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Abstract: Renewable energy systems (RESs), such as photovoltaic (PV) systems, are providing 
increasingly larger shares of power generation. PV systems are the fastest growing generation 
technology today with almost ~30% increase since 2015 reaching 509.3 GWp worldwide capacity by 
the end of 2018 and predicted to reach 1000 GWp by 2022. Due to the fluctuating and intermittent 
nature of PV systems, their large-scale integration into the grid poses momentous challenges. This 
paper provides a review of the technical challenges, such as frequency disturbances and voltage 
limit violation, related to the stability issues due to the large-scale and intensive PV system 
penetration into the power network. Possible solutions that mitigate the effect of large-scale PV 
system integration on the grid are also reviewed. Finally, power system stability when faults occur 
are outlined as well as their respective achievable solutions. 

Keywords: angle stability; photovoltaic (PV); grid; power quality; large-scale power plant; voltage; 
frequency stability 

 

1. Introduction 

The worldwide interest in environmentally friendly power resources is exponentially increasing. 
Among several renewable energy systems (RESs), solar photovoltaic (PV) systems are one of the 
major types of distributed renewable energy (RE) generation that has unlimited supply capacity and 
is forecasted to become the largest source of RE by 2022. The solar PV capacity for network-connected 
application was estimated to be 509.3, 600, 700, 800, and 1000 GWp in 2018, 2019, 2020, 2021, and 2022, 
respectively [1]. The global PV capacity has been continually rising, and the yearly growth curve from 
2015 to 2022 is illustrated in Figure 1. 

Solar PV systems can be connected to either of two levels in a network and these systems can be 
categorized into three main categories according to their size: large, medium, and small. The large- 
or utility-scale PV power plants (LS-PVPP) are those typically generating above 100 MWp, so they 
can be connected to high or medium voltage. This category of PV energy is typically delivered in 
three phases and requires some transformers parallel to the power system. The second category, 
which is the medium-scale PV, generates from 1 to 100 MWp and is connected to the distribution level 
[2]. This category can particularly be found in all sizes of buildings such as government sites, malls, 
and residential areas. For residential areas, small-scale PV systems are used with a generation 
capacity that ranges from 1 up to 1000 kWp, where it is connected to low voltage. Due to the 
integration of solar PV systems, voltage increase, reverse power flow, and some other issues may 
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appear in the grid. As such, the connection of PV systems to the grid could introduce some additional 
problems and effects that must be attentively regarded and examined. 

 
Figure 1. Evolution of the photovoltaic (PV) capacity (GWp) around the globe from 2015 to 2022 [1]. 

Some other challenges have been encountered due to the intense integration of LS-PVPPs into 
the power system. The variability of solar radiation is a significant issue that may lead to instability 
in the point-of-common-coupling (PCC), concerning the voltage and frequency responses. The 
control of LS-PVPP in power curtailment (PC) mode is becoming challenging due to the intermittent 
energy nature of the source. Reduced inertia is another challenging issue due to the absence of 
rotational machinery in LS-PVPPs, which is used in traditional power plants, thereby introducing 
instability in the grid. To this end, to ensure the reliability of PV system penetration in LS-PVPPs, the 
grid codes (GCs) must be analyzed as new GCs are needed from LS-PVPPs for better configurations 
as well as to improve the control stability. 

Authors in [3–5] discussed some other issues related to the high level of integration of PV 
systems into the electrical power system, such as voltage drop and network losses. From the control 
and implementation points of view, the LS-PVPPs were studied [6]. 

The aim of this review was to present the key challenges of the integration of solar PV power 
generation into large-scale grids, and the various techniques adopted to enhance the power systems 
with intensive PV penetration stability. 

Compared with the existing review papers available in the literature, this paper provides 
updated GCs for different countries, as well as the latest solutions to the problems faced due to the 
high integration of PV systems, especially for LS-PVPPs. This work is useful for academic researchers, 
industrial researchers, and engineers working in this field. 

