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Abstract: The increasing rate of renewable energy penetration in modern power grids has prompted
updates to the regulations, standards, and grid codes requiring ancillary services provided by
photovoltaic-generating units similar to those applied to conventional generating units. In this work,
a comprehensive survey presents a comparison of requirements related to voltage ride through
reactive current injection/absorption; active power restoration; frequency stability regulation and
active power control; voltage regulation and reactive power control; and the energy quality requisites
included in the standards and grid codes of countries around the globe. The survey can be used
to observe the differences between the requirements established in the grid codes depending on
the power system operating characteristics, development of technology, and renewable energy
penetration level. Many of these factors determine the parameters used to establish requisites
for different grid codes, making a global standardization of the renewable energy interconnection
requirements much harder.
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1. Introduction

The extensive review presented in this paper follows the schematic diagram shown in
Figure 1. Each stage of information gathering is described, in which a process of exclusion
is implemented following a careful selection of the most relevant papers found in the
literature concerning the connection requirements of renewable energy sources with the
power grid, as well as the standards, regulations, and grid codes from the countries with
the highest installed photovoltaic electricity generation capacity, and, in consequence, the
countries that are the most experienced with the operation of renewable energy units under
the normal and abnormal operating conditions of any electrical power grid.

In recent years, the photovoltaic generation of electrical energy has become a reality.
Consequently, thousands of photovoltaic plants are integrated with the power system in
many regions and countries. In the past, the penetration of solar energy was very small
compared to conventional generation systems. At present, the usage of photovoltaics’
renewable energy to generate electricity has attracted considerable attention around the
world. In the 2021 global status report of sustainable energy [1], solar PV maintained its
record-breaking installation rate, adding 175 GW of capacity to reach a cumulative total of
around 942 GW. The global capacity additions of large-scale solar power plants increased by
around 20%. New installations are driven by economic competitiveness and the necessity
to migrate to less-polluting energy sources. Photovoltaic power plants accounted for the
majority of new installations in the United States, India, Spain, and France. Figure 2 shows
the increase in the global photovoltaic generation in GW from 2018 to 2022. The indicators
show an exponential growth over the years. From 2008 to 2015, the increase was 212 GW;
in the same period (from 2015 to 2022), the increase was 889 GW (more than four times
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the increase from the seven previous years). In 2022, the installation of PV power plants
was 175 GW higher than the previous year. For comparison, it took more than six years to
observe an increase of this magnitude from 2008.

Begin

STEP 2: Remove duplicate articles from the
partial result set:
.

    → 21 duplicate articles were found in this
         evaluation.

STEP 1: Initial search of articles and standards to
be included in the bibliographic review:
.

    → 643 articles and standards were found in
         internationally recognized scientific databases,
         such as IEEE, IET, SCIELO and others.

Partial result set: 643 

STEP 3: Initial review and evaluation of the
partial result set based in title, abstract, keywords,
grid codes, standards, article contents and
journal’s main topic of interest:
.

    → 23 articles were excluded from the partial result
         set in this evaluation.

Partial result set: 622 

STEP 4: Filtering papers from the partial result
set based on the journal’s impact factor, number
of citations and review process:
.

    → 98 articles were excluded from the partial result
         set in this evaluation.
.

    → All GCs and standards that had been selected in
         the previous steps were kept in the partial result
         set.

Partial result set: 599 

STEP 5: Filtering papers from the partial result
set after full article screening:
.

    → 226 articles were excluded from the partial
         result set for not providing sufficient
         information.
.

    → 121 articles were excluded from the partial
         result set for not contemplating the cases that
         were planned to this paper.

Partial result set: 501 

Final result set: 95

STEP 6: Final selection of papers to compose the
final result set:
.

    → 59 articles were excluded in this step.
.

    → Journals, conference proceeding, grid codes,
         standards and some certified webpages were
         included in final result set.

Partial result set: 154 

Figure 1. Schematic diagram of the review process.
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Figure 2. Renewable energy indicators from 2018 to 2022.

The five countries with the highest installed photovoltaic electricity generation capacity
in 2022 are summarized in Figure 3 [1].

The growth of the large-scale renewable energy generation and its integration into the
electricity grid has accelerated, updating the standards and grid codes (GCs) regarding
connection requirements. Among the most relevant international organizations that address
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this topic are the IEEE in the United States, the IEC in Switzerland, and the DKE in
Germany [2].
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Figure 3. Top five countries with the greatest installed photovoltaics electricity generation capacity
in 2022.

Power systems operators, technical committees, and governmental and research insti-
tutions have proposed/established grid interconnection requirements for the penetration
of renewable energy sources into electrical power systems, which are undergoing revisions,
as these resources represent a relevant portion of the energy matrix. Among them, the
following stand out:

• Germany, one of the countries with the highest installation capacity and technology
developed in this field, implemented two GCs in 2008 concerning the penetration of
renewable energies such as wind [3] and photovoltaic (PV) energy sources [4]. Since
then, this has provided a reference for the operation requirements in other countries
and the integration of other renewable energy sources. In July 2010, the German
GC stipulated that renewable energy source power plants (RESPP) should contribute
dynamic support to the power grid; meanwhile, in January 2011, these requirements
were extended to the medium-voltage grid [5,6], and the power quality requisites
were included for low-voltage PV systems;

• Spain, another leader in the production and installation of PV technology for electrical
power generation, is also adopting new requirements for its GCs [7,8];

• Italy has recently adopted an updated version of its GC for distributed generation
(DG) systems, which explicitly includes requirements for PV power plants in the CEI
0–16 [9] and CEI 0–21 [10] standards, and in a recent version that was made available
in 2016 [11];

• NERC in the United States, whose mission is to ensure the secure operation of the
North American power system, oversees eight electrical regions with different system
operators (WECC, NPCC, FRCC, MRO, SERC, RF, SPP RE, and Texas RE), following
the IEEE recommendations to improve the interconnection of RESPP. The PV integra-
tion requirements were addressed in the 2009 IEEE 1547 standard [12], which was
revised and updated in 2018 [13];

• The Puerto Rico Electric Power Authority (PREPA) published the technical require-
ments for interconnecting wind and solar generation to the grid [14,15];

• The two GCs in Australia established by the Australian Energy Market Operator
(AEMO) for the Southern Australian grid were updated in 2014 [16,17], while the
Western Power (WP) acting as the Transmission System Operator (TSO) for the West-
ern Australian grid revised and updated its GC in 2016 [18]. Although the above-
mentioned TSOs are from Australia, they apply different technical regulations;
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• Japan FRT requirements were published in 2011 by the Energy and Industrial Devel-
opment Organization (NEDO) [19]. However, recently, an extensive review of the
standards for PV power generation systems connected to the low-voltage grids was
carried out, considering the importance of LVRT for single-phase PV power systems
during a grid fault [20];

• Other countries have also revised and updated their GCs for the interconnection of
renewable energy sources, such as Denmark [21], China [22], and Ireland [23], in
addition to European Standards and IEC 61727 [24].

