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Abstract: As the finite nature of non-renewable energy resources is realised and climate change
concerns become more prevalent, the need to shift to more sustainable forms of energy such as
the adoption of renewable energy has seen an increase. More specifically, wind energy conversion
systems (WECS) have become increasingly important as a contribution to grid frequency support, to
maintain power at the nominal frequency and mitigate power failures or supply shortages against
demand. Therefore, limiting deviations in frequency is imperative and, thus, the control methods
of WECS are called to be investigated. The systematic literature review methodology was used and
aimed at investigating these control methods used by WECS, more specifically variable-speed wind
turbines (VSWT), in supporting grid frequency as well as the limitations of such methods. The paper
identifies these to be de-loading, energy storage systems and emulated inertial response. Further
classification of these is presented regarding these control methods, which are supported by literature
within period of 2015–2022. The literature indicated a persistent interest in this field; however, a few
limitations of VSWTS were identified. The emulated inertial response, specifically using a droop
control-based frequency support scheme, was the primary means of providing frequency support.
This systematic literature review may be limited by the number of papers selected for the study.
Results and conclusions will not only be useful for WECS development but also in assisting with the
security of the transmission grid’s frequency stability. Future work will focus on further studying the
limitations of WECS providing frequency support.

Keywords: variable-speed wind turbine (VSWT); frequency support; frequency regulation;
systematic literature review (SLR); wind energy conversion system (WECS); renewable energy

MSC: 37M05

1. Introduction

The transmission network, commonly referred to as the grid, is the high-voltage
system that interconnects and transfers electrical energy from the generation network of
power plants to the distribution network. The nominal frequency of the transmission
network in South Africa is 50 Hz [1]. The frequency of a transmission network or grid
is maintained at its nominal value by the balance between generation and consumption.
In other words, a generator is required to either increase or decrease the active power
produced in reaction to deviations around the nominal system frequency [2]. A significant
deviation in the frequency of the transmission network may lead to the instability of the
system or damage to connected devices [3]. More specific to the topic of this paper, a
deviation too far below the nominal frequency can cause generation units to fall out of step
and cause out-of-step protection relays, disconnecting the generator units from the grid.
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This will place further demand on the remaining generators and will potentially lead to
grid collapse if this frequency event continues.

Conventional rotating synchronous generators that are committed to the grid add
rotational inertia to the grid. This is due to their large rotating masses that are coupled
to the grid via an electro-mechanical interaction between the rotor and stator [4]. This
electro-mechanical interaction enables the synchronous generator to exchange (both absorb
and release) its kinetic energy with the grid, proportional to the rate of change of frequency
(ROCOF) [5]. This is known as an inertial response and is described by the swing equa-
tion [6]. It acts to overcome the immediate imbalance between supply and demand of the
network. The generator, at the instant of the disturbance, will convert the kinetic energy
of the rotor to electrical energy, limiting the rate of change of frequency and frequency
nadir as the rotor slows down in the process. In power systems, a loss of generators, load
shedding or a 3–5% load change is considered a large disturbance [7]. Following the inertial
response, the generator’s governor will adjust the setpoint and bring the machine up to
speed again within a period in the order of seconds, thus providing primary frequency
regulation. Secondary frequency regulation mechanisms, such as generation redispatch and
automatic generation control, occur within an order of tens of seconds to a few minutes.

Conversely, variable-speed wind turbines with back-to-back power electronic con-
verters provide no inertia to the power system, since the power electronic converters
decouple the rotating mass of the variable-speed wind turbine (VSWT) from the grid [4].
Consequently, the effective inertia of the power system begins to decline with the increase
in wind power penetration. VSWTs, therefore, do not naturally respond to a system fre-
quency change. The operation of a VSWT is governed by its MPPT (maximum power
point tracking) algorithm so as to extract the maximum possible power from the wind
to convert to electrical power [8]. The decline in rotating inertia leads to an increase in
speed of grid frequency dynamics and may lead to situations where traditional frequency
controllers become too slow, relative to the disturbance, to limit large frequency deviations.
The problem of low grid inertia is more prevalent in isolated systems or systems with high
wind power penetration. When a frequency drop occurs in such a system, the system can
experience a large ROCOF and frequency nadir. This concern is further asserted by the
stochastic nature of wind energy which can cause an appreciable imbalance between supply
and demand [9]. This is of concern to the frequency stability of such electrical networks.