The rest of paper is organized as follows: Section 2 presents the main components of the grid-
connected PV system. Section 3 elaborates upon a scope of recent GCs and regulations for grid-
connected PV systems. In Section 4, the solar PV penetration impact on power system stability is 
presented. Section 5 elaborates upon the impact of PV penetration on voltage profiles. In Section 6, 
some fault ride-through techniques are presented. Some of the latest introduced maximum power 
point tracking (MPPT) techniques for PV systems are explored in Section 7. In Section 8, some new 
methods are presented, such as thermography infrared for detecting defective PV cells and panels. 
Finally, the conclusions drawn from the study and some recommendations for future research 
opinions are provided in Section 9. 

2. Main Components Grid-Connected Photovoltaic System 

The overall structure of a grid-connected PV source is illustrated in Figure 2. It consists of four 
main components: (i) a PV array that generates direct current (DC) power; (ii) a three-phase inverter, 
which is adopted to convert the DC to alternating current (AC) power; (iii) an LCL filter, which is 
used to suppress the switching harmonics generated by grid-connected inverters at the output 
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voltage and current; and (iv) a transformer that is used to step up the PV voltage while ensuring 
galvanic isolation. 

 
Figure 2. Main components of grid connected PV systems. 

3. Overview of Grid Codes for Photovoltaic Integration 

Large scale (LS) PV systems should meet certain grid connection criteria, commonly known as 
GCs, to guarantee the safe and reliable supply of electricity with embedded PV power plants. For this 
purpose, several distinct studies of modern international GC requirements regarding the integration 
of PVPPs in power system for several countries have been explored. Germany developed the first 
technical GC specifically for PVPPs interconnected to medium- (MV) and high-voltage (HV) 
networks in 2008. These specifications were analyzed in some studies [6,7]. The focus of these 
requirements on the response of the PVPP is during failures. After the German’s GC, some other sites 
created their own GCs, including South Africa, China, Japan, Italy, Spain, Australia, Malaysia, and 
Romania. An overview of some challenges of LS PV integration into LV and MV networks was 
published by Shah et al. [8]. Obi and Bass [9] analyzed the technical issues with and the trends in PV 
integration. 

This section presents a comparison of several requirements in Germany, Spain, Italy, Australia, 
China, Malaysia, Japan, Romania, and South Africa for the connection of PVPPs to the HV network, 
which was used in [10]. The comparison is established based on particular criteria such as nominal 
frequency, frequency constraints, low-voltage ride through (LVRT), high-voltage ride through 
(HVRT), and power factor (PF) range at the PCC. These are listed in Table 1. 

The GCs presented in this study have some similarities but also significant differences, as the 
specifications for each grid are tailored to the electrical network features. Table 1 shows that the most 
extreme frequency boundaries from the nominal value are around −3.5 and +2.5 Hz. Germany also 
has a broad variety of frequency boundaries for standard operation. 

Depending on the operator requirements and the reliability of the network, the parameters of 
LVRT specifications stated in various GCs may differ from country to country. In Germany and 
Malaysia, a delay in connection for the PVPP equal to 0.15 s is imposed [10] when the voltage is 
moving to zero of the rated voltage at the PCC. This case is the so-called zero VRT. If 90% [10] of the 
pre-distributed voltage value could be recovered at the connection point of 1.5 s, the PVPP will 
remain in normal operation without tripping. In Japan, prerequisites state that PVPPs should 
withstand a voltage drop of 20% of the rated value for 1 s and then increase to 80% [10] at the PCC. 
The GC in Italy requires the PVPPs to support network failures with voltage drop (to 0 for 0.2 s) [10], 
followed by voltage restoration to 90% [10] of its rated value within 1 s [10] after the voltage drop. 
The Romanian GC, however, requires the PVPPs to handle grid faults for 0.62 s [10] in case of voltage 
increase by 15% [10]. In Spain, regulations state that PVPPs must to withstand a voltage drop of 20% 
of the rated value for 0.5 s and then increase to 85% [10] in the next 0.5 s [10] at the PCC. 