Table 1 shows some of the TSOs, along with their GCs’ last review year.

Table 1. Grid codes of different countries and their transmission system operators.

Country TSO Year (Last Update) Reference

Germany E.ON 2008 [25]
Australia WP 2016 [18]
Spain REE 2008 [26]
Denmark Energinet 2016 [21]
Puerto Rico PREPA 2012 [14]
Brazil ONS 2022 [27]
China CEPRI 2012 [22]
Egypt EETC 2017 [28]
Japan NEDO 2016 [29]
Ireland EIRGRID 2015 [23]
United Kingdom National Grid 2018 [30]
USA NERC 2018 [31]
Italy CEI 2016 [11]
Malaysia ECM 2017 [32]
South Africa NERSA 2016 [33]
France EDF 2008 [34]
New Zealand Transpower 2013 [35]
Canada HydroQuebec 2009 [36]
European Standards ENTSO-E 2016 [37]

In the last decade, several researchers conducted research in this area, including
GCs for PV energy integration [5], global standards for the interconnection of renewable
energy sources [38], regulations for wind power systems [39], and the integration of other
RESPP [40]. Some examples are as follows: [41] presents a brief comparison of the then-new
requisites implemented by Germany, the United States, Italy, and Australia to regulate the
frequency and voltage behavior during the presence of disturbances in the grid; in 2009,
a comprehensive review was published in [42], focusing on the European TSOs, Federal
Energy Regulatory Commission standards in the United States, and the TSOs in New
Zealand and Canada; likewise, the researchers in [43] studied Spanish and German GCs
and the one published by the European TSOs regarding the penetration of wind energy
into the electricity grid; the work in [44] compares GCs from North Africa and Spain; lastly,
the authors in [45] presented an extensive review of the frequency, voltage, and active and
reactive power regulation of the GCs from the United States, Romania, Germany, China,
Puerto Rico, and South Africa.

The review presented in this research work reveals the existence of relevant studies
published in the last five years dealing with RESPP’s integration into the grid. Studies such
as the work presented in [46] discuss the inertia and frequency control strategies in power
systems with a high penetration of renewable energy sources, especially PV, and wind. In
addition, other researchers have examined how GC’s technical regulations can be tested for
compliance and verification purposes. For example, in [47], a comparative study of voltage
ride-through (VRT) regulations is presented, in compliance with various GCs. In contrast,
the work by [48] provides a review of the control strategies for DG, including generation
from wind and PV sources under steady-state and grid disturbance operating conditions.
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The control proposed in [49] has features that can address connection requirements such
as the maximum wind and photovoltaic power extraction under steady-state operations;
battery charging and discharging determined by the load and wind power generation
conditions; and support for the grid-improving quality requirements, as observed in the
results from hardware and simulation, while keeping the THD current level below 5%, as
established in the IEEE standard. Another recent work studying the THD limit compliance
with the IEEE-1547 standard [13] is presented in [50], in which an adaptive controller
is proposed to have a maximum efficiency, achieving a maximum power point tracking
(MPPT) under operating uncertainties in PV systems. The proposed controller is able to
keep the voltage at the point of common coupling (PCC) and the grid current THD below
3%. Finally, the study in [51] focuses on the connection requirements of PV power plants to
achieve MPPT under varying environmental conditions.

The increased interest in research on this subject has led several nations to start
establishing operating requirements for renewable energy integration, while others apply
additional and more advanced requirements.

The following sections present a comparison (with data available for up to 2022) of the
relevant GCs implemented by TSOs in different countries regarding the interconnection of
RESPP and the grid. These requisites include VRT, reactive current injection/absorption,
active power restoration, frequency stability regulations and active power control, voltage
regulation and reactive power control, and energy quality requirements.

This paper is structured as follows: Section 2 introduces the main differences associated
with the VRT requirements in the most important grid codes; Section 3 discusses the reactive
current injection requirements under LVRT conditions; Section 4 presents a brief explanation
of the active power recovery after an LVRT condition; the frequency stability regulation and
the active power control stipulated in the different grid codes are summarized in Section 5;
Section 6 discusses the voltage regulation and reactive power control; Section 7 presents
an overview of the energy quality requirements such as harmonics, voltage unbalances
and fluctuations; trends in variable renewable sources’ standardization are included in
Section 8; and finally, the conclusion of the paper is presented in Section 9.

2. Voltage Ride-Through (VRT)

Among the most relevant requisites established due to the high penetration of RESPP
into the electrical system is the VRT [52]. Decades ago, due to the low integration of
renewable energy sources, regulations allowed for these power plants to be disconnected
from the grid in the case of nearby faults. However, as RESPPs reach high levels of
participation in the power production matrix, shutting them down during faults can worsen
the problem and could lead to system instability. In this scenario, most current standards
impose VRT as a mandatory requisite for any grid-connected RESPP [53]. The VRT requires
RESPP to act as a conventional plant, making it mandatory for it to remain connected to
the power system during contingencies and also performing ancillary services, such as
reactive current injection/absorption to ensure stability and help restore normal voltage
operating conditions after clearing the disturbance. As mentioned in the introduction, there
are different types of VRT, which are covered in the following subsections.