To overcome the challenges associated with frequency stability, wind turbine gener-
ators (WTGs) need to implement frequency control systems to allow them to partake in
the regulation of the power system frequency [10]. Modern technologies and new control
systems aid in the feasibility for wind power plants (WPPs) to achieve this. Escalated
by the finite nature of fossil fuels, in conjunction with climate change, the reliance on
such renewable energy systems is increasing globally. More specifically, South Africa’s
installed wind turbine generating capacity has increased from 790 MW in 2015 to 1468 MW
in 2017 [11]. As a country that has signed the Paris Climate Accord (and is still an active
member at the time of writing), an agreement that endorses a limit of a 1.5 ◦C increase in
global temperature, South Africa may be turning to renewable energy sources such as, but
not limited to, WTGs to decrease the dependency of the power system on fossil fuels [10]. It
is of importance to address the frequency stability concerns that may arise with an increase
in wind power penetration.

This systematic literature review aims to evaluate the recent work, within the period of
2015–2022, of wind energy conversion systems for grid frequency support. More specifically,
it aims to review the methods in which this is achieved as well as provide an analytical
view based on the frequency of research papers published annually pertaining to this field.
Thereafter, a conclusion can be formulated to determine whether wind energy conversion
systems for grid frequency support have gained interest and relevance.

Structed as follows—Section 2 sets out the methodology used to conduct this study,
which is followed by the findings thereof, presented in Section 3. Based on the findings,
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Section 4 identifies areas to be considered for future works within this field. Finally,
Section 5 concludes this study.

2. Materials and Methods

A research methodology is the practical framework used to identify, select, process,
and analyse information within a research study [12]. In the context of a research paper,
this section allows the reader to critically evaluate the study’s validity and reliability [12].

Specifically, this review adopts the basic systematic literature review methodology, as
described by Kitchenham [13]. This method of review is often used in software engineering
research with success due to its success and easy implementation into other fields such as
economics and education [14]. The following actions were followed when conducting the
research for this study:

1. The formulation of research questions;
2. Search process;
3. Inclusion criteria;
4. Exclusion criteria;
5. Quality assessment;
6. Data collection;
7. Data analysis.

As stipulated by the methodology, the first process involves the formulation of research
questions from which the basis and focus of the study are determined. The research
questions are rooted in identifying solutions and limitations to VSWTs providing grid
frequency support. The two research questions investigated in this study include:

RQ1: What control methods are VSWTs using to support the grid frequency?
RQ2: What are the limitations of VSWTs in supporting the grid frequency?
The search process included the manual entry of simple search strings based on title,

keywords and abstract. Given the relevance of IEEE to this research topic, IEEE Xplore
Digital Library was the primary library used, whilst ScienceDirect and Wiley Online Library
were included to supplement the search process.

The inclusion and exclusion criteria for this study are criteria used to refine the search.
The inclusion criteria included all papers relevant to the keywords searched and period set
by this study: 2015–2022.

Conversely, all papers outside this period were excluded. The exclusion criteria further
excluded papers which were not written in English and/or were unpublished, including
conference papers, reviews and case studies. In addition, duplicate papers and/or those
not relevant to the topic were excluded. Furthermore, papers related to frequency support
but not in the context of wind energy conversion systems or wind turbine generators were
excluded. Table 1 summarizes the search criteria and filters applied to each of the digital
libraries searched.

A secondary screening was applied to each paper that satisfied the keywords used
during the search to determine if it addressed the research questions. Those papers that
did not were excluded. Based on the refinement and screening criteria, a sum of 56 papers
were included in this review. Figure 1 shows the distribution and number of the articles
across libraries included in this study.

A consistent data collection and analysis process for each of the 56 papers was applied,
with respect to the research questions posed. In this way, the data collected were classified
and categorized based on the control methods used by VSWTs to support grid frequency
and further evaluated by their limitations thereof.
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Table 1. Search Criteria Applied.

