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ABSTRACT The increased penetration of Renewable Energy Sources (RESs), such as Photovoltaic (PV) and
wind energy, in transmission and distribution networks is changing the features of current and future power
systems. RESs may alter the characteristics of power systems due to their different dynamic behavior and
limitations compared to centralized conventional Synchronous Generators (SGs). This is mainly attributed to
Power Electronics (PE) interfaces (i.e., converters) utilized for integration with the power grid. As PE-based
RESs exhibit lower and significantly different fault current contributions than SGs, fault level reduction is
considered a major challenge for future power systems. Besides, such RESs may introduce new dynamics
into the short-circuit (SC) current characteristics of power systems, which, in turn, may pose challenges to the
strength, stability, operation, and protection of the grids. To tackle such challenges, it is essential to better
understand the SC characteristics of the different RESs, specifically Wind and PV systems. In addition,
evaluating their impact on the system fault level is necessary, especially in future power scenarios where
most of the power is expected to be met by RESs. Hence, this study provides a comprehensive review of the
contributions of SC currents fromRESs to SC dynamics and the system fault level, addressing key challenges
and gaps in the literature for researchers and utility engineers.

INDEX TERMS Photovoltaic, reduced fault level, renewable-rich power systems, renewable’s fault contri-
butions, system strength, wind energy.

LIST OF ACRONYMS AND ABBREVIATIONS

RESs Renewable Energy Sources.
PE Power Electronics.
SGs Synchronous Generators.
SC Short Circuit.
TSOs Transmission System Operators.
FRT Fault Ride-Through.
LVRT Low Voltage Ride-Through.
ENTSO-E European Network of Transmission System

Operators for Electricity.
Uret The connection point’s retained voltage.
Tclear The fault clearing time.
Urec The lower limit of voltage recovery.

The associate editor coordinating the review of this manuscript and
approving it for publication was Majdi Mansouri.

trec The time at the lower limit of voltage recov-
ery.

Type-I Squirrel-cage induction wind generator.
Type-II Wound rotor induction wind generator with

external rotor resistance.
Type-III Doubly-fed asynchronous wind generator.
Type-IV Full power converter wind generator.
Type V Synchronous wind generator mechanically

connected through a torque converter.
SCIG Squirrel cage induction generator.
DFIG Double-Fed Induction Generators.
VSC Voltage Source Converter.
LCC Line-Commutated Converters.
AEMO Australian Energy Market Operator.
AEMC Australian Energy Market Commission.
OCRs Over Current Relays.
SCR Short Circuit Ratio.
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PLL Phase-Locked Loop.
AVR Automatic Voltage Regulator.

I. INTRODUCTION
The substantial integration of Renewable Energy Sources
(RESs) is one of the distinguished characteristics of future
power systems. In 2020, the total energy consumed glob-
ally from RESs was approximately 27,000 TWh, which
represents around 17% of total energy consumption in the
world. The endeavor to use more RESs is motivated by the
increased demand, climate change, and the response to low
carbon emissions strategies worldwide. Global figures show
that most countries not only intend to meet their electrical
demand from RESs, but also to move towards electrifica-
tion of different sectors such as heating, cooling, transport,
and industry. Such transition implies that more RESs should
be integrated into the power grids, hence the operation of
future power systems will be less dependent on traditional
non-RESs generation. Fig. 1 shows the annual additions of
renewable power capacity by technology between 2014-2020
where RESs (mainly PV and Wind) have shown a rapid
increase among the other resources [1], [2], [3]. RESs have
produced more than half of the additional power capacity
added globally for power generation since 2012. In 2017,
a remarkable new record of 167 GW (representing over 60%)
was achieved for the global addition of newly built renewable
power capacity [2]. This in turn allows the world not only
to have secure energy, but also to possibly reverse global
warming and to reduce the millions of air-pollution related
death cases. Besides, it allows to produce low-cost energy and
move towards achieving the zero-emission energy target [4].
Many countries and policymakers have started to pay atten-
tion to this issue in their regulations and have set a timeline
for achieving energy transmission towards RESs as one of the
important future goals. According to [5], renewable energy
stood out as the sole electricity generation source to experi-
ence a net increase in overall power capacity in 2020, which
established a record for new power capacity. Regardless of
both social and political barriers that may be manifested, pre-
vious studies have pointed to the techno-economic feasibility
of the transition towards 100% RESs worldwide [4], [6], [7].

As an example, a study conducted in [7] has laid out a
comprehensive plan for all 50 states in the United States to
transition their energy systems entirely to rely on Renewable
Energy Sources (RESs). That plan has targeted replacing
85% and 100% of the current energy systems with RESs by
2030 and 2050, respectively. Furthermore, the G20 countries
have set a collective goal of achieving an 85% share of RESs,
withmajor contributions fromChina (26%), the United States
(15%), India (12%), and the European Union (9%) [2]. Such
a trend is usually accompanied by a displacement of conven-
tional fossil fuel-based central synchronous generators (SGs).

All those figures and trends show that the future power
grids would witness a very high share of RESs, mainly PV

and Wind. Regardless of the positive advantages that such
RESs would add to the energy sectors globally [8], they
might bring several key challenges [9], [10], [11]. As sources
utilize Power Electronics (PE) interfaces (i.e., converters) for
grid integration [12], the traditional dynamics of the power
systems based on classical SGs, would be altered, and signif-
icantly affected by the dominated RESs [13]. The reduced
fault level and the different characteristics of SC current
dynamics are considered main aspects that would be highly
possibly seen in future power systems more specially in
RESs-dominated scenarios [14]. This is due to the limited and
very different characteristics of the SC current contribution of
the RESs when compared to the high and time-decaying SC
contribution of large central SGs [15]. Accordingly, system
strength, traditional protection systems, and system stability
are potentially to be affected as a result of such new char-
acteristics and altered dynamics [13], [16], [17]. Therefore,
it is essential to understand the distinguished characteristics
of such RESs, especially when it comes to their SC current
contribution and their fault response to better characterize and
quantify the consequences of the reduced fault level and the
changed SC current dynamics in future power scenarios. This
includes control, the Fault Ride Through (FRT) capabilities,
and gird codes governing such RESs.

A wide range of literature can be found on the theme of
SC current contribution of RESs, the FRT capability and
grid codes requirements and the control of RESs [18], [19],
[20], [21], [22], [23], [24], [25], [26], [27], [28], [29], [30].
While some of them have analyzed the SC contribution of
some RESs like PV systems [19], [30], and some types
of Wind generators specifically [20], [31], [32], [33], [34],
[35], [36], [37], the other have provided a general insight on
the fault current contribution of inverter-based sources and
compared them to the ones fed by SGs [18], [21], [38], [39].
On the other hand, other studies have discussed the grid code
requirements and the FRT control of different RESs [23],
[29], [40], [41], [42], [43], [44], [45], [46], [47], [48],
[49], [50].

Regarding the challenges associated with the potential very
high share of RESs based on PV and Wind, a decent amount
of literature can be also found [51], [52], [53], [54], [55],
[56]. However, most of those studies have only focused on
the frequency behavior and frequency control in low inertia
systems. While a few studies can be found on the theme of
system stability [57], [58], and protection challenges in future
power systems with high penetration of RESs [10], [11],
[36], few research have tackled the potential implications of
reduced fault level and altered SC dynamics on the system
strength and stability of RESs-rich power systems [59], [60],
[61], [62], [63].

Even though there are several studies that cover differ-
ent aspects of renewable-based systems, there is no single
state-of-the-art review can be found that provides a solid
comparison of the SC current response of PV and all types of
wind generation in such a way to consider all the previously
mentioned aspects collectively.
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FIGURE 1. The annual additions of renewable power capacity by technology between 2014-2020 [3].

FIGURE 2. Global added RESs in percentage by 2021 [65].

Also, the body of current knowledge is still fragmented and
lacks a cohesive technical viewpoint. Instead of synthesizing
the SC current behavior, fault level evolution, system-strength
implications, and grid-code requirements in an integrated
manner for both PV and all wind generator types, current
reviews usually concentrate on isolated topics—such as fre-
quency stability, inverter control, or FRT compliance. This
gap becomes increasingly critical as modern grids move
toward high penetration of RESs, where the interplay between
altered fault dynamics and grid strength is central to planning
and operation. Therefore, a consolidated and comparative
analysis is necessary to support researchers, system opera-
tors, and utilities in understanding the emerging challenges
of RES-dominated power systems.