2.1. Low-Voltage Ride-Through (LVRT)

The rapid disconnection of RESPP can have an adverse impact on the electrical sys-
tem’s stability. In response, the GCs of many countries require these plants to remain
connected when a disturbance causes the voltage to drop below a certain percentage of
the rated voltage (typically 15%) and, in some cases, even reach zero voltage for a spec-
ified period. After the disturbance is cleared by the protection system, the RESPP must
quickly recover its active and reactive energy production to the pre-fault conditions. Some
GCs further stipulate the RESPP to supply the power grid with the necessary reactive
current to support the power system voltage, as achieved by conventional synchronous
generators [5,8,12,54].
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Typically, LVRT requisites are characterized by a graph of voltage vs. time, as shown in
Figure 4, which illustrates a generalized LVRT requirement for grid-connected PV systems.
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Figure 4. Generalized limits for LVRT requirements.

Photovoltaic power plants must work continuously when the voltage at the PCC is
within Area 1. When a fault causes a voltage drop at instant t0, the PV system operating
status is determined by the duration of the voltage sag: if the voltage remains equal to
or above the minimum values defined by Area 2, the PV system must remain connected
to provide ancillary services to help maintain stability and normal operation recovery
after fault clearance. The values of Vmin, Vmax, tmax f , and tmaxr differ for each GC and are
adjusted based on the grid standards and operating characteristics of each country.

The LVRT requirements of the other countries’ GCs are similar, with minor differences
in periods and voltage levels. Based on the regulations of Japan, China, and Denmark,
if the voltage drops to 80% below its nominal value, the RESPP must ride through the
fault and stay connected to the grid for a specific time; otherwise, it must be disconnected
immediately. Similar requisites were imposed in the United Kingdom, the United States,
Puerto Rico, and Romania, where the RESPP must stay connected even if the PCC voltage
drops to 15% of the nominal value. The Brazilian GC also has an LVRT requiring its
generating units to stay connected when the voltage at the PCC drops to a minimum of
20% of its nominal value for 0.5 s, followed by a voltage recovery to 85% of its nominal
voltage within 1 s [27].

The LVRT requirements for these countries’ GCs are summarized in Table 2 and
Figure 5.

Table 2. Parameters of the LVRT in various countries.

Country During Fault Post Fault

Vmin (%) tmax f (s) Vmax (%) tmaxr (s)

Denmark 20 0.5 90 1.5
China 20 0.625 90 2
United Kingdom 15 0.14 80 1.2
Japan 20 1 80 1.2
Romania 15 0.625 90 3
USA (NERC) 15 0.625 90 3
Puerto Rico (PREPA) 15 0.6 85 3
Brazil 20 0.5 85 1
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Figure 5. LVRT requirements in various countries.

2.2. Zero-Voltage Ride-Through (ZVRT)

The ZVRT is a special case of the LVRT because the ZVRT represents an extreme
case, where the voltage drops to zero. In this scenario, RESPP must remain connected and
provide support to the grid for a specific period [55]. As with LVRT, RESPP must provide
support to the voltage recovery and system stability by injecting a reactive current during
zero-voltage conditions [56].

Several GCs prohibit the disconnection of RESPP from the grid during a voltage
dip, even when the voltage at the PCC drops to zero. However, the specified values for
voltage recovery (Vmax) and the maximum time needed to reach these (tmaxr ) are fairly
different from each other [57]. Some of the countries with standards that include this
requirement are:

• The Italian GC requires RESPP to ride through faults and stay connected to the power
system for 200 ms when the PCC voltage drops to zero. If the PCC voltage recovers to
85% of its rated volue within 1.5 s after the fault is cleared, the PV generation units
will remain in a continuous operation without disconnection [11];

• The German GC stipulates the ZVRT for a maximum time of 150 ms, followed by a
voltage recovery of 90% of its rated PCC voltage within 1.5 s [5,58];

• The ZVRT requirements in the Spanish GC [26] stipulate that the RESPP must ride
through any voltage disturbance (in magnitude and/or phase) at the PCC, whether
caused by a three-phase, two-phase to ground, or single-phase short circuits, or any
other contingency with the magnitude and duration shown in Figure 6.

• The Australian GC is more restrictive, because RESPP needs to remain connected even if
the voltage, after dropping to zero, remains below 80% of the nominal value for up to
450 ms [41].

The ZVRT requirements for GCs from these and other countries are summarized in
Table 3 and Figure 6.

Table 3. Parameters of the ZVRT in various countries.

Country During Fault Post Fault

Vmin % tmax f (s) Vmax % tmaxr (s)

Germany 0 0.15 90 1.5
USA (WECC) 0 0.15 90 1.75
Australia 0 0.45 80 0.45
Canada 0 0.15 85 1
Italy 0 0.2 85 1.5
Spain 0 0.15 85 1
South Africa 0 0.15 85 2
Malaysia 0 0.15 90 1.5
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Figure 6. ZVRT requirements implemented in various grid codes.

2.3. High-Voltage Ride-Through (HVRT)

The disconnection of RESPPs during overvoltage makes it impossible for them to
contribute to the regulation of reactive power to support the voltage stability of the power
system. Therefore, GCs only allow for disconnection when the overvoltage exceeds a
certain threshold Vmax and a specified time duration tmax f [59]. These requisites, known as
HVRT, are summarized and compared by country in Table 4 and Figure 7.

Table 4. Parameters of the HVRT in various countries.

Country During Fault

Vmax % tmax f (s)

Germany 120 0.1
Australia 130 0.6
Italy 125 0.1
Spain 130 0.25
Malaysia 120 continuous
South Africa 120 0.15
Puerto Rico (PREPA) 140 1
USA (WECC) 120 1
USA (NERC) 120 1
Denmark 120 0.1
Brazil 120 2.5
China NE NE
Japan NE NE
Romania NE NE
Canada NE NE
United Kingdom NE NE

NE→ HVRT requirements are not established in grid codes.

Table 4 compares the HVRT parameters applied by different countries in their GCs. Al-
though voltage surge disturbances occur less frequently, they have been regulated similarly
to voltage dip disturbances [60]. However, some countries, such as Canada, China, Japan,
and Romania, which require LVRT for any RESPP, have not imposed HVRT requisites.