Digital Library Search Criteria

IEEE Xplore Digital Library

1. WECS Grid Frequency support

a. Journals

b. 2015–2022

2. Wind turbine Frequency support

a. Journals

b. 2015–2022

3. Variable-speed wind turbine frequency support

a. Journals

b. 2015–2022

ScienceDirect (Elsevier)

1. WECS Grid Frequency support

a. Article

b. Engineering

c. 2015–2022

2. Wind turbine frequency support

a. Article

b. Engineering

c. 2015–2022

3. Variable-speed wind turbine frequency support

a. Article

b. Engineering

c. 2015–2022

Wiley Online Library

1. WECS Grid Frequency support

a. Journals

b. Energy

c. Electrical and Electronics Engineering

d. 2015–2022

2. Wind turbine Frequency support

a. Journals

b. Energy

c. Electrical and Electronics Engineering

d. 2015–2022

3. Variable-speed wind turbine frequency support

a. Journals

b. Energy

c. Electrical and Electronics Engineering

d. 2015–2022
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Figure 1. Article Sources and Number of Articles Found.

3. Results

The following section discusses the results of the literature review conducted in
supporting the two research questions posed by this paper. The results associated to
each research question are sub-categorized and each paper’s contribution is discussed
thereunder.

3.1. RQ1: How Are VSWTs Supporting the Grid Frequency?

Wind energy conversion systems differ from conventional synchronous generators
since they do not have an inertial response to naturally suppress frequency disturbances
by exchanging the kinetic energy of the rotor with the grid. The rate at which the grid
frequency will change in an imbalance between supply and demand is related to system
inertia [15]. As the number of wind turbine generators connected to the grid increases,
the effective system inertia will decrease and, by extension, grid frequency dynamics will
increase. The literature suggests that it is indeed possible for VSWTs to provide grid
frequency support through either an inertial response or by partaking in grid frequency
regulation. This research question (RQ1) is aimed at investigating the various methods and
implementations of WECS supporting the grid frequency.

Recent works within the literature that were surveyed identified three prevailing
methods of supporting the grid frequency. These include VSWTs which operate in a de-
loaded state, implement an embedded energy storage and those which emulate an inertial
response. Systems which emulate an inertial response either rely on the kinetic energy
of the rotor or the electrostatic energy stored within the DC-link capacitor of the VSWT
WTG itself. These classifications are illustrated by a hierarchical diagram in Figure 2. The
surveyed works from the literature are classified by these three prevailing methods.
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3.1.1. De-Loading

Wind turbines operate along an MPPT curve to extract the maximum energy from
the wind. However, operating along this MPPT curve leaves no additional power reserve
for frequency support [17]. To provide additional power reserve for frequency support,
a de-loading control system can be implemented. A de-loading control system operates
a WTG at a suboptimal point, where the WTG deviates from the MPPT curve to provide
additional active power for grid frequency support functions [18]. There are two different
methods to implement de-loading, namely overspeed control and pitch angle control [17].
A summary of the papers classified as de-loading control, grouped by research area, is
shown in Table 2.

Table 2. Publications in De-loading Control for VSWTs.

Research Area Reference Year of Publication

Overspeed Control

[19] 2018

[20] 2016

[21] 2017

[22] 2018

[23] 2021

Pitch Angle Control

[24] 2020

[25] 2017

[26] 2015

[27] 2016

[28] 2021

The paper [19] evaluates pitch de-loading, kinetic energy recovery and WTG over-
speeding, which enable WTGs to provide short-term frequency support, from an electrical
and mechanical perspective. The authors found that WTG overspeeding showed a faster
response to a frequency event, accompanied by a higher initial power surge, while pitch
de-loading provided a more sustainable support followed by a smoother recovery. WTG
overspeeding could have implications on the mechanical stability of the WTG; however,
the method wasted less energy when compared to pitch de-loading. An important aspect
of kinetic energy recovery is that it does not deviate from the MPPT curve at normal
operation. However, the system is most likely to suffer a second frequency dip as the rotors
of the WTGs recover to the nominal rotor speed. The simulation environment used was
MATLAB/Simulink.
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The paper [20] presents an analytical model for short-term grid frequency report to
evaluate the contribution of inertial and droop responses from a wind farm. The available
mechanical power of a VSWT was approximated by a second-order polynomial which
quantified the kinetic energy and wind power reserve over a wide range of operating
points. Since the VSWT operating characteristics and conditions were now quantified, the
frequency controller gains could be adjusted accordingly, thereby ensuring stable perfor-
mance of the wind farm during frequency transients. To stimulate the frequency response
of a wind farm during wind power fluctuations, a modified system frequency response
model which considered the inertial and droop responses was developed. The efficacy of
the model was verified by comparisons of the results with those obtained empirically.