The Australian GC has the most rigid LVRT requirement, which requires the PVPPs to handle a 
decrease to 0 voltage at the PCC and increase back to 80% simultaneously [10]. 
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Table 1. Required nominal frequency, frequency limits, low-voltage ride through (LVRT), high-voltage ride through (HVRT), and power factor (PF) for point-of-common-
coupling (PCC) grid codes (GCs) in some countries. ND: not define. 

Country GCs 
Nominal 

Frequency 
(Hz) 

Frequency Grid 
(fg) Limits (Hz) Maximum Duration 

LVRT HVRT PF at Point of Connection 
Fault Time After Fault During Voltage Swell Leading Power 

Factor-Capacitive 
Lagging Power 

Factor-Inductive V1 (%) t2 (s) V2 (%) t3 (s) V (%) t (s) 

Germany 50 
fg > 51.5 

47.5 < fg < 51.5 
fg < 47.5 

Instant disconnection 
No trip (continuous) 

Immediate disconnection 
0 0.15 90 1.5 120 0.1 0.95 0.95 

Italy 50 ND ND 0 0.2 85 1.5 125 0.1 0.95 0.95 

Spain 50 

fg > 51.5 
47.5 < fg < 51.5 
48 < fg < 47.5 

fg < 47.5 

Immediate disconnection 
Continuous operation 

3 s 
Immediate disconnection 

20 0.5 80 1.0 130 0.25 0.85 0.85 

Australia 50 
fg > 52 

47.5 < fg < 52 
fg < 47.5 

2 s 
Continuous operation 

2 s 
0 0.45 80 0.45 130 0.06 0.9 0.95 

Romania 50 
fg > 52 

47.5 < fg < 52 
fg < 47.5 

Immediate disconnection 
No trip (continuous) 

Immediate disconnection 
15 0.625 90 3.0 ND ND ND ND 

Malaysia 50 
fg > 52 

47 < fg < 52 
fg < 47 

Immediate disconnection 
Continuous operation 

Immediate disconnection 
0 0.15 90 1.5 120 Continuous 0.9 0.85 

Japan 

Eastern 50 
fg > 51.5 

47.5 < fg < 51.5 
fg < 47.5 

Immediate disconnection 
Continuous operation 

Immediate disconnection 
20 1.0 80 1.2 NS NS ND ND 

Western 60 
fg > 61.8 

58 < fg < 61.8 
fg < 58 

Immediate disconnection 
Continuous operation 

Immediate disconnection 

South Africa 50 

fg > 52 
51 < fg < 52 
49 < fg < 51 
48 < fg < 49 
47 < fg < 48 

fg < 47 

4 s 
60 s 

Continuous operation 
60 s 
10 s 
0.2 s 

0 0.15 85 2.0 120 0.15 0.95 0.95 
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In the case of HVRT, several GCs described in this section indicate that in Spain and Australia, 
regulations have strict HVRTs, requiring the PVPPs to handle voltage swells with a voltage rise of up 
to 130% [10] of the nominal voltage at the PCC [10]. In Germany, the solar PV farms should ensure a 
transfer of the reactive power (RP) at the PCC′s nominal active power (AP) with a PF ranging from 
0.95 inductive to 0.9 capacitive [10]. The Southern Africa and Italian GC impose RP control regulation 
similar to the German regulation in different scenarios of operation, and the PF at the PCC varies 
between 0.95 capacitive and 0.95 inductive [10]. 

Smart PV systems capable of performing reliable grid support tasks have the potential to become 
part of the solutions for future power generation. PVPPs need to provide more ancillary services, 
such as voltage and frequency regulation, spinning reserve, or even the possibility of black starting, 
for future GC compliance. 