Figure 7 graphically compares the HVRT requirements imposed by Germany, Den-
mark, Spain, the United States, Australia, Italy, Malaysia, and South Africa. The require-
ments imposed by PREPA are the strictest among those evaluated, as they require RESPP
to stay connected and support the grid in the event of an increase of up to 140% of their
nominal voltage for 1 s [15]. This is followed by Spain [7] and Australia [17], with both
allowing for an overvoltage of up to 130% of the nominal value before disconnecting from
the grid.
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The Brazilian GC requires RESPP to withstand an overvoltage of up to 120% for
a maximum time of 2.5 s, followed by a reduction in voltage to a maximum value of
110% [27]. Based on these comparisons, it is difficult to find a global VRT requirement, due
to the different renewable energy penetration levels in the electrical grid and the different
operational parameters established by the national GCs.

These GCs are constantly undergoing revisions, and new and more advanced require-
ments are established as the share of RESPP in the grid increases.
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Figure 7. HVRT requirements in various countries.

3. Reactive Current Injection/Absorption

Most of the GCs discussed here require RESPP to ride through faults, as well as provide
ancillary services similar to conventional synchronous generators, such as the injection of
reactive power into the grid to give support voltage recovery and maintain electrical system
stability [61]. The reactive power injection is engaged with the LVRT/ZVRT to increase the
voltage and consequently accelerate the power system recovery during and after a fault.
Similarly, RESPP must be able to absorb the reactive power during overvoltage in the grid.

The reactive power that must be injected or absorbed is evaluated depending on the
drop or rise, respectively, in voltage. For example, according to the German GC [3,4,25], the
reactive (q-axis) component of the current

(
iq
)

is injected/absorbed according to the curve
shown in Figure 8. The RESPP should be in continuous operation, without any reactive
power support, if the positive sequence voltage (v+1) remains within the deadband (±10%)
around their nominal value. When the rise or fall in voltage exceeds the deadband, an error
signal is sent to the controllers of the inverters to inject/absorb reactive current into/from
the power system, respectively. The German GC requires that for every 0.1 p.u. voltage
drop/rise, the inverter must inject/absorb 0.2 p.u. reactive current i∗q , based on its rated
current value. If the voltage drops below 50% of its rated value, 100% of its power plant’s
apparent power-rated value must be injected into the electrical grid as the reactive current.

For example, the German GC computes the injected reactive current i∗q based on the
following equations: 

i∗q = 2(0.9− v+1
αβ )Ibase (0.5 < v+1

αβ < 0.9)
i∗q = 1 · Ibase (v+1

αβ ≤ 0.5)
i∗q = 0 (v+1

αβ ≥ 0.9)
, (1)

where v+1
αβ is the positive sequence voltage at the PCC in per unit, Ibase is the rated output

current of the PV power plant.
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Figure 8. Dynamic reactive current injection curve as established in different grid codes.

The flowchart that describes the implementation of the equations shown above is
presented in [62]. The expression in (1) follows the curve in black for the German GC
depicted in Figure 8. The supply of reactive power takes priority over the active power
injection; therefore, the photovoltaic panel will only work in the MPPT if the voltage source
inverter has a sufficient available capacity [62].

The Spanish grid code requires systems based on renewable energy to inject/absorb
reactive power based on the curve shown in Figure 8. However, when the voltage increases
beyond 130% of the rated value, the protection relays will require disconnection from the
power grid. In addition, once the fault is cleared, the voltage controller will remain engaged
for at least 30s after the voltage magnitude returns to the normal operating range [26].

Puerto Rico’s PREPA GC requires RESPP to inject/absorb 5% reactive current for
every 1% of voltage variation if the voltage exceeds a deadband of ±15% [15]. Similarly,
the Australian GC requires a 4% reactive current supply to the PCC for every 1% voltage
reduction [16].

The Brazilian GC requires the RESPP to provide voltage support, injecting reactive
power for a positive sequence voltage below 85% and the absorption of reactive power for
voltages above 110%, as shown in Figure 8 [27].

Similar requirements for the reactive power support can also be found in the GCs
of countries such as China, Denmark, Australia, and Egypt, as shown in Figure 8. The
common voltage deadband is between 0.9 and 1.1 p.u. When the drop in voltage reaches
below 0.9 p.u., the reactive current injected into the grid is proportional to the voltage drop.

Although most grid codes establish reactive current injection requirements, they fail
to establish a clear requirement for the active current injection and limitations [63,64].
During faults, the grid codes allow for operation with zero active power output. However,
active power could still be delivered to the power system if the reactive current injection
requirements are met and the inverters’ nominal power is not exceeded.

4. Active Power Restoration

After clearing the fault, it is essential to restore active power generation. To this end,
the GCs also determine active power ramps for the active power recovery. According to
the German GC [25], the active power must be supplied immediately after the fault is
cleared and ramped up to the pre-fault condition with a ramp of at least 20%/s of its rated
capacity. For systems that become unstable during a fault, a short-term disconnection is
allowed. Shortly after this, the power plant must be resynchronized within a maximum
time of 2 s after disconnection. After resynchronization, the active power must be supplied
immediately and ramped up with a ramp of less than 10%/s of its rated capacity. The
Spanish GC [26] requires power plants operating under disturbances to limit their active
current within the gray area of Figure 9 (excluding the increment/decrease in the active
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current due to the frequency control). As can be observed, the active current limitation is a
function of Po, which is the pre-fault active power output. The voltage-dependent active
current control is engaged after the fault is cleared, without disconnection, to ensure active
power restoration to pre-fault conditions within 250 ms.
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Figure 9. Spain GC active power limitation during FRT.

Similarly, after the fault has been cleared, the Danish GC requires the RESPP connected
to the grid to reach 90% of its PCC-rated voltage and start to supply active power, recovering
to 90% of the pre-fault active power in 0.5 s [65].

According to the PREPA requirements, after fault elimination, an immediate increase
in the active power with a ramp of at least 10%/s from power plants still connected to the
grid is expected [15].