Two virtual inertia control schemes, an equation-based scheme and an adaptive fuzzy
logic-based scheme, are proposed in [21]. The proposed control schemes dynamically
modulate the gains of the inertia control schemes based on system events to improve
the primary frequency response of the WECS. The efficacy of the proposed schemes was
validated in MATLAB/Simulink, while additional hardware-in-the-loop simulations on the
OPAL-RT real-time simulator platform were presented to further substantiate the proposed
schemes. It was concluded that the adaptive fuzzy logic-based scheme provided better
frequency regulation when compared to the dynamic equation-based scheme.

The paper [22] proposes an active power control scheme which enables DFIGs (doubly
fed induction generators) to partake in grid frequency support. Herein, a power surge-
based co-ordination strategy provides an inertial response, while a power reserve control
method assists with primary frequency control. The DFIG is, therefore, designed to provide
both inertial and primary frequency support by adjusting the reserve amount whilst
considering under- and over-frequency events. The effectiveness of this proposed control
scheme was validated through case studies on a 181-bus WECC system with 50% wind
penetration. The paper concludes by stating that future work will see the inclusion of
secondary frequency control within the control scheme, which will make use of a co-
ordinated strategy between DFIGs and conventional synchronous generators.

A droop control scheme for WTGs that uses rotor speed control for frequency support
is proposed in [23]. The proposed control scheme does not add frequency-droop control
signals to the WTG’s power reference, but instead relies on the method of power tracking
by adjusting the wind turbine’s power tracking curve for primary frequency regulation.
The efficacy of the proposed control scheme was validated through simulations in DIgSI-
LENT Power Factory on a modified IEEE 39-bus power system. The results showed that
the proposed scheme produces a linear frequency-droop response independent of the
power tracking method used. This is an improvement over conventional frequency-droop
controllers whose frequency-regulating responses are dependent on the method of power
tracking used.

In [24], the authors propose an optimisation function which determines the operating
point of de-loaded WTGs to reduce the magnitude of speed deviation and settling time
caused by the inertial response and participation in frequency control. The optimisation
function was integrated into a combined inertial and frequency control strategy for type-
4 (fully rated power converter) WTGs, based on the concept of a virtual synchronous
generator. The paper presents an analysis of the impact of the inertial response and
frequency control on the dynamics of VSWTs. The results showed that the kinetic energy
and mechanical energy variations in the WTG depend on its operating point. The control
strategy and optimisation process were evaluated by non-linear time-domain simulations
using the ODE23tb solver in MATLAB. The validation of the optimisation function included
wind speed and load variations.

In [25], an integrated controller to provide both an inertial response and primary
frequency regulation is proposed. More specifically, this includes a de-loaded pitch control
system, which is proposed alongside an optimised MPPT controller to reserve capacity for
frequency regulation and provide an inertial response while under de-loaded operation.
The de-loading controller can estimate the proper pitch angle or regulate the tip ratio to
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attain the required de-loading. Under the de-loading option, the MPPT controller will
switch from the MPPT curve to a virtual inertial control curve depending on the frequency
variation. In this way, the WTG may provide frequency support to the grid by shifting its
active power reference.

The authors in [26] present a method which estimates the grid frequency response as
a result of a generator tripping. This method applies to both conventional synchronous
machines and wind turbine generators for grid frequency support. In this way, system oper-
ators can continuously evaluate the inertia and headroom produced and adjust the amount
of WTG inertia and active power control required for reliable system operation accordingly.
The authors’ full proposed model was validated by simulation on PSS/E. As concluded by
the authors, determining the optimal amount of WTG inertia and active power support
from conventional synchronous generators will be the focus of their future work.