4. Photovoltaic Penetration Impact on Power System Stability 

4.1. Frequency Stability 

Variations in frequency in the grid may occur due to the increased penetration of PV systems 
[11]. Research attempts were dedicated to high PV penetration impacts [12]. Among those impacts 
are the system angle and frequency stability during reduced system inertia with high PV inputs. PV 
generation systems have very low inertia; thus, integrating large PV plants as a substitute for the 
conventional generators decreases the inertia of the bulk power system. Consequently, the system 
would not be able to manage the frequency fluctuations caused by frequent load demand changes. 
Although shown that the frequency support worsens due to the inclusion of high-level renewable 
generation technologies [13], by extra control the frequency support can be improved. In [14], the 
effects of LS solar PV generation on the frequency stability of the power system and the capability of 
the frequency response of power systems were explored. The beneficial impact of PV power plants is 
their ability to promote system frequency recovery after significant disturbances during the initial 
seconds. 

As illustrated in Figure 3, the system frequency in normal conditions is near to its nominal 
frequency (50 Hz). However, when an event occurs, the system begins to deviate. This imbalance 
must be adjusted using frequency control loops. To improve the system stability, these controllers are 
employed and they cover two times frames: the primary frequency response (PFR) and the secondary 
frequency response (SFR). 

 
Figure 3. Time frames involved in the system frequency response [14]. 

A large difference in new technology appears between the PV array, inverter, and the traditional 
power plants. Due to the absence of a rotating machine and the energy variability, several issues with 
frequency stability occur in the electrical system [15]. In the case of the Australian PV integration 
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network, issues in frequency regulation arise due to the low inertia and PV generation variation [16]. 
Abdlrahem et al. [17] investigated the impact of a large PV plant integration on the frequency stability 
of power systems under four LSPPVs. In this method, they tested 200 MWp PV plants that were 
connected to a 230 kV utility transmission grid through two converters and a transformer. The first 
stage converts from continuous voltage to continuous voltage using a boost converter, and the second 
stage converts continuous to alternating voltage and to the transformer stage. The third stage consists 
of four transformers, where each one is 2 kV. A second transformation stage is composed of an 11 
kV/230 kV transformer connected directly to the utility. The 200 MWp PV is divided into four 50 MWp 
generators connected to two areas, each area includes four synchronous 700 MWp generators. This 
example shows that the frequency stability is not influenced when considering any decrease in 
standard generators with increased PV penetration. However, reference [18] reported that the 
increase in PV leads to frequency instability. Some studies were reviewed [15] about the impact of 
the decreased inertia in the electrical system with increasing PV penetration. The greatest challenge 
for LS-PVPP is finding a solution to the lack of inertia for PFR and SFR control. When working the 
LS-PVPPs at the maximum power point (MPP), they do not have the power reserve to control a 
decrease in frequency. 

4.2. Angle Stability 

Angle stability is adversely affected by increasing PV penetration into the power system. This 
contributes to reducing the system inertia and increasing the generator reactance; thus, the generator 
transient stability may be negatively affected. In particular, the effect on transient stability may 
become more severe if significant quantities of PV units are disconnected simultaneously during 
voltage decrease [19]. Mahalakshmi et al. [20] stated that the system inertia is lowered after the 
synchronous generator is substituted by PV sources, and when the PV penetration is higher, the 
generator rotor angle oscillates more and causes less system stability. The increasing oscillation may 
result in a loss of stability due to the lower inertia in the power system with a higher PV penetration 
rate, which may be a reason for future issues with angle stabilization. PV was shown to have both 
negative and positive impacts on the performance of transient stability depending on the place of the 
fault and the length of the fault [21]. Tamimi et al. [22] indicated that distributed PV generators could 
significantly improve transient stability compared with centralized PV generators. More recent 
research [23] proposed a probabilistic technique for small-signal stability analysis of power systems 
with PV integration. Low solar irradiance directs the real part of the critical value to the right side of 
the complex plane and leads to a high proportion of instability on the system with high gains of the 
current regulator and the impedance controller. A systematic methodology [24] was proposed to 
explore the stability of the rotor angle when the PV integration is high and maintaining steady-state 
system parameters with solar PV integration. These parameters include AP, RP, and the difference in 
the maximum angle of the rotor. The results of the study showed that stability improved through the 
integration of PV generation, except in remote fault situations where power system stabilizer (PSS) 
generators are substituted by PV generation. Transient stability has declined due to increased PV 
penetration when a fault occurs at critical points; however, it has been improved when a fault occurs 
at a less critical point. Consequently, fault proximity to PV generation is a critical factor affecting 
transient stability. 