The Brazilian GC determines that power plants’ active power output must recover to
at least 85% of the pre-fault operating condition within 4 s after the voltage has recovered
to 85% of its rated voltage. The TSO is responsible for adjusting the power recovery ramp
depending on the power system operating characteristics [27].

Table 5 provides a comparison between the voltage maximum recovery time and the
active power ramps adopted by different countries in their GCs.

Table 5. Active power recovery thresholds after fault elimination.

Country Maximum Recovery Time P (% de Po)

Germany 5 s (after fault elimination) 100
Australia 0.1 s (after fault elimination) 95
Spain 250 ms (after fault elimination) 100
Denmark 0.5 s (after voltage recovery to 90%) 90
PREPA 10 s (after fault elimination) 100
Brazil 4 s (after voltage recovery to 85%) 85
China 10 min (after fault elimination) 100
Egypt 10 s (after fault elimination) 100
Françe 10 s (after fault elimination) 95
Ireland 1 s (after voltage recovery to 85%) NE
United Kingdom 0.5 s (after fault elimination) 90

NE→ Active power recovery requirements are not established in grid codes.

5. Frequency Stability Regulations and Active Power Control

The frequency stability of the electrical grid depends on the balance between the
active power and load demand at any given time. The aim is to maintain the frequency at
typical values of 50 or 60 Hz. Any imbalance between electricity generation and demand
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load causes a frequency deviation. For this purpose, conventional generators such as
hydroelectric or fossil fuel thermoelectric power plants are implemented with speed control
to act during an unbalanced operation. The speed regulator performs primary load control
and prevents large frequency deviations [66,67]. However, generation units based on
renewable energy sources do not have a frequency deviation direct control.

Current generation power plants based on renewable sources are being installed
on a large scale, prompting the study of alternative frequency stability methods [68].
For example, international grid codes require renewable generation plants to implement
control methods to manage active energy supply in response to frequency variations.
Based on a typical frequency vs. active power variation curve (curve in blue), as shown
in Figure 10 [57], an increase in frequency should correspond to a decrease in the active
power output.
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Figure 10. Typical active power limit response as a function of frequency variations (50 Hz system).

For example, the German GC requires a reduction in the active power output by
40%/Hz when the frequency ranges from 50.2 Hz to 51.5 Hz, as shown in Equation (2).

∆P = 20p
50.2− fgrid

50
, at 50.2 Hz < fgrid < 51.5 Hz, (2)

where fgrid is the grid frequency, ∆P is the power variation, and p is the available instanta-
neous power.

However, if the frequency ranges from 47.5 Hz to 50.2 Hz, the generation units must
supply the rated active power to the grid. Furthermore, when the frequency becomes
less than 47.5 Hz or greater than 51.5 Hz, immediate disconnection of the RESPPs is
required [3,4,25].

The Irish grid code requires renewable energy power plants to increase/decrease
the active power generated when the frequency reaches values below 49.8 Hz and above
50.2 Hz, respectively. If the frequency remains between 49.8 Hz and 50.2 Hz, the generation
units must follow normal operating conditions [23].

The Malaysian grid code requires PV power plants to reduce their active power output
by a ratio of 40%/Hz when the frequency increases beyond 50.5 Hz [32].

Some countries have not yet established frequency support regulations, while others,
such as South Africa, have implemented these requirements as part of the security tasks
of operators of transmission and/or distribution systems [69]. China’s grid code does not
require active power-derating when the frequency increases. However, renewable energy
plants must support a frequency deviation in the range of 50.2–50.5 Hz. In cases where the
frequency increases beyond 50.5 Hz, they must be disconnected from the grid [22].
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The Brazilian grid code requires a continuous operation when the grid frequency
operates between 58.5 and 62.5 Hz. The continuous operation is also required when the
frequency deviates to a range between 56 Hz and 58.5 Hz for a maximum time of 20 s.
However, the RESPPs must be immediately disconnected from the grid when the frequency
remains at this range beyond 20 s or the frequency drops below 56 Hz. Similarly, the
continuous operation is required when the frequency increases to values in the range from
62.5 Hz to 63 Hz for a maximum time of 10 s. However, if the frequency remains at this
range beyond 10 s, or if it increases beyond 63 Hz, an immediate disconnection of the
power plants must follow [27].

Table 6 presents the minimum and maximum frequency deviation ranges in different
countries. If the frequency remains within these limits, no reduction in the active power
output is required from the power plants.

Table 6. Frequency limits as established in the operation of various countries’ electrical grids.

Countries Nominal Frequency (Hz) Frequency Limits (Hz) Frequency Limits (p.u.)

Germany 50 47.5 < fgrid < 51.5 0.95 < fgrid < 1.03
Denmark 50 48.5 < fgrid < 51 0.97 < fgrid < 1.02
Spain 50 47.5 < fgrid < 51.5 0.95 < fgrid < 1.03
Canada 60 59.4 < fgrid < 60.6 0.99 < fgrid < 1.01
China 50 49.5 < fgrid < 50.2 0.99 < fgrid < 1.004
Puerto Rico (PREPA) 60 57.5 < fgrid < 61.5 0.96 < fgrid < 1.025
USA (NERC) 60 58.5 < fgrid < 61 0.98 < fgrid < 1.02
Japan (east) 50 47.5 < fgrid < 51.5 0.95 < fgrid < 1.03
Japan (west) 60 58 < fgrid < 61.8 0.97 < fgrid < 1.03
Australia 50 47.5 < fgrid < 52 0.95 < fgrid < 1.04
South Africa 50 49 < fgrid < 51 0.98 < fgrid < 1.04
Malaysia 50 47 < fgrid < 52 0.94 < fgrid < 1.04
Ireland 50 49.5 < fgrid < 50.5 0.99 < fgrid < 1.01
Romania 50 47.5 < fgrid < 52 0.95 < fgrid < 1.04
South Africa 50 47.5 < fgrid < 52 0.95 < fgrid < 1.04
Brazil 60 56 < fgrid < 63 0.93 < fgrid < 1.05

6. Voltage Regulation and Reactive Power Control

As mentioned previously, the high penetration of renewable energy generation can
considerably affect voltage stability [70]. Therefore, operators of different electrical systems
have included requirements to keep voltages stable and within safe limits when subjected
to different operating conditions. These requirements depend on the reactive power sup-
port characteristics of the PV inverters and auxiliary devices such as capacitor banks or
STATCOMs. PV inverters’ technology, which was initially intended to be connected to the
distribution grid, does not generally have these new control features. However, companies
such as ABB, SMA, and Danfoss have already upgraded their inverters to implement
features such as the control of voltage fluctuations and support for reactive power. Inter-
connecting large-scale photovoltaic systems to the grid has two main challenges regarding
voltage control: (i) the voltage must be within a range defined by the TSO; (ii) large-scale
photovoltaic systems must comply with the capability curve given by the TSO. Based
on [71], several methods for voltage control in large-scale photovoltaic systems are avail-
able, such as reactive power control, voltage regulation, and power factor regulation.