The authors in [27] present a co-ordinated, distributed control scheme which allows
offshore wind power plants (WPPs), connected through an HVDC system, to support the
primary frequency control efforts of AC grids on land. The control scheme is designed to
account for AC areas and WPPs which may be operated by different operators. In addition,
the control scheme considers the limited power reserve of the wind turbine generators in
the WPPs and will adjust accordingly to maintain a suitable frequency regulation. In the
case of a large change in the power demand, the control scheme will permit all stations to
share their power reserves so that the frequency in the AC areas converges to the nominal
frequency. Small changes to the power demand result in the control scheme restoring
the frequency in the AC areas to the nominal frequency value. This control scheme was
validated through transient simulations in a modified version of Cigré DC grid benchmark,
which included a five-terminal HVDC grid, comprised of two WPPs and three AC networks.
MATLAB/SimPowerSystem was the simulation environment used in this paper.

A dynamic de-loading control scheme for a DFIG to provide additional active power
for grid frequency support is proposed in [28]. The proposed control scheme co-ordinates
the rotor acceleration control and pitch angle control while considering the frequency
regulation demands of the grid and the prediction error of wind power. This control
scheme was simulated in MATLAB. The results show that despite a small amount of wind
abandonment, this control scheme can provide frequency support to the grid and mitigate
the secondary frequency drop following frequency regulation.

3.1.2. Energy Storage Systems

Energy storage systems can partake in frequency regulation and work with WTGs to
improve the system inertia or augment the frequency response of WTGs [17]. Specifically,
in the context of frequency regulation, energy storage systems can mitigate the secondary
frequency drop of WTGs during the rotor recovery phase of the WTG [17]. A summary of
the papers classified as regarding ESS is shown in Table 3.

Table 3. Publications in ESS for VSWTs.

Research Area Reference Year of Publication

Energy Storage Systems

[15] 2015

[29] 2021

[30] 2016

[31] 2015

[32] 2021

[33] 2019

[34] 2019

[35] 2020

[36] 2022
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The authors in [15] propose a strategy that provides better performance of tempo-
rary frequency support and addresses the problem of system frequency oscillation and
secondary frequency drop. The solution is based on a co-ordinated control of WTGs in
conjunction with an energy storage system (ESS). The proposed strategy was simulated
on PSCAD/EMTDC to verify its effectiveness. The authors concluded that a secondary
frequency drop may be avoided by an ESS rated to only 10% of the WTG.

A specified-time consensus (STC) control for ESS-assisted DFIG WTGs to assist in
frequency regulation is proposed in [29]. The efficacy of the proposed control scheme
is validated by simulations conducted in MATLAB/Simulink. The results showed that
the proposed strategy can provide a smooth power output of the WTG and improve the
frequency regulation capability.

The paper [30] presents a hybrid operation strategy for a WECS using an ESS for
grid frequency support. This operating strategy provides a reserve power margin by
de-loaded operation in addition to relying on the kinetic energy of the rotor. The ESS is
used concurrently with the kinetic energy discharge to provide additional energy to the
grid during a frequency deviation. Furthermore, the ESS is used to maintain the power
balance between generation and consumption, thereby mitigating the stochastic nature
of wind. The effectiveness of the proposed hybrid operation strategy was verified using
PSCAD/EMTDC.

In [31], an algorithm is proposed to integrate hydro-electric pumped storage (HEPS)
station with WECS, providing grid frequency support. This strategy embeds the idea that
excess energy from the WECS is stored in a HEPS, providing energy during frequency
drops. The major benefit in this is that the WTG will always follow its MPPT curve since no
frequency support methods are applied to the WTG allowing for deviation. This ensures
that the maximum energy will always be extracted from the wind. The major HEPS aspects
of this system were estimated, while case studies examined the impact of the algorithm on
frequency recovery at 40% wind power penetration. The simulation environment used was
MATLAB/Simulink.

A co-operative control strategy of a WECS and compressed air energy storage for
frequency regulation is proposed in [32]. The effectiveness of the proposed co-ordinated
control strategy was evaluated under various scenarios and load profiles using MAT-
LAB/Simulink simulations.