5. Photovoltaic Penetration Impact on Voltage Profiles 

5.1. Voltage Stability 

Large-scale PV integration may produce voltage instability in a system [25]. The research [22] 
showed that regardless of the volume of PV integration into the system, the network experiences both 
beneficial and detrimental effects in terms of steady-state stability. Eftekharnejad et al. [26] analyzed 
the effect of PV penetration in the Ontario, Canada area with distributed PV systems. The analysis 
considered different penetration levels of up to 2000 MWp. The effect of variable irradiation on 
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voltage fluctuations was analyzed considering different levels of penetration of PV energy (0% to 
16%) [27]. The switching of synchronous generators by PV systems produces some effects on the 
magnitude of the voltage and the severity of the harmful impact rises with increasing PV integration. 
To avoid voltage fluctuations, a constant PF controller or an automatic voltage controller (AVC) using 
the PV converter itself was adopted, as described in Figure 4. 

 
Figure 4. Automatic voltage control from a PV generator [27]. 

Figure 4 shows the proportional integrator (PI) controller that is included in this AVC scheme in 
conjunction with a PV inverter. The error signal driving the PI controller corresponds to the difference 
between the reference terminal voltage, Vref, and the measured terminal voltage, Vt. The 
implemented AVC of the PV generator operates in a range from 0.85 lagging to 0.85 leading. Due to 
the fault of the short circuit (SC), the RP amount required by the controller is achieved at the peak. 
After SC, an over-voltage phenomenon occurs; thus, an over-voltage protection loop is introduced 
when the voltage is reduced under a boundary value [28]; thus, the RP demand decreases to the 
maximum value of Qmin. 

The PVPPs implemented in different areas of a network were investigated [29] and the authors 
proved that as the generated power of the PV increases from 0.2 to 10 MWp, the obtained form of the 
voltage is a parabolic trend. Therefore, to solve the problem of voltage fluctuation in the case of 
massive PV integration, constant PF control and automatic inverter voltage control are applied in this 
method. Zhang et al. [30] proposed the transient overvoltage (TO) PV behavior at the PCC. Through 
results on this work, the authors proved that TO events depend on the size of a PV system, the 
placement of supervisory voltage control (SVC), and the lack of synchronous generators in the 
vicinity of the PV system. This work proved that the TO issue worsens as the amount of PV in the 
system and the distance of the PCC from the network increase. A synchronous generator can decrease 
the transient overvoltage rate; SVC can worsen this issue. 

5.2. Active Power Curtailment 

The high level of integration of solar PV in the network leads to some problems regarding 
overvoltage and overload [31,32]. Luthander et al. [33] investigated a solution for PV PC and 
placement of decentralized energy storage (ES) to control voltage and current. The maximum allowed 
feed-in power for each prosumer is defined in this method to determinate the PC needed for PV 
systems or decentralized ES. Thus, a combination of ES and PC can be adopted. Other voltage control 
techniques are presented in [34]. The result shows that with PV, AP output curtailment methods and 
local RP control are possible to decrease the need for voltage-driven grid reinforcement. Tonkoski et 
al. [35] detailed that PV inverters provide voltage support based on AP curtailment (AP voltage drop 
control). At the extremity of the feeder, the voltage tends to be the higher when the generation is high 
and consumption is low. These results are found at the extremity of the feeder during high 
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curtailment of the AP output of the inverters, whereas low or even no curtailment occur for the 
inverters located closer to the transformer. To mitigate this imbalance in AP curtailment-based 
voltage support schemes, a secondary voltage controller can be implemented. An inverter’s apparent 
power should be increased to provide RP without losing a part of AP. 