Hence, in order to fill this crucial gap, this paper offers a
thorough and comparative analysis that concurrently looks at

the SC current characteristics of PV and all wind generation
technologies, their changing FRT/grid-code requirements,
and the resulting implications on system strength, protection
performance, and overall stability in future RESs-dominated
grids.

It is worth pointing that the review methodology employed
in this study involved a systematic search using key terms
such as ‘‘short-circuit current,’’ ‘‘fault level,’’ ‘‘photovoltaic,’’
‘‘wind energy,’’ and ‘‘renewable energy sources’’. Rep-
utable databases, including IEEE Xplore, ScienceDirect,
and Google Scholar, were used to ensure comprehensive
coverage.

We prioritized peer-reviewed papers and technical reports
published in the last 15 years, with a focus on studies address-
ing SC characteristics and fault levels in renewable-rich
power systems. Selected papers were critically assessed
for their contributions to understanding the impact of
RESs on system dynamics, fault levels, system strength,
and protection, ensuring a balanced and objective review.
This structured methodology ensures the technical validity,
completeness, and reproducibility of the presented review
findings.

The subsequent sections of this paper are structured as
follows: Section II outlines global figures and trends con-
cerning RESs. In Section III, a comprehensive examination
of the fault level concept within classical power systems
is provided. Section IV undertakes an analysis of the pro-
gressive developments in grid codes and FRT requirements
specific to PV and Wind RESs. Section V delves into
an extensive exploration of the fault current contributions
originating from PV and Wind Energy Sources. Subse-
quently, Section VI deliberates on the implications of the
increased penetration of large-scale PV and Wind RESs
on fault level, addressing potential adverse impacts on sys-
tem strength, protection mechanisms, and system stability.
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FIGURE 3. Solar PV global capacity and annual additions, 2011-2021 [65].

FIGURE 4. Wind Power Global Capacity and Annual Additions, 2011-2021 [65].

Finally, Section VII summarizes the paper with concluding
remarks.

II. GLOBAL FIGURES ON PV AND WIND SOURCES
WORLDWIDE
Global figures and trends have shown a rapid movement
towards RESs [64]. By the conclusion of 2021, the total
global renewable generation capacity reached 3.064 TW.
The most significant portion was attributed to hydropower,
accounting for 1.230 TW of capacity. Solar and wind
power equally shared the rest, with capacities of 942 GW
and 845 GW, respectively. Other renewable sources com-
prised 524 MW of marine energy, 143 GW of bioenergy,
and 16 GW of geothermal energy [65], [66], as shown in
Fig. 2.

A. PHOTOVOLTAIC SYSTEMS (PVS)
The electricity generated from PV sources is experiencing
rapid growth, both in terms of absolute magnitude and as

a proportion of global generation. PV is expanding quickly
and is playing a crucial part in the existing and future energy
mix. In the last 20 years, the scale of deployed PV capac-
ity has changed from kW to MW and then GW, and it is
anticipated that the significant milestone of achieving 1 TW
of installed global capacity will be reached within the next
two years [67]. As an example, PV sources contributed to
approximately 3.4% of the total global electricity energy
generated in 2020. This represents five thousand times of
the energy generated by PVs in 1990. Although this 3.4 %
percentage seems small for the total global electricity energy
generated, it is considered as a big transition compared to
the 1.1% registered in 2015. These numbers indicate that the
PV share has tripled in five years only. This transition in the
amount of the PV share is attributed to the global awareness
of the importance of the RESs, the increased efficiency
of the manufactured PV modules, and the significant
decline in the PV technologies price [68]. The abil-
ity to install PVs at the household scale has also
contributed to the noticeable growth in the PV mar-
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ket worldwide. Fig. 3, shows the solar PV global
capacity and annual additions over the period between
2011-2021 [66].

B. WIND ENERGY
Like solar PVs, wind energy is trending worldwide. The data
indicates that around 94 GW of capacity had been installed
globally in 2021, signifying the wind industry’s second-best
year on record, with a slight decrease of only 1.8% com-
pared to the exceptional growth observed in 2020 [69], [70].
The statistics clearly demonstrate that 2021 marked the most
successful year in offshore wind history, with an impressive
21.1 GW of offshore wind capacity commissioned. This
amount is three times greater than what was installed in 2020,
resulting in an increased market share of global new installa-
tions, reaching 22.5%. The yearly global trend of the wind
installed capacity has shown a significant increased level,
more specifically in the last decade. For instance, the added
capacity has registered a value of 41 GW in 2011, while the
maximum value of 95 GW has been added in 2020. The total
global installed capacity has registered 283 GW and 745 GW
for both years, respectively. This represents an increment
of 263%, with a yearly increase of 26.3% approximately.
It is worth noting that this has been varied according to the
region/country. For instance, China added most of the newly
installed wind capacity (46.9 GW) in 2021, followed by the
US (14.0 GW).

In Europe alone, the wind has 236 GW of capacity, which
accounted for more than 16% of the electricity consumed in
2020. While offshore wind energy has grown steadily over
time, reaching about 7% of the world’s wind capacity in 2021,
it still makes up a minor portion of the industry. For instance,
81% of the new wind installations in Europe were onshore in
2020. During the same year, the Netherlands took the lead
in installing the highest amount of wind power, primarily
focusing on offshore installations. On the other hand, Norway
led in onshore wind installations, with Spain and France
following closely behind. However, the UK has installed
most of the newly added wind (15%) as they accounted for
most of the offshore installations in Europe in 2021. For
onshore wind, Sweden came first with 12%, followed by
Germany and turkey with 11% and 8% in 2021, respec-
tively [69]. Between the years 2022 and 2026, Europe is
projected to construct 116 GW of new wind farms, resulting
in an average of 23 GW annually. Fig. 4 displays the wind
global capacity and annual additions over the period between
2011-2021 [66].

III. FAULT LEVEL IN CLASSICAL POWER SYSTEMS
Power systems run in a balanced steady state three-phase
configuration. Unfavorable and unavoidable events have
the potential to disturb this state momentarily. Faults, also
referred to as Short Circuits (SCs), is one of these abnormal
events at which high levels of abnormal currents, of multiple
magnitudes of the normal current, would flow in the system
based on the location and the nature of the fault [71]. The

magnitude of these fault currents is influenced by both the
impedance of the faulty circuit and the internal impedance of
the generators that contribute to the faults. In classical power
systems, large SGs are themain contributors besides a smaller
contribution from some motors. SC faults are classified into
balanced and unbalanced faults. They may occur at one or
more phases in three-phase systems. As a result, they are
categorized as single, double, and three-phase faults. Unbal-
anced faults encompass single line-to-ground, line-to-line,
and double line-to-ground faults. While positive sequence
components suffice for analyzing balanced faults, unbalanced
faults require consideration of negative and zero sequence
components. Faults are caused by the failure of the insulations
in the system due to overvoltage which may occur because of
lightning, switching surges, insulation pollution, conductor
breaks from wind and ice loads, wind damage, trees cutting
through power lines, shorting power lines by birds or small
animals, etc. Fault analysis and the knowledge of the values
and characteristics of fault currents is an essential task for sev-
eral reasons. For instance, fault analysis in electrical power
systems is necessary for health and safety considerations,
design, operation, and protection of power systems [72]. Fault
Level, also known as Short Circuit Capacity (SCC), is a
critical parameter related to the maximum fault current. It is
defined as the MVA associated with the maximum RMS
symmetrical fault current, which typically occurs in the case
of three-phase bolted faults as expressed in (1).

Fault Level (MVA) =
√
3VL ISC (1)

where, ISC, is the RMS fault current infeed, and VL is the
pre-fault voltage (line-line) at the faulty point.

