases to more than 51.5 Hz. Therefore, the APC should act and disconnect the
PV power plant. Figure 18 shows the effectiveness of the proposed control in which the
PVPP is disconnected accordingly.

n;\_\-\ -.] S F -
& Al i
=
¥l
2 505 .
[
= |
50 (e— .
4[15_ 1 L 1 1 1
. <107
= T T T T T
S 20r 1
§ 15 4
S
A lofb .
=
E_ I L -
g 3
=
st
0y 0
{ 1 1 1 1 1
0 0.1 02 03 0.4 0.3 0.6
Time (s)

Figure 18. Active power control behavior during normal frequency and the frequency greater than
51.5 Hz.

4.2.5. Different Rates of Changes of the Frequency at Same Time

To show the effectiveness of the system operation with APC more clearly, the frequency
has deviated either up or down and the output power followed this increasing and decreas-
ing accordingly (as per APC requirements). To enhance the system safety, the grid will
disconnect when the frequency reaches a value above 51.5 Hz and below 47.5 Hz. All the
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cases (cases 1 to 4) are summarized in Figure 19. It can be noticed that the APC is working
effectively to stabilize the grid frequency according to the new standard requirements.

. T T T T T
52 |

-
T
|

49 - 1

Freguency (Hz)

48 b .

(%)

AC Output Power (MW)

0 0.3 0.6 0.9 1.2 1.5 1.8
Time (s)

Figure 19. Active power control behavior during frequency deviation.

By comparing the results of the introduced APC strategy with the recent studies, the
proposed method showed good performance, simplicity, and met the grid-code standard
requirements. In sum, the presented results were compatible with the recent requirements,
which is an important indicator of the results’ verification. In addition, as compared to
existing methods described in Table 3, the proposed method effectively enhanced the
frequency stability at different levels of frequency deviation with possible low complexity.

Table 3 shows a comparison between the existing and proposed methods.

Table 3. Comparison between the proposed and existing methods.

Ref. Controller Main Finding Limitation/Remarks
] Power oscillations could occur.

The frequency drop is supported Power ripple in the MPP.

[19] Direct ramp rate control using an energy storage device Extra device and then extra cost.
(battery to fulfill grid requirements). Low response
PV power plant has a good ACP concept according to the

[34] frequency droop control performance on frequency standard requirements not taken

strategy droop control. into consideration.

Enhance the wind turbine Studied the effect of frequency
disturbance suppression capability impacts on the operation of

[35] Close-loop control and power tracking dynamic wind turbine. )
performance during frequency Overlooked. the power reduc.tlo.n
deviation at the connection point. based on grid frequency deviation.

More focus is paid on the fast
I hical control The proposed control obtained a fast ~ T€Spomnse rather than the achievement
[36] 1erarCh.1tca tcon o and accurate response and was robust of grid-code requirements .and APC.
archutecture against communication failures. Cannot support the operation under
different faults.
Enforce the PV system to behave The proposed APC is effective to help
Active power control usin similar to a traditional power plant the PVPP behave similar to a
Proposed APC P & P P traditional power plant for a stable,

grid-forming inverters

during frequency deviation towards
frequency stability.

reliable, and efficient future of PV
systems-connected power grid.
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5. Conclusions

Based on frequency stability requirements as result of the growing integration of
PV power systems into electrical power grids, a large-scale, 3-ph PV power plant (PVPP)
connected to a utility grid under frequency deviation was examined in this study. The
primary goals of this research were to construct a high-efficiency grid-connected PV system
and to develop advanced frequency control, namely active power control (APC). The APC
allowed the PVPP to resist grid disruptions while maintaining a regular frequency range to
improve the grid-connected PV system’s efficiency and grid frequency stability. Moreover,
the APC aimed to make the PVPPs operate similar to conventional power plants and help
restore the frequency in the event of disturbances.

To achieve this goal, the inverter operated in two modes: steady-state mode with a
normal frequency (50 Hz) and abnormal mode when the frequency increases or decreases
away from 50 Hz. APC is activated to stabilize the frequency, in the case of a disturbance.
To apply the APC capability control based on the standard requirements, the design and
development of large-scale PVPP integrated into medium- and low-voltage networks have
been achieved. The APC method introduced some amendments to allow the PVPP to ride
through the frequency disturbances according to the requirements of the standards imposed
by different grid codes. These adjustments include a frequency-detection unit to inform
the control to convert from normal operation mode into a disturbance mode of operation.
When the system is switched to grid disturbance operation mode, the proposed control is
effective because it allows the PVPP to continue producing power while reducing frequency
increase. Additionally, once the disturbance is cleared, all parameters are restored to their
pre-disturbance levels and ride through the frequency increase smoothly.

This control also achieved an essential feature imposed by some GCs for enhancing
the APC capability via reducing the active power injected into the power network to
support power grid and frequency recovery. Consequently, the grid-connected PVPP
offered ancillary capability during frequency deviation via APC. These ancillary services
can doubtlessly prevent cascading events, which can cause blackouts, and enhance the
recovery process from the disturbance event, improving power—frequency stability.

The simulation results validated the proposed control ability to solve transient be-
havior and ride through the frequency. It is shown that the proposed control methods
have excellent performance in terms of frequency detection, keeping the inverter connected
or disconnected based on frequency situation, and reducing the amount of active power
(for frequency ranging from 50.2-51.5 Hz) to support frequency recovery until different
types of disturbance are safely ridden through, as demonstrated by simulations of various
scenarios. It can be concluded that the proposed APC is effective to help the PVPP behave
similar to a traditional power plant for a stable, reliable, and efficient future of the PV
system-connected power grid.
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