In many grid codes, the power converters should operate within a power factor
ranging from 0.95 lagging to 0.95 leading, which is equivalent to approximately ±0.33 p.u.
of the reactive power, and a voltage with a maximum deviation of ±0.05 p.u. [72].

However, Germany’s grid code established three operating regions, as portrayed in
Figure 11 (each region is represented by the curves in red, blue and black). Every power-
generating unit connected to the electrical grid must operate anywhere within one of these
regions. The region of operation is determined by the TSO, depending on the location of
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the PCC. The TSO may even have to establish a different region of operation for a specific
generating unit. The system operator can specify, at any time, the value of the reactive
power that is to be delivered/absorbed into the power grid within the operating limits.

0.41 0.33 0.228 0 0.228 0.33 0.41 0.48

0.87

1

1.05

1.10

1.15

0.92 0.95 0.975 1 0.975 0.95 0.92 0.9

LaggingLeading

Figure 11. Basic requirements regarding the supply of reactive energy from renewable plants in
Germany. The choice of the 3 regions should be made by the TSO.

The power factor regulation characteristics of the Spanish GC are specified in
Figure 12, which establishes the minimum limits of reactive power that any renewable
energy power plant should be able to supply. As shown in Figure 12, renewable energy
systems must have the capacity to inject/absorb reactive power in a mandatory voltage
range (0.95 ≤ V ≤ 1.05) p.u. This control feature supports the grid in maintaining the PCC
bus voltage within the normal operating voltage range.

0.3 0.2 0.1 0 0.1 0.2 0.3

0.95

1

1.05

Figure 12. Basic requirements on the supply of reactive energy from renewable plants according to
the Spanish grid code. The region limited by the line in blue represents the area of reactive power
regulation for continuous voltage operation.

The Danish standard requires renewable power plants to operate continuously as long
as the PCC voltage is between 90% and 105% of the rated value. The continuous operation
is limited to at least one hour with a 10% reduction in active power output for voltages in
the range from 105% to 110% and 80% to 90%. According to [73], RESPPs must be equipped
with a reactive power compensation, following the control band for reactive power, as
shown in Figure 13.
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Figure 13. Basic requirements on the supply of reactive power from renewable plants according to
Danish standards. The lines in blue and magenta are the minimum and maximum limits of reactive
power variation in relation to active power variation, respectively.

In the Brazilian GC [27], the injection of reactive power into the PCC during steady-
state operation must be guaranteed for a given operating voltage range based on the
characteristics determined in Figure 14.
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Figure 14. Requirements to meet the power factor in the voltage range at the PCC. Curve valid for
plants with 230 kV or 500 kV PAC voltage. The region limited by the line in blue represents the area
of power factor regulation for continuous voltage operation.

In addition, when connecting the generation power plant to the facilities that are under
the responsibility of the transmission grid operator, all the necessary resources regarding
the steady-state operation with inductive or capacitive power factor at any point within
the gray area, as determined by Figure 15 [27], must be provided by the power plant.
As a consequence of the reactive power supply requirements at the connection point, PV
generation projects usually need to complement the reactive power supply capacity from
inverters by installing capacitor banks.

Under zero-active-power output conditions, wind or photovoltaic power plants must
have the necessary control resources to make their reactive power generation/absorption
capacity available to the grid [27].

As explained earlier, reactive power injection can be implemented using either a
voltage control or a power factor control. An extra option for setting the reactive power
supply is through the remote control of the operating point. System operators have
tools to remotely control a bus voltage and the total reactive power output of the entire
electrical grid.
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Figure 15. Range of reactive power generation/absorption at the power plant connection point. The
region limited by the line in blue represents the area of reactive power regulation through voltage or
power factor control during continuous voltage operation.

7. Energy Quality Requirements

The large-scale integration of renewable energy into the electrical system can lead to
problems in the quality of the electrical power supplied to the electrical grid [74]. Therefore,
the standards have been upgraded in several countries to target possible solutions to the
quality of energy produced by RESPPs. The quality concerns linked to the integration of
renewable generation are harmonics, voltage fluctuations, and voltage imbalances [75].
The following subsections focus on these requirements.

7.1. Harmonics

One of the most serious power quality problems is harmonic distortion, which is
characterized by voltage and current waves not being purely sinusoidal or of a positive
sequence fundamental frequency. A main source of distortion at the generation stage is the
use of electronic power devices.

Renewable generation systems use frequency converters to connect with the power
grid, and these devices can produce this kind of distortion [76]. As the electricity market
pushes to keep increasing levels of power generation from sources connected to the grid
using power converters, stricter regulations are established to ensure a low level of har-
monic distortion caused by power electronic devices. Power quality is generally analyzed
through voltage and current total harmonic distortion (THD) measurements, and can be
determined by [77,78]:

THD =

√
∑hmax

h=2 (V
(h))2

V(1)
, (3)

where V(1) is the amplitude of the fundamental frequency component; V(2)...V(hmax) are the
amplitudes of the harmonic components of an order superior to the fundamental frequency
(from 2 to hmax) [77]. Based on this metric, the IEEE 519-2014, IEEE 1547-2014, and IEC
61727 standards’ [24,79–81] current THD limit should not exceed 5% at the PCC. According
to the IEC 50160, the voltage THD limit should not exceed 8%, up to the 40th harmonic
component. The standards of some countries, including the Brazilian ABNT 16149 [82] and
the Malaysian technical regulations [32], also require a THD below 5% at the PCC.