The fault level MVA is a useful quantity for exemplifying
the fault infeed from one or a group of SC contributing
sources or an entire system at the faulty point. This might be
more representative of the apparent power available during
the faults which is utilized for several applications. By utiliz-
ing the fault level MVA, one can ascertain the suitable size of
a busbar and assess the power system’s strength or vulnera-
bility, along with the equivalent impedance at the busbar [73].
It is also an alternative indicator for the fault contribution
and the proper sizing of the system components such as the
interrupting capacity of a circuit breaker. Moreover, it has
been suggested as a valuable tool for conducting wide-area
voltage stability assessments [74], estimating HVDC control
applications [75], and evaluating the strength of multi-infeed
LCC-HVDC systems [76].
Conventional power systems have historically been

designed with a focus on high fault levels. This approach
takes into account the substantial and time-decaying
attributes of the fault current contribution from the syn-
chronous generators (SGs), as illustrated in Fig. 5. SGs
dynamic behavior during the period of the faults is inherent,
and the time-decaying behavior is a result of the internal reac-
tance of the SG, which exhibits a time-varying characteristics
starting from the occurrence of the fault until the end of the
fault duration.
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FIGURE 5. The fault currents contribution of the SGs a) far from generator, b) close from generator [77].

Hence, the SG is usually modelled using a voltage behind
a variable reactance of three distinct variable values namely,
the sub-transient reactance, X’’, for the first few cycles of the
fault, the transient reactance, X’, for around 5 cycles, and the
synchronous reactance,X, for the rest of the period of the fault
[77].

When addressing power system faults, both the impedance
of the faulty path and the X/R ratio, extending from the
generator terminal to the faulty location, significantly influ-
ence the resulting waveform during the fault. Apart from the
symmetrical RMS value, a DC component may also emerge
based on the timing of the fault initiation. In essence, the
relative location of the faulty point in relation to the generator
(proximity or distance) plays a crucial role in shaping the
time-decaying behavior of the fault. Fig. 5 also shows the
typical waveform of the faults in SGs-based power systems.
Observe the initial symmetrical SC current ( I ′′k ), the peak SC
current (ip), and the decaying DC aperiodic component (Idc)
for faults occurring both close and far from the generator.

IV. GRID CODES AND FAULT-RIDE THROUGH
REQUIREMENT OF PV AND WIND SOURCES
Grid Codes outline the technical specifications [78] needed
to connect new generating units to the grid. Transmission
System Operators (TSOs) work to set these criteria regularly
throughout the world to guarantee the generation units’ reli-
able and stable performance regardless of the grid’s operation
conditions [24], [46]. One essential aspect of grid codes,
which provides guidelines for connecting RESs to the grid,
is the Fault Ride-Through (FRT) capabilities, also referred
to as Low Voltage Ride-Through (LVRT) [24], [27], [46],
[48], [79], [80]. It specifies the needed functionality of the
associated RESs (e.g., wind and PV) under abnormal cir-
cumstances, such as faulty conditions. RESs have historically

made a small contribution to system fault currents. Initially,
neither power system operators nor grid codes issuers have
considered the influence of RES on grid faults, leading to
an absence of clear FRT requirements for these sources.
Nevertheless, in response to the rising integration of RESs,
modern grid codes now mandate RESs to ride through faults
and supply dynamic reactive current injection to the grid [81].
The primary objectives of these requirements are to ensure
uninterrupted power supply and avert any possible gener-
ation losses during and after significant grid failures [42],
[43]. Various countries impose different FRT requirements
for RESs based on several factors, such as the extent of
RES penetration, the capacity of the generating unit, and the
stability of the grid [48], [80].

A. THE VOLTAGE-VERSUS-TIME PROFILE
In Europe, each TSO is asked to submit a profile outlining
the FRT specifications (voltage-versus-time (for transmission
level’s connected RESs. This requirement is set by ENTSO-
E (the Transmission System Operators for Electricity) [82].
The general guidelines for the required profile are shown in
Fig. 6. The diagram shows the minimum voltage that occurs
at the connection point, expressed as a ratio of the actual
voltage to the expected voltage, during normal operation
and after a fault has occurred. where Uret is the connection
point’s retained voltage. Tclear indicates when a fault has
been cleared. In addition, certain points of the lower limits of
voltage recovery after fault clearance are specified by Urec1,
Urec2, trec1, trec2, and trec3. Table 1 presents guidelines and
recommendations for these parameters’ values.

It should be noted that unless the internal electrical faults
protection scheme necessitates the disconnection of the
power generating module from the network, the RESs must
remain connected and maintain a stable response during fault
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FIGURE 6. The voltage-versus-time FRT profile according to ENTSO-E [82].

FIGURE 7. The national voltage-versus-time FRT profile for selected grid codes in Europe [47].

occurrences. Additionally, it is important to highlight that
FRT capabilities are usually specified by each TSO in the case
of asymmetrical faults [82].

Customized FRT capability profiles have been defined by
some of the individual national grids, as shown in Fig. 7
for some of European countries such as Great Britain,
Denmark, Italy, and Germany [47], [83]. it is noteworthy
that certain grid codes in countries such as Sweden, Finland,
Germany, and Spain mandate RESs to possess zero voltage-
ride-through capability [28].

B. REACTIVE-CURRENT INJECTION
Besides the voltage-versus-time profile requirement that set
the period where the generator shall remain connected, RESs
are obligated to offer dynamic reactive voltage support dur-
ing faults. Hence, generators must be capable of supplying
reactive current in accordance with their current rating for
a specific duration, while also reducing active power output
if required during the fault [25], [29], [44], [84]. This is

TABLE 1. FRT parameters of the voltage-time- profile in Fig. 6 [82].

common in large interconnected systems because it is more
important to contain the voltage dip within a specific area by
supporting the voltage rather than worrying about the poten-
tial consequences of reducing active power. Although it might
bemore important tomaintain active power output in islanded
systems because its reduction can have severe consequences
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FIGURE 8. The requirement for reactive current injection as per German grid code [26].

for system frequency, in some cases, the grid may still require
a dynamic requirement for reactive current [25]. Through the
injection of additional reactive current, the voltage dip during
a fault is bolstered, facilitating voltage recovery after the fault.
As a result, the necessary fault current for protective systems
is supplied [44].

Remarkably, most grid codes typically require a positive
sequence current injection (balanced currents) even dur-
ing unbalanced faults [29], [50], [84]. Nevertheless, recent
research has started to consider unbalanced currents during
such faults. The quantity of reactive current injected by the
FRT control system varies depending on the specific grid
code in effect. For instance, grid codes in Great Britain and
Denmark mandate generators to inject the maximum attain-
able reactive current during a fault [85].
Conversely, the German grid code necessitates a propor-

tional gain approach [23], [86]. The proportional gain, often
known as the k-factor, establishes the proportion of the reac-
tive current that should be injected during a fault based on
the voltage dip observed at the terminal of the RES-based
generator. Consequently, the fault current level is determined
by the voltage level. According to the German grid code,
this gain can typically vary from 2 to 10, as illustrated in
Fig. 8 [26], [86]. It is important to recognize that maximizing
the k-factor would subsequently decrease the value of the
injected active current accordingly. However, the maximum
fault current of the RES would be restricted by the maximum
overrating capability of such resources.

Note that most grid codes require RESs to only inject
positive sequence current components even in response to
unbalanced faults [87]. However, providing positive sequence
reactive current only from RESs in asymmetrical faults may
lead to increasing the voltage level in all healthy and faulty
phases [88], [89]. So, recent grid code updated the reactive

current injection and voltage support requirement to account
for this issue. For instance, recent grid codes defined by
Spanish, German, and Greek TSOs account for the negative
sequence injections during asymmetrical faults [90].