In [36], using the MPPT control lead to limit the generated power from PV, a smoothing effect 
was proposed to limit the PV ramp-ups to 1% of the PV rated capacity per minute. In this study, the 
limitation of PV production was not addressed when radiation decreases. It has been concluded that 
the output fluctuation declined by 28%. A case example of an active PC is shown in Figure 5, where 
the power could be curtailed either through MPPT interference or ES functionality as stated earlier. 

 
Figure 5. Active power (AP) curtailement. 

5.3. Reactive Power Control 

Due to the massive integration of PV sources, the disconnection of all PV systems with the 
occurrence of grid faults, like voltage flicker, power outages, and other power quality issues, may 
appear. For avoiding these problems, some changes in GC for LV or MV applications are 
recommended to ensure the reliable continuity of PV systems power and guarantee to generate 
ancillary services, such as RP support and LVRT capability. The German GC needs RP injection under 
perturbation [37]. Different methods were addressed [38] using RP control techniques on three-phase 
four-wire PV systems. The abc-frame was applied. Each applied method was verified under LV 
operation conditions via a computer simulation to choose the proper strategy, which ensured 
maximum AP injection during the LVRT with a lower power rating for the inverter. 

Zhou et al. [39] proposed an RP control strategy for PVPPs based on a stationary reference frame 
and a positive sequence voltage detector. This proposed method showed that changing reactive and 
AP leads to voltage stability at the PCC. Another method involves ignoring any temperature and 
irradiance variation, so only disturbance in the grid is considered. This method was proposed by 
Minambres-Marcos et al. [40] and used PF control to regulate the voltage. Although the solar 
generation and the control of RP are variable, PV plants injecting or absorbing RP can help regulate 
voltage at the PCC [41]. 

The RP control method is performed in the inner loop, as shown in Figure 6. The AP of PV (PfPV) 
is generated by the PV system daily. Online control of the AP generated is communicated to the data 
center, considering the operating PT of all PVs is close to unity. This value is communicated hourly 
to the utility control center through a communication channel. Then, the forecasted PV power used 
to distribute AP flow and to regulate the system voltage is included by the data center. The forecasted 
power is subtracted by the value tracked by the MPPT to determinate the variation in the AP output 
of a PV system. When the generated AP (PPV) is less than the expected value (PfPV) of the utility’s 
voltage regulating system, this is indicated by a positive δppv. Thus, the quantity VAR of δqpv must 
be injected by the PV system. Otherwise, if δppv = 0, an absorbed quantity of δppv is introduced by a 
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negative δqpv; the PV is not obliged to provide or absorb RP. Then, in the case of an equal Pref and PPV, 
a combination of reference RP Qref with a reference AP Pref is: 

pv pv pv
fp p pδ δ= −  (1) 

 
Figure 6. Reactive power (RP) control scheme [37]. 

The difference between the measured DC input voltage Vdcmes and the reference value Vdcref 
refers to Idref. The q-component current Iqref is demonstrated by: 

2 2
ref q ref d

qref
d q

P V Q V
I

V V
−

=
+

 (2) 

Xiao et al. [42] proposed online supervisory voltage control without considering solar generation 
variation. The main goal of this method, which includes an algorithm for RP allocation and online 
voltage tracking, is to ensure the compensation of voltage fluctuation caused by PV AP variations 
and improve the network voltage profile. 

6. Fault Ride Through 

Fault ride through (FRT) capability is a grid interconnection requirement for solar PV systems 
to avoid technical issues such as cascading frequency drop. In [43], the implementation of 
fundamental measures to facilitate PCS performance improvement in terms of FRT were studied and 
proposed. In the case of a voltage drop, PV converters are not obliged to break down. Knowing that 
the operation of the PV system is disconnected, the recovery of the output of the PV system is 
necessary to quickly prevent any variation in the frequency of the power system. In other studies 
[44,45], considering LS PV systems in MV networks, control methods are dedicated to ameliorating 
the FRT capability in the grid. The detailed fault analyses highlighted the robustness of the controller 
in LS PV networks. A non-linear feedback controller (LFC) has been suggested [46] to guarantee the 
actual rate and maintaining the FRT function of solar PV. The proposed control strategy is illustrated 
in Figure 7. 