The authors in [33] present an embedded solution that uses a hierarchal controller on a
microgrid comprising wind turbines and battery units. In this way, the solution provides a
co-ordinated frequency support to a weak grid by adjusting the active power flow through
the tie-line in accordance with grid frequency requirements. To deal with the interactions
between the impedance of the weak grid and output impedance of the microgrid, a stability
analysis model was developed. This proposed approach was validated through simulation
using MATLAB/SimPowerSystem toolbox.

The paper [34] proposes a multilevel embedded ESS consisting of super-capacitors
and lead–acid batteries inside a PMSG (permanent magnet synchronous generator) to
provide frequency support. The super-capacitors are used to emulate an inertial response
while the lead–acid batteries are used to provide the primary frequency response. The
secondary frequency response is provided by the mechanical power reserved in the wind
turbine by using a suboptimal MPPT strategy. In addition, a supplementary control
strategy is proposed, which makes use of the super-capacitors and lead–acid batteries
to provide a primary and secondary frequency response, respectively. Simulations were
performed using MATLAB/SimPowerSystem and laboratory tests were conducted to
validate the effectiveness of the proposed control strategy. By utilising the complimentary
characteristics of lead–acid batteries and super-capacitors, the solution eliminates frequent
cycling of the lead–acid batteries while also relieving mechanical stress from WECS due to
abrupt electromagnetic changes when partaking in frequency regulation.

An inertial response control scheme with a super-capacitor ESS is proposed in [35].
The inertial response is designed using the generator torque limits. The energy released
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from the ESS is used to augment the active power deficit during the recovery process of the
turbine rotor. In addition, a damping controller is added to the inertial control to suppress
mechanical oscillations in the shaft and tower of the turbine during frequency support. The
mechanical system of the wind turbine generator is modelled and simulated using FAST
by the NREL, whilst the electrical system of the wind turbine generator is developed in
MATLAB/Simulink. The simulation results show that the proposed method can improve
the frequency nadir, mitigate the secondary frequency dip and reduce the magnitude in the
mechanical subsystem.

To mitigate the impact of the wake effect in grid frequency support, the paper [36]
proposes an optimal ESS allocation (OEA) scheme for DFIG-based wind turbines. To realise
the OEA scheme, wind turbines are placed in a cluster, considering their received wind
speed. Each wind turbine within a cluster will share the same ESS. The OEA scheme tries
to optimise the coherency of all the clusters’ frequency support margins so that all wind
turbines maintain the same frequency stability. In the OEA scheme, the ESSs do not directly
provide frequency support services to the grid, rather, they serve to improve the wind
turbine’s frequency support capability and the system security. In this implementation,
the required capacity of the ESSs need not be so large as in the case of when ESSs directly
provide frequency support, thereby reducing the level of investment needed to deploy an
ESS. The effectiveness of the OEA is verified by simulation studies conducted on a modified
29-bus Hydro-Quebec transmission system with one DFIG wind farm.

3.1.3. Emulated Inertial Response

The energy contained within a WTG system can be used when the frequency deviation
exceeds the allowable frequency range [16]. Droop control provides additional power in
proportion to the frequency deviation [17]. When a wind turbine operates at its maximum
power, the additional power required is obtained from the kinetic energy of the rotating
mass [16]. Similar to droop control, hidden inertia emulation also releases kinetic energy
from the wind turbine generator, but the inertial response is instead based on the response
of traditional synchronous generators [16]. Kinetic energy from the wind turbine can also
be released by the fast power reserve controller, which acts on the rotor speed signal [16].
A summary of the papers classified as regarding emulated inertial control, grouped by
research area, is shown in Table 4.

Table 4. Publications in Emulated Inertial Control for VSWTs.

Research Area Reference Year of Publication

Droop Control

[37] 2020

[38] 2017

[39] 2016

[40] 2017

[41] 2020

[42] 2015

[43] 2016

[44] 2016

[45] 2016

[46] 2017

[47] 2017

[48] 2017
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Table 4. Cont.