V. FAULT CURRENT CONTRIBUTION OF PV AND WIND
SOURCES
The fault current contribution of a PV or wind energy source
refers to the amount of electrical current that the source can
provide in a power system during a fault or SC condition.
In PV systems, this contribution is predominantly influenced
by the utilization of a converter-interface for grid integration.
Through the grid-side connected converter, PV systems regu-
late their fault current contribution. However, it is noteworthy
that not all wind generators are equipped with such converter-
interfaces, leading to variations in fault current behavior
among wind energy sources [91], which lead to a variety
of SC current characteristics and fault current contributions
according to the technology used for grid interface purpose.
This section aims to provide a detailed insight into the up-
to-date reports and studies in the literature concerning the
fault current contribution from PV and different wind tech-
nologies. It is worth noting that utility-scale wind power
plants can be classified into five categories based on their
machine type, ability to control speed, and other opera-
tional characteristics, according to IEC 61400-27 [92]. These
are squirrel-cage induction generator (Type-I), wound rotor
induction generator with external rotor resistance (Type-II),
doubly-fed asynchronous generator (Type-III), full power
converter generator (Type-IV), and SG mechanically con-
nected through a torque converter (Type-V) [92]. However,
from the converter-interface point of view, these in addi-
tion to the PV systems (which are connected through
converter-interface to the grid), can be recategorized in a
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different way. Therefore, to distinguish between the different
fault current contributions according to the technology and
the grid interface method, these RESs are categorized into
four categories: Those RESs i) directly connected sources
without converter interfaces, ii) those partially converter-
interfaced sources, iii) fully converter-interfaced sources, and
iv) mechanical torque converter-interfaced Sources.

These categorizations are devised to account for the
presence of converter-interfaces, aiming to refine the char-
acterization of fault behavior in both PV and wind energy
systems. It is essential to note that the grid-side converter
interface, when available, assumes primary control over fault
current contribution, regardless of the generator-side technol-
ogy utilized. Consequently, the subsequent sub-sections are
structured according to how the generation source interfaces
with the grid: either directly without a converter, partially
with a converter, or fully through a converter grid interface.

A. DIRECTLY CONNECTED SOURCES WITHOUT
CONVERTER-INTERFACE
1) TYPE-I WIND
The utilization of induction generators in the majority of
commercial wind turbine installations worldwide stands out
as a notable characteristic of wind turbine generators linked to
the AC network. This predominance of induction generators,
in contrast to SGs, constitutes a significant differentiation,
given that nearly all directly-connected commercial wind
turbine installations worldwide opt for induction genera-
tors [72], [92]. Initial utility-scale wind turbine generators
typically feature fixed-rotation-speed turbines paired with
squirrel-cage induction generators (SCIGs). These gener-
ators operate at speeds slightly higher than synchronous
speed, with the difference termed as slip, often measured
in percentage. Negative slip denotes electricity generation.
Standard operating slips for induction generators usually
range from 0% to −1%, with modern large turbines com-
monly operating at−1%. Essentially, these generators rely on
wind turbine prime movers operating just above synchronous
speed, employing blade pitch angle control for primary wind
power regulation. According to most of studies in the litera-
ture, SCIG wind generators offer mechanical simplicity, high
efficiency, and minimal maintenance needs as key advan-
tages [93], [94]. They are known as Type-I wind generators.
In other studies, they are frequently labeled as ‘‘fixed-speed’’
turbines owing to their minimal speed variation from no
load to full load [33]. It is worth noting that the pitch angle
controller, the turbine, the driving shaft employing a two-
mass model, and the SCIG are the essential building pieces
of the wind turbine dynamic model [31]. As slip fluctu-
ates, corresponding variations occur in the real power output
within the rated slip range. Induction generators inherently
consume reactive power during both generation and opera-
tion. With increasing output power, reactive power demand
rises significantly. Fig. 9 illustrates a Type-I wind generator
grid-connected via a pad-mounted transformer with switched

FIGURE 9. A grid-connected Type-I wind generator [92].

FIGURE 10. Phase A current of type-I wind generator during three- phase
SC: a) stator, b) rotor [95].

FIGURE 11. Three-phase currents of type-I wind generator during
single-phase-to-ground SC [95].

capacitor banks to maintain the induction generator at unity
power factor [92].
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FIGURE 12. A grid-connected Type-II wind [92].

Type-I wind generators have a high potential for generating
fault current, with their initial contribution during a fault
potentially may go up to six times of their rated current or
more, depending on the timing of the short circuit. However,
this magnitude decreases as the fault continues [31], [33].
For SC calculations, this type of generator is modelled there-
fore by a voltage behind an inductance that represents the
sub-transient initial asymmetrical contribution accordingly.
In [95], the voltage behind the inductance model has been
suggested to calculate both symmetrical and asymmetrical
fault current contributions by solving for the fault current at
the inception instant of the fault using sequence component
networks.

It is important to consider that various factors can influence
the fault current contribution of wind turbine generators,
such as magnetic saturation, deep bar effects, and the stator’s
winding connection. Therefore, models should offer options
for simulating saturation and representing the deep-bar char-
acteristics of large induction machines, often accomplished
through the use of a double-cage rotor [95]. In accordance
with [96], the transient reactance dominates the induction
generator fault current opposing the SG, where the machine’s
sub-transient reactance dominates the fault current. Com-
pared to a SG, the fault current contribution of an induction
generator lasts significantly longer. During three-phase-to-
ground faults, the type-I wind generator exhibits a high initial
fault current, which rapidly reaches high SC currents imme-
diately after the fault inception. However, this contribution
gradually decays to zero over time during the fault duration,
likely due to the loss of an external source of excitation,
as shown in Fig. 10. On the other hand, phase-to-ground
faults may result in fault currents with lower levels compared
to three-phase faults, as expected. Nonetheless, the other
healthy phases continue to provide excitation and maintain
the connection to the grid, resulting in fault currents that do
not decay to zero [96]. Refer to Fig. 11 for an illustration of
the current waveform of the three-phase currents of the type-I
wind generator in response to a single-line-to-ground fault at
phase A.

2) TYPE-II WIND
Wound rotor induction generators with external rotor resis-
tance are referred to as Type-I wind generators. Type-II

wind generator is a variable-slip wind turbine with a wound
rotor where a three-phase external resistance is connected
to the rotor through a PE component (i.e., converter) [93].
As indicated in [72] and [94], employing a converter-external
resistance setup enables the adjustment of rotor circuit resis-
tance to tailor torque-speed characteristics. Essentially, this
technique facilitates control over rotor current and electro-
magnetic torque levels, allowing the generator’s speed to
vary within a limited range, typically up to 10%. Compared
to the Type-I wind generator configuration; this affords a
broader spectrum of operating speeds. Nonetheless, imple-
menting the converter-external resistance arrangement entails
additional costs and increased losses, which are dissipated
through the external resistance. Similar to Type-I generators,
Type-II wind generators utilize a capacitor bank to provide
the necessary reactive power when connected to the grid,
as depicted in Fig. 12. During low to medium wind speeds,
a Type-II wind generator functions similarly to a Type-I gen-
erator, with no external resistance introduced. Consequently,
the external resistance is short-circuited, exerting no influ-
ence on generator operation. However, in high wind speed
conditions nearing the rated slip, the external resistance is
engaged, resulting in operational disparities between Type-I
and Type-II generators. The SC characteristics of type-II
wind generators might be to an extend like type-I if the effect
of the external resistance is ignored. However, it is reported
in [32], the introduction of external resistance leads to a more
damped fault current.

Consequently, the fault current contribution in Type-II gen-
erators is lower compared to Type-I due to the damping effect
of the external resistance. Therefore, neglecting the impact
of external resistance on Type-II dynamic behavior could
potentially lead to misleading conclusions. As per the most
of relevant literature, the fault contribution of type-II wind
generator in response to a three-phase faults, shows a high
initial fault current that reaches high SC levels immediately
after the instant of the fault. Like Similar to Type-I generators,
the fault current contribution of Type-II generators gradu-
ally diminishes to zero over time during the fault period.
This trend is evident in Fig. 13, depicting the response of a
Type-II wind generator to a three-phase fault at the generator
terminal. Additionally, Fig. 14 illustrates both the AC and
DC components present in the fault current contribution of
Type-II wind generators [32]. Observe the large DC offset
that also decays with the time in addition to the instantaneous
current component that never decays completely down to
zero. While the external resistance might affect the damping
of the fundamental component, it might not affect the rate of
decay of the dc component [32].