Romanian standards allow for a maximum THD of 3% for photovoltaic and wind
power plants connected to the transmission system [83]. Generally, most countries follow
the IEEE or IEC standards [84]. The UK adopted the EREC G83, which is remarkably strict.
The current harmonic distortion limits based on different standards are shown in Table 7.
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Table 7. Limits of harmonic distortion according to different standards.

Grid Code Type Harmonic Order Distortion Limit THD (%)

IEEE 1159, IEEE 1459, IEEE 519 Odd h > 33 NE <5%
AS 4777.2 (Australia), 23 ≤ h ≤ 33 <0.6%
GB/T (China) e ECM 17 ≤ h ≤ 21 <1.5%

(Malaysia) 11 ≤ h ≤ 15 <2%
Even 10 ≤ h ≤ 32 <0.5%

2 ≤ h ≤ 8 <1%

United Kimdom Odd h = 3, 5 and 7 <(2.3, 1.14 and 0.77)% <3%
(EREC G83.) h = 9, 11 and 13 <(0.4, 0.33 and 0.21)%

Even h = 2, 4 and 6 <(1.08, 0.43 and 0.3)%
8 ≤ h ≤ 40 <0.23%

Canada Odd h > 33 <0.33% <5%
(CAN/CSA C22.3.) 23 ≤ h ≤ 33 <0.6%

17 ≤ h ≤ 21 <1.5%
11 ≤ h ≤ 15 <2%

3 ≤ h ≤ 9 <4%
Even h > 34 <1.0%

22 ≤ h ≤ 32 <0.5%
16 ≤ h ≤ 20 <0.4%
10 ≤ h ≤ 14 <0.2%
8 ≤ h ≤ 40 <0.1%

IEC 61000-3-2 Odd h = 3, 5 and 7 <(3.45, 1.71 and 1.15)% <5%
h = 9, 11 and 13 <(0.6, 0.5 and 0.3)%

15 ≤ h ≤ 39 <0.225%
Even h = 2, 4 and 6 <(1.6, 0.65 and 0.45)%

8 ≤ h ≤ 40 <0.345%

NE→ These requirements are not established in the grid code.

In the case of the Brazilian standard, the National Independent System Operator
(ONS) [27] uses the voltage THD as the indicator used to evaluate the global power system
quality in a steady-state. This indicator is not applied to the transient and short-term
phenomena that result in the injection of harmonic currents during operating conditions
such as transformer energizing or the start-up of generating units using the frequency
converter equipment. Thus, the intervals in which such transient disturbances occur should
be discarded from the measurements.

7.2. Voltage Imbalance

A voltage imbalance occurs when the phase voltages differ in magnitude or a phase
shift of (1200). This can be calculated as the ratio of negative to the positive voltage sequence
components [85]. In general, world standards have identified that the appropriate voltage
unbalance threshold is between 1% and 2% [86]. Voltage unbalance quality problems are
monitored for various standards using the voltage unbalance factor (VUF) [27,87,88]:

VUF =
v−1

v+1 100%, (4)

where v+1 and v−1 are the positive and negative voltage sequence components at the
fundamental frequency, respectively. Usually, the voltage unbalance is a good indicator
of the power quality supplied to the electrical system; for this reason, some GCs and
standards establish a VUF limit at the PCC, ensuring the injection of a balanced three-
phase voltage into the power grid. For example, the IEEE 1547-2014 standard [80] requires
that voltage unbalance does not exceed 3%, while the IEC 61850-7-420 standards require
DGs to maintain a VUF of less than 2% [24]. Romanian regulations imposed a maximum
VUF of 1% at the PCC of photovoltaic and wind power plants [83]. The recommendation
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given by the UK GC [89], also followed by the Malaysian GC, determines a VUF limit
of 2% at the PCC and a voltage unbalance limit of 1.3% at the load [32]. In Canada, the
CAN/CSA–C61000–2–2 standard established a maximum VUF of 2% [90,91].

Finally, the Brazilian grid code establishes the performance of voltage unbalance
through a comparison of the KS95% indicator, expressing the relationship between the
negative (v−1) and positive (v+1) voltage sequence components (v−1). The maximum
voltage unbalance at 2%.

7.3. Fluctuations

Voltage fluctuation is the term used to represent the random, repetitive, or sporadic
variation of the effective voltage value. Random and repetitive fluctuations are generally
related to the operation of non-linear loads that present a time-varying power consumption,
while sporadic fluctuations are related to grid or load maneuvers. Short-term voltage
fluctuations, known as flickers, can cause a series of disturbances when propagating
through the electrical grid, and cause changes in the intensity of lighting in incandescent
lamps [92,93].

The severity of the flicker phenomena is quantified by the Short-Term Flicker Severity
Indicator (Pst) and by the Long-Term Flicker Severity Indicator (Plt), as described by the
International Electrotechnical Commission in IEC 61000-4-15 (Flickermeter—functional
and design specifications). The Plt indicator represents the severity of the flicker caused by
the voltage fluctuations verified at a continuous period of 10 min, and is calculated from
the instantaneous levels of a flickering sensation, according to the following expression:

Pst =
√

0.0314P0.1 + 0.0525P1 + 0.0657P3 + 0.28P10 + 0.08P50, (5)

where Px corresponds to the level of flicker sensation that was exceeded for x% of the time,
resulting from the level classification histogram, calculated as established in IEC-61000-4-15.

The Plt indicator represents the severity of the flickering caused by the voltage fluctua-
tions verified in a continuous period of 2 h, and is calculated from the Pst values according
to the following expression:

Plt =
3

√√√√ 1
12

12

∑
x=1

(Pstx )
3. (6)

According to the flicker severity indicators adopted here as a representative of voltage
fluctuation, a Plt = 0 indicates that there is no voltage oscillation, and Plt = 1 indicates
flicker contamination [94]. The tolerable flicker limits of small- and medium-scale RESPPs
connected to the medium voltage are generally considered to be 1.0 and 0.25 for Pst and Plt,
respectively [95]. The flicker limits are listed in Table 8.