Research Area Reference Year of Publication

Droop Control

[37] 2020

[7] 2017

[49] 2017

[50] 2020

[51] 2021

[52] 2021

[53] 2020

[54] 2018

[55] 2021

[56] 2018

[57] 2020

[58] 2022

Hidden Inertia Control

[59] 2019

[60] 2018

[61] 2021

[62] 2020

[63] 2015

[64] 2018

[65] 2021

Fast Power Reserve

[66] 2020

[67] 2017

[68] 2019

[69] 2019

[70] 2018

[71] 2016

[72] 2017

To improve the primary frequency response of wind power plants, the authors in [37]
propose a distributed synchronised control technique. The droop control uses an optimum
power share ratio and the frequency of each WPP at the point of common coupling (PCC)
to calculate the droop. The control technique finds the optimum power share ratio through
an interactive algorithm. The synchronised droop characteristics of the WPPs are functions
of the frequency variation at the PCC and are inversely proportional to the respective
power share ratios. The droop is, therefore, changed with frequency variation followed
by a load-generation imbalance due to the disturbance. The synchronised droop varies
with increasing communications delay between nodes, which mitigates the effects of
communications delay on the proposed method. The effectiveness of the proposed control
technique was tested on a WPP-integrated 39-bus New England system and simulated in
PSCAD/EMTDC. The simulation results show that the primary frequency response of the
proposed control technique is better than that of the distributed Newton method. However,
the performance of the distributed synchronised droop control deteriorates in the event of
a false data-injection attack on the communications system.

The paper [38] presents a communication-free alternative co-ordinated control scheme
that prioritises frequency versus active power droop, fitted onto onshore VSCs. This scheme
aims to transfer the wind turbine recovery power to undisturbed AC grids and allow for
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the correct control operation of multi-terminal high-voltage direct current (MTDC) systems
during multiple power imbalances on different AC grids. The control scheme presented
in the paper is compared with another co-ordinated control scheme which uses frequency
versus DC voltage droop; the MTDC frequency support capability when wind farms do
not provide extra power is also evaluated using a four-terminal HVDC system. The results
presented in this paper show that during a single power imbalance in one AC grid, the fast
frequency response from MTDC-connected wind farms limits the RoCoF on disturbed AC
grids and transfers additional active power from another AC system, containing the system
frequency deviation. The MTDC-connected windfarms were equipped with both the
alternative co-ordinated control scheme and the co-ordinated control scheme. However, the
co-ordinated control scheme was shown to have larger power oscillations when compared
to the alternative co-ordinated control scheme under certain conditions. A three-terminal
HVDC system was used to test the effectiveness of the co-ordinated control scheme and the
alternative co-ordinated control scheme, both of which were modelled using PSCAD and
experimental results were obtained using the RTDS tool of RSCAD. The MTDC frequency
support capability when find farms do not provide extra power was verified using a
four-terminal system and modelled using MATLAB/Simulink.

In [39], a control scheme is proposed for DFIG-based wind turbines for improved
transient response and participation in grid frequency support. The proposed control
scheme consists of a main controller with two auxiliary controllers. The main controller is
a fuzzy-based controller whose parameters are optimised using the genetic algorithm to
achieve an optimal transient response. The two auxiliary controllers, frequency deviation
and wind speed oscillation controllers, enable the DFIG to provide frequency to the grid
and mitigate the impacts of wind speed fluctuations on the WTG output power by using the
kinetic energy of the WTG. The performance of the controllers is highly dependent on the
operating point of the WECS. Simulations were performed considering various scenarios
to prove that the proposed control scheme can enhance the power system’s frequency
performance after disturbances.

The authors in [40] propose a non-linear dynamic model for the DFIG’s output power
integrated into a dynamic model of the power grid. In addition to this, a state feedback
controller is proposed by considering if DFIGs participate in grid frequency regulation or
not. The stability of the entire system is considered using the input-to-state stability theory.
The controller was embedded in the DFIG’s detailed model and simulations were conducted
to evaluate its performance. In comparison to a conventional controller presented in the
paper, the proposed controller delivered more output power during grid frequency support
and a negated transient recovery period.