In other study conducted in [94], the presence of
external rotor resistance is noted to reduce the decay
time of the current. Overall, the fault contribution and
behavior of both Type-I and Type-II wind generators are
comparable, exhibiting nearly identical responses. How-
ever, because of external rotor resistance which reduces
the SC current, the fault contribution for type-II wind
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FIGURE 13. The response of type-II wind generator to a three phase SC with and without external
resistance [32].

FIGURE 14. The AC and DC components of the current response of type-II wind to a three phase SC [32].

FIGURE 15. Typical layout of Type-III wind generator [36].

generator may be less than the fault current from a
type-I.

B. PARTIALLY CONVERTER-INTERFACED SOURCES
(TYPE-III WIND)
Wind turbines that utilize Double-Fed Induction Generators
(DFIG) are referred to as type-III wind generator. In such
generators, the stator is straight connected to the grid while
the rotor, which employs a wound rotor induction generator,
via a power electronics interface (i.e., converter). This is
represented by a bi-directional back-to-back Voltage Source

Converter (VSC). Hence, the power exchange with the grid
is partially done through converter-interface. Therefore, they
are also referred to as partially-converter-interfaced wind
generators. Among other types of wind generators, DFIG
technology is considered the highest proportion of wind gen-
erator installations globally [97], [98], [99]. One of the main
distinguished features of DFIG is that the partially-grid con-
nection topology would enable the generator to operate at a
variable speed of a typical range of±30% of the synchronous
speed [97]. This allows voltage support capabilities and a
decupled control of active and reactive power. Moreover,
Type-III wind generators have also lower power losses when
compared to fixed-speed induction generators (Type-I) or
SGs that utilize full converter-interfaced converters [100],
[101]. Fig. 15 shows a typical layout of a Type-III wind
generator where a step-up transformer is connecting the stator
to the grid, and a back-back VSC is connecting the rotor
windings via slip rings [72]. The task of the converter at the
rotor side is to feed the rotor circuit a three-phase voltage
at slip frequency. The converter controller can change the
injected voltage’s magnitude and phase in such a way as to
regulate the rotor currents nearly instantly. Note that the VSC
is designed with limited thermal and voltage capabilities, as it
would partially exchange the power with the grid. However,
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FIGURE 16. The effect of the crowbar resistance insertion on the SC current of type-III wind
generator [104].

a proper protection arrangement accompanies the design in
such away to allow the generator to meet the requirements of
grid codes and FRT. Such protection would protect the IGBTs
switches employed in the converter from high DC voltages
and high rotor currents by integrating a chopper circuit that
is connected to the DC link [40]. To protecting the rotor in
case of excessive currents, a crowbar circuit is introduced in
the rotor circuit. Although this crowbar circuit might provide
proper protection for the rotor against high and excessive
currents, it can lead to undesired loss of controllability of the
machine side converter. This because the insertion of such
crowbar circuit is usually accompanied by deactivation of that
converter.

The crowbar protection system comprises a three-phase
diode bridge rectifier, a bypass resistance, and a switch.
In conventional crowbars, the switch is typically a thyristor,
while active crowbars use semiconductor switches like iso-
lated gate bipolar transistors [49]. In fact, the crowbar circuit
is significantly affecting the fault response of Type-III wind
generators [35], [49], [102]. In any faulty conditions, the
converter switches are promptly shut off, and the thyristors
of the crowbar circuit are activated to prevent a significant
overvoltage on the DC link. The converter is short-circuited
and bypassed by this crowbar action, allowing the rotor cur-
rents to enter the crowbar circuit to prevent the instantaneous
rotor current from exceeding the permissible converter limit,
hence protecting the converter [20], [22], [45].

According to the research implemented in [20], the activa-
tion of the crowbar circuit is influenced by the severity of the
voltage dip that would result from the faults. For instance, the
crowbar circuit might not be activated during shallow faults
(e.g., faults far from the wind generator). In such cases the
generator may hold active and reactive power exchange as
normal. Therefore, an ideal current source model for fault
calculation might be utilized [103]. On the other hand, the
crowbar circuit would be activated in case of large voltage
dip because of sever fault. In such conditions, the crowbar
effect would be significant, and it should be considered when

accounting for the fault current contribution from Type-III
wind generator [104]. In that case, the ideal current source
model for fault calculations would not be able to represent
the fault contribution and other models should be considered.
Fig. 16, shows the reduced SC contribution by Type-III wind
generator in case of activation of the crowbar circuit. Observe
that the activation of the crowbarwould approximately reduce
the initial fault current contribution to 50% of the one that is
observed without crowbar activation. Note that the crowbar
resistance also affects both the time constant of the rotor
and the maximum peak value of the SC current. Due to fast
activation and deactivation of such crowbar circuit, the DFIG
shows non-linear behavior in the first few cycles affected by
the discrete operation of the crowbar as shown in Fig. 17
[105]. During a severe balanced three-phase SC event, the
DFIG exhibits a specific response. Initially, the rotor circuit
is crow-bared in response to the SC occurring at the step-up
transformer, causing a voltage drop down to (0.2 p.u.). This
limitation results in the symmetrical current produced being
restricted to approximately (4 p.u.). After the fault is cleared,
the crowbar is deactivated, but it reactivates again if the fault
level rises. Consequently, this sequence of events leads to
highly discontinuous fault behavior of the DFIG [105]. It is
worth noting that the initial RMS SC current contribution
for wind generators, specifically Type-I and Type-III, can
reach up to (5 p.u.), with the maximum instantaneous peak
value falling within the range of (6 to 10 p.u.) during the
first cycle. Additional research in [106] has suggested that
the fault current of Type-III wind generators might also reach
values between (5 to 6 p.u.) for faults directly applied to
the generator’s terminal [36], the DC chopper circuit that
might play the main role in protecting the DFIG generator
in response to a high voltage level at the DC link. This in
turn would block the crowbar, which would act as a backup
protection that works only if the DC chopper fails to operate
properly. Hence, it is important to distinguish between the SC
current contribution in both cases [36]. Moreover, it is worth
noting that modeling the fault contribution of the DFIG when
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FIGURE 17. Impact of the discrete operation of the crowbar on SC current
of type-III wind generator [105].

FIGURE 18. Type III wind farm output currents with DC chopper activated
and deactivated crowbar [105].

FIGURE 19. Type III wind farm output currents with DC chopper
deactivated and activated crowbar [105].

crow-bar is considered, seems complex and the response can-
not be captured by a single equivalent model. Although, some
models like an equivalent voltage source-impedance series
is proposed for calculating Type-III DFIG’s peak current
according to IEC 60909 [103], their extensive reliance on
proprietary control schemes and transitions between normal
and crowbarred states making a generic fault model imprecise
across a range of fault severities.

Fig. 18 shows type III wind farm output currents with DC
chopper activated and deactivated crowbar. Observe the fault
current contribution with a high DC component due to the
sudden voltage change at the instant of the fault. Regardless
of the activation of the DC chopper circuit, it can be observed

that a high fault current is still seenwith a highDC component
that it decays over the time.

Themaximum instantaneous fault current might reach high
value up to 3 p.u, as shown in Fig. 18. On the other hand, in the
case at which the DC copper circuit is deactivated but the
crowbar is activated, a lower level of fault current is resulted
with a limited maximum instantaneous value to around 2 p.u.
Also, Fig. 19 shows that the DC component is suppressed
compared to the situation when DC chopper activated and
deactivated crowbar (Fig. 18) [36].

Note that in the second case in which the activation of
the crowbar takes place, the converter would be blocked and
the fault response of the DFIG would be almost identical
with what has been observed from Type-I (i.e., fixed speed
squirrel cage induction generator). Regardless of the control
objectives, Type-III wind generators may show a limited
and predictable steady-state fault contribution, as discussed
in [107].

In summary, the behavior of the DFIG is influenced by
the fault severity, the applied protection scheme, and the
activation of either the DC chopper circuit or the crowbar
circuit. These factors collectively dictate the response of the
DFIG during fault conditions. Note that Table 2, summarizes
SC characteristics, modeling approaches, and the influencing
factors of directly connected or partially converter-interfaced
sources (Types I, II, and III).