 
Figure 7. Control strategy scheme [46]. 
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The inverter model used in this control in Figure 7 is written as follows: 

3 ( )
2

d
d q d dc d

q
q d q dc q

c
q q d d dc

di
L e Li Ri V S
dt
di
L e Li Ri V S
dt
dV
c i S i S i
dt

ω

ω

= +

=

−

+

−

−

−=

− −  (3) 

where id, iq, ed, and eq refer to the currents and voltages of the alternative side in the d-q rotating 
reference frame, sd and sq correspond to control signals, vdc is the DC voltage, R corresponds to the 
resistance and L refers to inductance between the HV terminals of the network, and c is the 
capacitance in the DC voltage. To improve the FRT capability of a PV system via an LFC, which is 
able to be further studied as this controller can deliver a predictable system response. A coordinated 
control based on a LS PV system was addressed [47] to support the FRT function while maintaining 
the DC voltage of the inverter. In [48], the optimization of an error-based quadratic cost function that 
facilitates consumption monitoring relied on a predictive direct power control (PDPC) model for an 
inverter connected to the PV system with the grid. Although this model is known for good 
performance for AP and RP control, the computational burden is high. This applied model that is 
adopted in standard conditions and the power components are not considered during grid 
disturbances. The regulation of DC voltage is not restored in this control. In [49,50], considering the 
discretization of the power model, a simplified PDPC method was widely adopted under balanced 
network voltage. The expression of the predicted model of these control strategies based on the power 
model is adopted in balanced network voltages, knowing that it cannot be applied with unknown 
anomalies in the network because all power components are not considered in this model. These 
control methods do not integrate the necessary power model in their application. Another work [51] 
proposed a quiet predictive control system related to a solar PV system connected to a network with 
FRT capability, which was verified under abnormal conditions. This proposed controller maintains a 
constant DC voltage under grid disturbance while curtailing the AP. The injection RP are also 
prevented to reinforce the grid operation. 

7. Maximum Power Point Tracking Techniques 

The maximum power generated by the PV system essentially depends on the variations in 
temperature and solar radiation [52,53]. Thus, MPPT is required. Several techniques have been 
reported in the literatures, where the most often adopted are open-circuit voltage technology (OCVT) 
[54], perturbation and observation (P&O) [55], and incremental conductance (IC) [56]. The latter two 
methods are similar in the perturbation implementation on the control variable; both methods are 
applicable to any type of PV module where information about the PV modules is not required [57]. 
Multiple peaks appear in the power-voltage (P-V) curves in the case of partial shading [58]. The later 
mentioned methods reach the local MPP but they fail to analyze all the peaks to reach the highest 
MPP [59]. 

Presently, the bio-inspired algorithms are considered the most efficient, considering their robust 
features for addressing nonlinear and stochastic optimization problems, such as genetic algorithms 
[60], particle swarm optimization (PSO) [61], artificial bee colony (ABC) [62] and glowworm swarm 
optimization (GSO) [63], where they have been applied to MPPT application to address the partial 
shading issue. In [62], the ABC method demonstrates several characteristics like simplicity, 
robustness, fewer parameters of control, and independent convergence time on the initial conditions. 
All these parameters allow its performance to be superior to those of other bio-inspired methods in 
MPPT applications. Thus, the MPPT strategy using ABC provide a classical and robust MPPT scheme 
that proves the performance of a method by comparing it with the PSO method. In [64], an algorithm 
was proposed for the partial shading that uses a combination of two methods in the same application. 
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The first phase adopts PSO for MPPT and the second phase uses the conventional method P&O. Thus, 
the combination of these two traditional methods, P&O and swarm intelligence, is more efficient and 
can rapidly converge to the MPPT compared with the application of each method independently. 
Another MPPT method was proposed [65] with GSO for PV in a PV/T system under non-uniform 
solar irradiation and temperature distribution. This technique adopts the P&O algorithm as well as 
the OCVT technique. The proposed method allows for quick tracking of the actual MPP under 
different conditions, such as gradient temperature distribution, fast and variable solar radiation, and 
variable partial shading. 