Table 8. Flicker limits according to different standards at different voltage levels.

Grid Code Voltage Level Plt Pst

IEEE 519 MV 0.7 0.9
HV-EHV 0.6 0.8

China MV-HV 0.7 NE

IEC61000 MV 0.8 1

Malaysia LV (less than 11 kV) 0.8 1
MV (11–33) kV 0.7 0.9
HV (over 33 kV) 0.6 0.8

USA LV 0.7 0.9
MT-HV 0.6 0.8

Brazil LV-MV 0.8 1
HV: High Voltage, MV: Medium Voltage, and LV: Low Voltage. NE: Not established and EHV: Extra-High Voltage.
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8. Trends in Variable Renewable Sources Standardization

As the share of variable renewable energy sources in the power market increases,
observing the requirements of different countries, some trends are notable as new issues
are emerging:

• The need for renewable sources to contribute to systemic inertia, with increasingly
stringent VRT requirements. For example, grid codes have established rules for the
reactive current injection during faults.

• Contribution to voltage control and reactive power supply, using the power converters’
capability—this requirement may need to be implemented even for small projects
connected to the low-voltage network.

• Harmonic distortion limits consider the contribution of all sources at the same connec-
tion point. Therefore, with the increase in the connection of converters, it can become
increasingly difficult for generators to comply, leading to the need to implement filters.

As described previously, the German GC stipulated that RESPP should be able to
contribute by providing dynamic support to the grid. In a recent review of the grid code,
this requirement was required for application in the medium-voltage grid, and power
quality requisites were included even for low-voltage PV systems.

9. Conclusions

This survey paper presents a comprehensive comparison of the requirements for
integrating renewable energy sources with the power grid, highlighting the differences
between the grid codes and standards established by the operators of electrical systems
of different countries. No clear consensus exists to unify the technical requisites for the
interconnection of RESPPs to the electrical grid due to various operating methods imple-
mented in different national grids and the varying penetration levels of renewable energy
plants. For example, the GCs in some countries enforce the VRT capacity control for each
renewable energy source connected to the grid, regardless of power level, while some
countries, such as Germany, enforce VRT requirements only for the utility-scale power
generation. This distinction may result in lower power quality in some countries’ electrical
grids and additional costs for developers and manufacturers of renewable energy plants.
The European Renewable Energy Council (EREC) and the European Wind Energy Associa-
tion (EWEA) request that energy system operators of different national grids improve their
interconnection requirements and reflect this in a coherent and harmonized way.

Harmonized integration standards could ensure reliable operation and meet power
quality requirements for the vast majority of electrical networks, although this is a diffi-
cult task due to the specifics of each power system. Manufacturers of renewable energy
systems constantly meet with new challenges when updating their hardware and/or soft-
ware design to ensure that each entity’s requirements are satisfied. Thus, a generalized
set of requirements established in a power grid could reduce costs and standardize the
manufacturer requirements, as well as assisting power system operators.

The main objectives of global standard harmonization can be listed as follows:

• Facilitate manufacturing procedures and improvements in renewable energy systems
around the world, reducing the total cost;

• Establish common and appropriate standards for the connection of large- or small-
scale renewable energy plants into the electrical grid;

• Develop efficient technical requirements that depend on the experiences and back-
grounds of various power system operators.

The developed requirements must ensure economic efficiency. However, some techni-
cal regulations are considered expensive and are only required when necessary to ensure a
steady, safe, and continuous reliable power system operation. In addition, it is possible to
bypass grid regulations that are considered expensive when the renewable energy penetra-
tion is low. In addition to the penetration level, the requirements for integrating renewable
energy must consider the robustness of the power system and the technology implemented
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in renewable generation power plants. Furthermore, the integration requirements between
various electrical areas, countries, and organizations may change in the near future. Stan-
dardization would reduce equipment manufacturing costs and simplify the analysis by
national system operators. However, each electric power system has its particularities
(radial or non-radial systems, low or high penetration of renewables, interconnection or
no interconnection with other countries, different standards even within the same country
as many regions of operation are interconnected, etc.). Therefore, standardization is still a
challenge due to the size and complexity of carrying out a global analysis.

Due to the extensive review presented in this paper, two important ancillary services
have been noted to be missing from the standards and GCs, such as the blackstart of RESPP
units after a major blackout and spinning reserve usually requested for large synchronous
generation units. Future research should also focus on services that are almost exclusively
functions of large synchronous generators in the current operating power systems.
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Abbreviations
The following abbreviations are used in this manuscript:

AEMO Australian Energy Market Operator
DG Distributed generation
FRT Fault ride-through
FRCC Florida Reliability Coordinating Council
GC Grid Code
IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
MPPT Maximum Power Point Tracking
MRO Midwest Reliability Organization
NEDO Energy and Industrial Development Organization
NPCC Northeast Power Coordinating Council
PV Photovoltaic
PCC Point of Common Coupling
PREPA Puerto Rico Electric Power Authority
RESPP Renewable energy sources power plant
SPP Southwest Power Pool
SERC State Electricity Regulatory Commission
STATCOM Static Synchronous Compensator
Texas RE Texas Reliability Entity
THD Total Harmonic Distortion
TSO Transmission System Operator
VRT Voltage ride through
VUF Voltage unbalance factor
WECC Western Electricity Coordinating Council
∆P Power variation
fgrid Grid frequency
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hmax Maximum harmonic component
Ibase Rated output current of the PV power plant
i∗d Computed d-axis active current injected during active power restoration
i∗q Computed q-axis reactive current injected during LVRT/ZVRT
p Available instantaneous power
Pn Nominal power
Po Pre-fault active power output
Px Level of flicker sensation that was exceeded for x% of the time
tmax f Maximum fault end time
tmaxr Maximum time for active power recovery
to Fault starting time
Vmax Voltage recovery after a fault
Vmin Minimum voltage sag
v+1 Positive sequence voltage
v−1 Negative sequence voltage
v+1

αβ Positive sequence voltage at the PCC in per unit

V(h) Amplitude of the fundamental frequency harmonic component
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