C. FULLY CONVERTER-INTERFACED SOURCES
Unlike the previously discussed sources, fully converter-
interfaced sources employ full size converters in their inter-
face for grid connection purposes. Hence, their fault current
contribution is mainly controlled and governed by the grid
side converter, its capability and control algorithms. These
sources include type-IV wind generators and PV systems.
This section provides a detailed insight on these technologies,
an up-to-date literature on the SC characteristics, and the fault
current contributions in response to SC faults in the system.

1) TYPE-IV WIND
Utilizing full interfaced-converter to connect the electrical
generation units in Type-IV wind, means to completely iso-
late the generator from the system by this converter. In such
case, the SC current produced is determined by the grid
side converter [18], [34]. Figure 20 depicts the typical full
interfaced-converter used for integrating Type-IV wind gen-
erators into the electrical power system. These wind turbines
utilize an electrical generator, which can either be an asyn-
chronous machine (induction generator) or a SG excited by
either electricity or permanent magnets. If an asynchronous
generator is used, a gearbox is often incorporated into the
design. The Type-IV wind turbine design, employing a
full-rated converter interface, offers exceptional flexibility
in power generation by enabling the generator to rotate at
the optimal aerodynamic speed. As a result, the electrical
output is entirely controlled by the converter interface rather
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TABLE 2. Summarized fault characteritics, modeling, and influencing factors of types I,II, and III wind sources.

than being solely determined by the inherent behavior of the
generator [106]. Fig. 20 also illustrates the components of
the fully converter-interfaced (Type-IV wind) that includes;
AC to DC converter (generator side), DC link, and DC to AC
inverter (grid side). The DC link allows the inverter to be reg-
ulated and deliver output power regardless of the input power,
as long as it remains within the manufacturer-specified volt-
age range. Additionally, the inverter is adjusted to coincide
with the collector system’s frequency (to remain synchro-
nized). However, manufacturers’ inverter control strategies
can differ significantly. To increase the voltage from a range
of (400-690 V) up to the collector system voltage level,
which is normally 34.5 kV in North America and 33 kV in
Europe, a transformer unit is attached to the inverter’s out-
put [108]. Based on the above discussion on the configuration
of Type-IV wind generator, it would be observed that the
SC current contribution is fully controlled and governed by
the grid side converter-interface. More specifically, the SC
signature of Type-IV wind generators is mainly dictated by
the control strategy implemented in the converter interface,
which can vary significantly between manufacturers. In gen-
eral, most Type-IV wind generators inject only a symmetrical
fault current contribution, regardless of whether the fault is
balanced or unbalanced [87].
Hence, neither the negative nor the zero components are

considered like the case of SGs which are providing such

components during unbalanced faults. Typically, the fault
response of Type-IV wind generators is usually depicted
as a rapid transient followed by a steady-state current in
the fault contribution, as illustrated in Fig. 21. An initial
overshot occurs right after the fault initiation, lasting for a
brief period (one or two cycles), with the current potentially
reaching up to (3 p.u.), subject to the manufacturer’s design
and characteristics. According to [39], the transient current
includes high-frequency components and can persist for a
duration of two cycles. As explained in [15], the magnitude
of this transient is influenced by various factors, including the
pre-fault operating conditions, the voltage dip experienced
during the fault, and the rate of reactive current injection.
On the other hand, once this transient is completely decayed,
the fault current is controlled to a limited value which might
vary according to the overrating capability, the fault severity,
and the LVRT gain (k-factor explained earlier in Section IV).
The steady-state maximum controlled current is restricted to
a range of (1.1-1.6 p.u.) of the rated current of the converter
interface [105]. According to [33], for most inverters of this
type, the maximum current is limited to (1.1 p.u.), implying
that Type-IV wind generators are designed with an overload-
ing capability of only 10% above their rated current.

Recently, in response to the updated grid codes as
discussed earlier in Section IV, manufacturers started to
pay attention to the importance of the capability of the
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FIGURE 20. Typical layout of Type-IV wind generator [34].

converter to provide negative sequence component injections
with Type-IV wind generators in response to unbalanced
faults [90]. As reported in [109], the VSCs used in wind
generators respond to unbalanced faults as controlled current
sources in both the positive and negative sequence circuits.
However, the zero sequence does not contribute significantly
to faults due to transformer configuration, which leaves the
zero-sequence circuit open-circuited in most applications.
Nevertheless, the inclusion of negative and zero sequence
components might lead to considerable ripple on the DC bus,
potentially requiring a larger capacitor [88]. Consequently,
some manufacturers prefer to inject positive sequence fault
current only, even in the case of unbalanced faults. This
results in a simplified and nearly uniform fault response of
Type-IV wind generators regardless of the fault type. Fig. 22
illustrates the comparison of fault current contributions of
Type-IV wind generators in response to balanced and unbal-
anced faults. Note the marginal difference, which may be
confined to a lower transient in the case of a single-line
fault (Fig. 22, b) compared to a balanced three-phase fault
(Fig. 22, a).

During unbalanced faults, another notable distinction is the
lower current components observed in the healthy phases (B
and C). These healthy phases do not reach the maximum
limit, unlike the faulty phase (A) which does. Importantly,
the fault current remains within the converter’s upper limit of
(1 p.u.).

2) PV SYSTEMS
Solar energy is captured and converted into electricity by
PV systems to produce power. The generated power is in
the form of DC voltage and current, so electricity must be
converted using power electronics converters before it can
be used locally or fed into the electrical grid. Therefore, like
Type-IV wind generators, the converter interface design and
control determine how much of a fault contribution comes
from the PV systems. Fig. 23 shows the configuration of a
PV system which is connected to the grid through a converter
interface arrangement [110]. It can be observed that the PV
panel is initially linked to a DC/DC boost converter (DC
chopper) before being incorporated into the AC grid via the
DC/AC converter interface. The converter interface serves to

insulate the PV system from grid malfunctions. Therefore,
examining the converter interface’s performance during faults
becomes essential in comprehending the PV system’s fault
response.

Note the controlled SC response of the inverter dur-
ing the fault along with the activated current limiter and
the DC chopper circuit would determine such performance
of the PV system during the faults. In other words, the
power electronics employed in the converter interface and
the algorithms utilized in the controllers allow for some
degree of control over how PV systems respond to short
circuits [111].
Like the SC response of Type-IV wind, PV system may

contribute to a limited positive sequence fault current when
equipped with a FRT capability to remain connected and to
inject reactive current during a SC fault [112]. However, it can
be observed from Fig. 24, that the transient is very fast and
limited to around 200% of the converter’s rated current the
manufacturer allowed for inverter oversizing otherwise it is
mainly limited to around (1p.u. to 1.2p.u.) [111]. Another
piece of experimental research has shown that some con-
verters may contribute to a very high transient (up to 600%
of the rated current), but it lasts for very limited time of
1 millisecond [19]. It is worth noticing that the time at which
the transient may last is dependent also on fast fault injection
as well as the speed of fault detection and activation of the
FRT control [15].
Conversely, when considering the steady-state fault current

contribution, it becomes evident that the currents in all faulty
phases are restricted to approximately the rated currents.
In simpler terms, the currents before and after the fault exhibit
striking similarities. However, this steady-state fault current
contribution might show higher or lower levels in some other
case depending on the overrating capability and the current
limits defined in the controller. When faced with unbalanced
faults like single line to ground and double line faults, the PV
system might not exhibit a substantial disparity in the fault
current contribution. Nevertheless, the current level supplied
during the fault could be influenced by the pre-fault operating
conditions.

In [19] and [30], the SC response of a PV to both single
and double line to ground SC faults were studied and it was
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FIGURE 21. SC current contribution of a Type-IV wind generation
unit [105].

FIGURE 22. SC current contribution of a Type-IV wind generation unit in
case of, a) three-phase balanced fault, b) single-line fault at phase A [90].

concluded that the response of PV system under both faulty
conditions are almost the same. However, the later fault (i.e.,
double-line to ground fault) may experience a higher current
contribution, as shown on Fig. 25. It can be observed that
a very fast transient (almost negligible) has appeared at the
instant of the single-line to ground fault that is accompanied
by a steady-state fault current. However, at the instant of
the double-line to ground fault at 9.09 s, the PV system has
responded with a higher value of a steady-state SC current of
approximately 0.7 p.u.