8. Investigating Impacts on Photovoltaic Cells and Panels 

To guarantee the reliability of energy production from solar panels, firstly, the constraints that 
can be sustained throughout their lifetime, as well as the internal factors affecting solar energy should 
be examined, such as manufacturing and meteorological conditions. All these factors affect the 
degradation of the panels. Thus, to avoid these problems, diagnostic techniques have been proposed 
to facilitate the detection of defective modules and PV cells. Nondestructive testing (NDT) techniques 
are the most successful. Some of these best known methods are the liquid penetrant, ultrasonic 
testing, infrared thermography, eddy current mapping, and photoacoustic methods. Each of these 
methods has advantages and limitations. The choice of the method depends on factors such as the 
geometry and material properties of the inspected structure, as well as the type of detected defects 
[66]. An analysis was conducted with an infrared thermography (IT) camera to determine how the 
PV modules and cells are thermally affected during operation [67]. For this, a test was conducted on 
a standard monocrystalline silicon PV module, distributed along three strings of equivalent cells 
using bypass diodes, under different shading fractions. IT application is not applicable everywhere 
as it is time-consuming for large sites, labor-intensive, and applicable only to selected areas. Thus, a 
combination of aerial inspection techniques by unmanned aerial vehicles (UAVs) [68–70] were 
developed for the rapid detection of defects in the entire installation. In [71], this combined method 
was applied to a 1 MWp multicrystalline PV plant located in Brazil that had been damaged by a 
tsunami. In [72], an IT on an UAV was adopted to capture infrared images of PV power plants and 
showed that the thermal dissipation of the module can be estimated from the temperatures extracted 
from infrared imagery. 

9. Conclusion and Future Trends 

An updated review mainly focused on the effect of the penetration of PV power was presented 
in this paper. High PV penetration can have adverse effects on the utility grid, including frequency 
disturbances and voltage limit violation at the PCC. Some of the control methods used for PV 
integration in distribution networks were presented. We provided an overview of GC requirements 
implemented in some different locations around in the world to meet PVPP integration requirements. 
As the grid is affected by high PV penetration, methods that were designed to deal with it, such as 
active PC, were discussed together with other techniques based on RP injection. 

Future research is required on low-inertia systems in the case of high levels of PV penetration in 
utility networks, including: 

• Considering an ES system and a super capacitor in future research to improve grid stability and 
simultaneously mitigate short-term power fluctuations. 

• Developing intelligent, robust, and advanced strategies, and fast communication technologies 
to improve the inertia and frequency regulation of the system. 
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Abbreviations 

RES renewable energy system 
RE renewable energy 
MPPT maximum power point tracking 
LS-PVPP large-scale photovoltaic power plant 
PV photovoltaic 
PI proportional integral 
GC grid codes 
PF power factor 
LV/HV low voltage/high voltage 
MV medium voltage 
PRF primary frequency response 
SFR secondary frequency response 
PVPP photovoltaic power plants 
ES energy storage 
RP reactive power 
AP active power 
PC power curtailment 
LFC linear feedback controller 
AVC automatic voltage control 
LVRT low-voltage ride through 
HVRT high-voltage ride through 
PCC point common coupling 
PSS power system stabilizer 
SVC supervisory voltage control 
MPC model predictive control 
PDPC direct power control 
FRT fault ride through 
PSO particle swarm optimization 
ABC artificial bee colony 
GSO glowworm swarm optimization 
UAV unmanned aerial vehicle 
IT infrared thermography 
MWp megawatt 
kWp kilowatt 
NDT non-destructive testing 
OCVT open-circuit voltage technology 
P&O perturbation and observation 
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