FIGURE 23. Layout of grid-connected PV system [110].

D. MECHANICAL TORQUE CONVERTER-INTERFACED
SOURCES (TYPE-V WIND)
In type-V turbines, a synchronous generator (SG) and a
torque/speed converter are integrated into a conventional
wind turbine generator’s variable-speed drive train [106]. The
torque/speed converter assumes a pivotal role in controlling
the output speed by transforming the variable speed of the
rotor shaft into a consistent output shaft speed. Utilizing
a wound rotor type SG, the variable speed wind genera-
tor implements this design, facilitated by the mechanical
converter’s regulation of speed and torque. This approach
represents a conventional concept in variable speed opera-
tions, as reported in [41]. The speed/torque converter, also
referred to as a variable ratio transmission, serves the func-
tion of converting variable speed into fixed speed. Fig. 26
illustrates the typical configuration of a Type- V wind gen-
erator. In this setup, the SG operates at a constant speed
aligned with the grid frequency and is directly connected
to the grid via a synchronizing breaker. Apart from reg-
ulating the speed and torque of the converter, alongside
the conventional Automatic Voltage Regulator (AVR), the
grid-connected SG necessitates inclusion of a synchronizing
system and protection system. The fault response of the
Type-V wind generator mirrors the standard behavior of a
SG [106]. The level and characteristics of the SC current
of SGs are well-known and understood [38], [73], [113],
[114], [115].

It is worth pointing out that the fundamental performance
of a SG during faults hinges upon the capabilities of its
AVR and the physical attributes of the generator, including
machine constants and time constants. Maintaining the field
excitation of the SG enables the production of a voltage that
sustains the supply of SC current at the affected location.
Fig. 27 depicts the typical SC current response of a syn-
chronous generator during fault conditions, highlighting the
time-decaying characteristics subsequent to the initial high
fault current contribution.

Additionally, note the diverse characteristics of the SC
current, where the maximum instantaneous peak contribution
emerges during the initial cycle immediately following the
fault. Furthermore, observe the primary current contributions,

VOLUME 14, 2026 78055



R. Aljarrah et al.: Fault Level Considerations in Tomorrow’s Wind and PV-Rich Power Grids: A Review

FIGURE 24. The fault response of a grid-connected PV system for a
three-phase severe fault [111].

FIGURE 25. The fault response of a grid-connected PV to a single-phase
to ground fault at 8.86 s, followed by a double-line to ground fault at
9.09 s: a) voltages b) currents [30].

which manifest as initial symmetrical and breaking symmet-
rical components as well. Note that Table 3, summarizes
SC characteristics, modeling approaches, and the influenc-
ing factors of fully converter-interfaced sources (Types IV,
V wind sources, and PV systems).

VI. IMPACT OF INCREASED LARGE-SCALE PV AND WIND
ON FAULT LEVEL
As discussed earlier in this paper, most of modern RESs
are employing converter interfaces either partially (Type-3
wind) or fully (e.g., PV and Type-4 wind) when integrated
to the electric grid. As such sources show limited and dis-
tinct SC characteristics and fault current contributions, it is

FIGURE 26. Typical configuration of wind generator (type-V) [113].

expected the fault level in modern and future power systems
to be impacted in unconventional ways. This effect would be
more pronounced when increased penetration of RESs are
accompanied with displacement of large SGs, which is taking
place currently in most power system across the world. This
necessitates the need for better understanding the impact of
high share of PE- connected RES on the fault level at both the
transmission and distribution systems [15].

A. NEW SC CHARACTERISTICS AND REDUCED FAULT
LEVEL
The extensive integration of large PV and wind energy
sources at the transmission level is replacing SGs, which
traditionally provided the major fault current system during
a fault to support the grid. This in turn reduces the fault
level in the entire system and as a result, lower Short Circuit
Ratio (SCR) in future power systems is expected [14], [116],
[117], [118], [119], [120]. Researchers and system operators
in many countries have been concerned regarding this issue
and highlighted how important to examine the effect of high
penetration of RESs on system dynamics and fault level. The
studies in [73] and [116], have analyzed several scenarios of
high penetration of PE-based RES generation and shown that
a reduced fault level is likely expected. Also, a new method
that formulates the correlation existing between the fault level
and the high penetration of RESs has been proposed in those
studies. Fig. 28 shows the impact of the increasing RESs’
penetration (e.g., type-IV wind) on the fault level using the
IEEE 39-bus test system.

According to another study conducted in [119], the
increased penetration of nonsynchronous generators (e.g.,
RESs), would lead to operate power systems with low fault
level which in its turn might limit the maximum penetration
of such devices in the British power grid. Recent reports from
the national grid system operator in UK, have pointed to the
challenge of declining fault level in future power networks
due to the high share of converter interfaced RESs. Accord-
ing to reports, the fault level is expected to experience a
continuous decrease in future scenarios due to the rising pen-
etration of RESs and the decommissioning of One of the main
challenges associated with operating power systems with low
fault level is represented by the reduced system strength [61],
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TABLE 3. Summarized fault characteritics, modeling, and influencing factors of PV systems, and Type IV and Type V wind sourceS.

[63]. The fault level is extensively utilized as an indicator
characterizing the strength of power systems [121], [122].
SCR is also broadly used to indicate the system strength when
it comes to the coupling points of RESs [59] SGs [123], [124].
Fig. 29 displays the average reduction in the fault level in the
UK’s national grid from 2019 to 2030 [124]. Conversely, the
increased integration of RESs might result in changes to the
conventional characteristics of SC currents [15], [21], [115].
For instance, the researchers in [15] have conducted sensitiv-
ity analysis of the SC characteristics in power systems with
high RESs’ penetration scenarios. The analysis has shown
that the time-decaying response of the SC current, the initial
fault current response, the instantaneous SC current, and the
steady-state fault current components (see Fig. 27) would be
pointedly affected by the penetration level of the RESs in the
system. To be more specific, effects on these characteristics
would be noticeable when the penetration of RESs surpasses
certain levels in the grid. For instance, the study suggests an
impact could be observed when RESs penetration exceeds
40%, though this threshold may differ depending on the
composition and functioning of individual power systems.

Fig. 30 shows the SC characteristics of the fault current
monitored on bus 9 in the IEEE 9-bus test system at different
penetration levels of RESs (which is based on Type-IV wind
generators) [15].

It can be noticed that the initial SC current is largely
affected and reduced at both at 23% and 56% penetration

FIGURE 27. Typical SC current contribution of SG and Type-V wind [15].

scenarios. Also, it has been noticed that the steady-state
component of the SC current has experienced a steady decline
with the increased penetration of PE- connected RES, but less
affected in compared to the initial SC current component.
On the other hand, the level at which the SC current is
decaying has also witnessed a serious change specially at the
highest penetration scenario (i.e., 56% in that study).

B. CHALLENGES AND NEGATIVE IMPLICATIONS OF NEW
SC CHARACTERISTICS AND LOW FAULT LEVEL
Lower fault levels and changes in the SC characteristics can
potentially have negative implications on several aspects of
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FIGURE 28. Fault level Reduction due to 23% Penetration of
Converter-based RESs in 39 bus test system [15].

FIGURE 29. UK National change in SC level from 2019-2030 [124].

power systems. More specifically, in future power scenarios
with high penetration of large-scale PV and wind generation.
The main impact includes system strength, protection sys-
tems, and system stability.

1) SYSTEM STRENGTH
One of the main challenges associated with operating power
systems with low fault level is represented by the reduced
system strength [61], [63]. The fault level is extensively
utilized as an indicator characterizing the strength of power
systems [121], [122]. SCR is also broadly used to indicate
system strength when it comes to the coupling points of
RESs [59].

In vast majority of research available in literature, the term
‘‘system strength’’ is defined as the capability of the system
to maintain the core characteristics when the system becomes
altered from its normal state and subjected to disturbances
such as SC events [14]. Although, the fault level might not be
an accurate indicator to reflect the system strength in power
systems with extensive penetration of RESs [61], the reduced
fault level can still be representing a declined system strength.
The fault level shortfall can also be understood as a higher
impedance seen by a generator at a point of connection,
which may cause more voltage sensitivity to disturbances.

This would require ensuring a minimum fault level in the
systems specially at areas with high penetration of RESs is
maintained to guarantee secure and safe grid operation [60].
According to the recent published reports, Australian Energy
Market Operator (AEMO) and the Australian Energy Market
Commission (AEMC), new rules have been set to manage the
system strength and to ensure the required fault levels in the
system. Such task has to be met by Transmission Network
Service Providers and the System Strength Service Providers
for each region [125].

2) SYSTEM PROTECTION
The alteration of SC characteristics and the reduced fault level
have impacts on protection systems and protective relays.
In classical power systems, where most of the power demand
is met by the large central SGs, the settings for system protec-
tion have been set based on the well-understood SC response
and the fault behavior of SGs.

Higher levels of fault current in such systems allow protec-
tion systems to achieve easily fault detection and isolation.
However, such classical protection systems may face issues
in terms of detection and responding to the faults due to the
lower fault levels in high RESs penetration scenarios. For
example, reduced and possibly delayed fault level response
from PE-based RES may introduce a challenge to the trans-
mission system protection performance [11], [126].

Moreover, the research presented in [127], has pointed to
the possibility of failure of the lines distance protection due to
the low fault level under high penetration of PE-based RESs.
Also, it was reported that the dynamically varying source
impedance under high penetration of RESs may cause the
dynamic expansion of the mho circle to be unpredictable and
inconsistent.

Researchers in [128], have reported to the importance
of high fault level on the proper operation of transmission
line distance protection. It was reported that transmission
line protection using distance relays work by detecting fault
impedance on the protected line or on nearby lines. The
circuit breakers necessary to remove the fault are tripped
by a relay if the impedance is measured of less than the
actual impedance of a certain protected zone. This cannot
be achieved without having adequate fault level providing
enough fault current to the relay to function properly. Hence,
if the fault level is reduced, meaning that inadequate available
fault current, the relay may not operate as intended or may
experience a delayed operation time.

On the other hand, over current protection might also
get significantly affected by the reduced fault level and the
delayed response of PE-based RES due to high penetration of
such resources [10], [129]. In [129], the impact of the reduced
fault level on the Over Current Relays (OCRs) operation,
under high integration of PV systems penetration scenarios,
has been investigated. Both the field-testing as well as the
simulations have shown that a reduced fault level challenges
the traditional method of fault analysis and the existing
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FIGURE 30. The SC current at different penetration levels of Converter-based RESs in 9-bus test system at bus 6 (a) Instantaneous current,
(b) RMS current [73].

coordination of OCRs. The results have shown that OCRs
would experience the problems of mis-operation and
mal-operation.

Integration of RESs, especially on distribution networks,
may cause a serious problem for the OCRs [10]. For instance,
most of the feeders and lines experience bidirectional fault
current flow because of the integration of large-scale RESs.
Thus, those non-directional OCRs may not be able to pro-
tect these networks as planned. Another effect that can be
observed is the impact of high PV penetration, which not
only affects the current but also influences the triggering
time reaction of protection relays. This might be due to the
inability of the relays to distinguish between normal over
currents, and faults based on the reduced SC current levels.
Additionally, it is possible that the contribution of RESs to the
SC current does not have enough negative- and zero-sequence
currents for directional relays to function properly [10].
On the other hand, not only distance and overcurrent protec-
tion relays might be affected by the reduced fault levels due
to higher penetration of PE-based RES, but also the differ-
ential protection may face challenges in their operation. For
instance, the differential relays might not detect a very slight
change between the currents in case of low fault level. Hence,
it might be essential to set a relatively high bias to prevent
malfunction [130].

3) SYSTEM STABILITY
Stability is somehow correlated to the previous aspects of sys-
tem strength and protection system. Once the system strength
and the proper operation of the system protection are ensured,
the system stability would be improved. Traditionally, the
high fault level contribution from SGs has played a key role in
supporting the voltage stability [62]. This is due to the avail-
ability of the excitation current control which maintains the
terminal voltage during the faulty conditions. Furthermore,
SGs are directly and parallelly connected to the system, and
their internal reactance influences the equivalent impedance

on the network from the generator’s terminal to the faulty
point. However, as the penetration of PV and wind generators
increases, which predominantly utilize converter interfaces,
the fault level is reduced, thereby negatively impacting volt-
age stability. In other words, the reduction in fault level
could lead to the creation of weaker grids, which, in turn,
may increase the likelihood of voltage collapse and voltage
stability problems in the system [62], [122], [131].

One other important aspect of system stability is repre-
sented by the stable connection and operation of the RESs.
For instance, for such resources to function reliably and
stably, the system must have a certain amount of strength.
At the RES’s grid connection point, the SCR is frequently
used to describe the system strength [132]. In operating
these sources at the PCC with a reduced fault level can
lead to decrease the SCR. It is typical to consider a connec-
tion of SCR of less than 3 as a weak connection (i.e., low
SCR). Under such conditions, the RESs may face instability
problems [133].
On the other hand, weak grid connections (i.e., low SCR)

significantly affect the operation and stability of the HVDC
lines, especially those that use line-commutated converters
(LCC). The line voltage affects how these switches commu-
nicate with one another in this technology. As the voltage of
the line voltage might be more susceptible to disturbances
in case of weak-connection (i.e., very low SCR), ensuring
a certain level of fault level is a crucial design factor. Low
fault levels can potentially affect the operation of HVDC
links negatively andmay result in several problems, including
voltage instability, frequency resonances, and overvoltage
from load rejections [134], [135].
Moreover, the utilization of phase-locked loop (PLL) in

RESs in order to get synchronized with the grid may suffer
from instability issues [13], [136]. This is mostly caused
by the voltage distortion that can happen in the event of
disturbances in low fault level conditions. Hence, PLL would
not be capable of operating stably which would result in
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TABLE 4. Summarized challenges and negative implications of new SC characteristics and low fault level on power systems.

poor tracking of the grid frequency and grid voltage phase.
Consequently, this may negatively impact the power transfer
control between the RESs and the grid. Note that Table 4,
summarizes the challenges and negative implications of
the new SC characteristics and low fault level discussed
above.

VII. CONCLUSION
In this paper, we have delved into fault level considerations in
future power scenarios characterized by high penetration of
RESs, with a focus on PV and wind generation. At first, the
paper provided a deep insight on the global trends of RESs
integration focusing on the global figures on the advance-
ments in the utilization of PV and wind technologies. Then,
the study examined fault levels and SC currents characteris-
tics in classical power systems reliant on SGs. Subsequently,
we explored grid codes and FRT requirements governing SC
signatures and the behavior of different PV and wind gen-
eration during faults. To differentiate between fault current
contributions based on technology and grid interface meth-
ods, we categorized power-electronic-based RESs into four
groups. These include directly connected sources without
converter interfaces, partially converter-interfaced sources,
fully converter-interfaced sources, and mechanical torque
converter-interfaced sources.

Our analysis extended to dissecting the impact of increased
penetration of such generation on SC characteristics and
fault levels. Furthermore, we discussed the implications and
negative repercussions of altered SC characteristics, coupled
with diminished fault levels, on power system operation. This
encompassed aspects such as system strength, protection, and
stability.

The findings of the paper highlight the varied and con-
strained SC currents contributions from PV and wind RESs
when compared to SGs. The factors might influence the
SC current contributions from PV and different wind types
such as grid codes; FRT control and the utilization of con-
verter interfaces have been comprehensively described. One
more significant finding of this study is represented by the
alteration of traditional SC characteristics and a substantial
reduction in fault levels when large central SGs are dis-
placed by such RESs. Consequently, not only does system
strength deteriorate, but system protection and stability are
also affected in non-traditional ways. Our extensive review
emphasizes the seriousness of these challenges the necessity
need for more considerations as PV and wind RESs would
become the primary energy sources for the grid. The analyses
presented a clear warning, highlighting the urgent need for
mitigationmeasures to address the challenges stemming from
altered SC characteristics and reduced fault levels in future
scenarios.
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