A fast frequency support scheme for wind turbine systems to raise the frequency
nadir close to the settling frequency and eliminate the secondary frequency dip is proposed
in [41]. The frequency support scheme uses the kinetic energy of the wind turbine to raise
the frequency nadir close to the settling frequency. In addition to raising the frequency
nadir, an adaptive gain function of the real-time rotor speed and wind power penetration
level is proposed to provide frequency nadir improvements under various wind speed and
wind penetration levels. The last aspect of the proposed frequency support scheme is a new
speed recovery strategy to mitigate the secondary frequency deviation associated with the
rotor recovering its speed. The speed recovery strategy of the proposed frequency support
scheme does not require the wind turbine to recover to the MPPT operating point during
the primary frequency support phase. This allows the release of kinetic energy to be large,
and no secondary frequency deviation will occur as no energy is extracted from the grid
to recover the rotor speed. The three aspects of the proposed frequency support scheme
have been implemented together, and the performance and stability of the wind turbines
have been verified by comparisons of simulation results using the two-are power system
for DFIG-based wind turbines and an IEEE 39-bus power system for PMSG-based wind
turbines. The simulations were conducted using RTDS and Dymola.
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In [42], an active power control method for VSWTs to enhance the inertial response and
damping capability during transient events is proposed. The control method implements
an optimised power point tracking controller, which shifts the wind turbine operating
point from the MPPT curve to the virtual inertia control curves in relation to the frequency
deviation. This allows the wind turbine to use its kinetic energy to provide grid frequency
support. In addition to frequency support, the authors also theoretically evaluate the
effects of the virtual inertia curves on damping power oscillations. When compared with a
supplementary derivative control, the proposed optimised power point tracking control
method avoids an interaction between the inertial response and the MPPT controller. The
optimised power point tracking control method can also contribute to the power system
damping and provides a smoother recovery of the rotor speed. The control method was
prototyped on a three-machine system comprising two synchronous generators and a
PMSG WTG with a wind penetration level of 31% to validate the proposed method.

The authors in [43] propose a control strategy that shifts the MPPT curve of the WTG
to a virtual inertial control curve in relation to the frequency deviation so as to recover the
kinetic energy of the wind turbine to provide grid frequency support. When compared to a
PD-based inertial controller, the proposed virtual inertia control scheme provides a rapid
response in the event of a sudden change in power and a smoother recovery to the MPPT
operation. Comparative studies of the network frequency responses with and without the
proposed virtual inertial control curves following a sudden system load and wind power
change were conducted using MATLAB/Simulink. The simulation results show that the
proposed control scheme can provide rapid dynamic frequency support to the grid with a
reduction in frequency variations during fluctuations in both load and generation.

In [44], a control strategy for primary and inertial responses for high-wind-integrated
power systems is proposed. The proposed method couples the pitch and power control
loops and provides control at both sub- and super-synchronous operation. This method
can be used for either a WTG or can be used to dispatch an entire wind farm for a primary
frequency response and avoid individual turbine control. The proposed control scheme
was evaluated on a 39-bus dynamic IEEE New England test system with 39 buses and
10 generators. Two aggregated windfarms were placed at bus 38 and bus 32. The dynamic
models of the turbine and converter dynamics were modelled in DIgSILENT Power Factory.

The authors in [45] propose an inertial control scheme for a DFIG-based wind power
plant. The proposed scheme aims to improve the frequency nadir and stable operation of
the DFIG, especially when wind speed decreases during inertial control, by using adaptive
gains set to be proportional to the kinetic energy stored in the DFIG, and the gains decrease
with the declining kinetic energy. The results presented in the paper indicate that the
proposed scheme improves the frequency nadir and prevents over-deceleration under
certain wind and system conditions. The performance of the proposed adaptive gain
scheme was verified through simulations of case studies using EMTP-RV.

The paper [46] proposes two novel control strategies that enable an inertial response
from PMSG wind turbines during transient events. The first strategy aims to provide
inertia to the system by simultaneously using the energy of the DC-link capacitor and
kinetic energy of the wind turbine rotor. The second strategy aims to provide inertia to the
system by first using the energy of the DC-link capacitor and then the kinetic energy of
the rotor in a cascading control scheme. The two control strategies were validated using a
case study of one PSMG-based wind turbine subject to sudden load variations and then
compared. Subject to the same disturbance event, it is shown that both control strategies
can provide similar performance in stabilising the system frequency, permitting that the
control parameters are set correctly in advance. However, the cascaded control scheme
characterises itself by enabling a better energy harvest during a frequency disturbance. The
simulation environment used in [46] was not mentioned.

A non-linear system model of a VSWT may experience large deviations from its
operating point during times of frequency support when linear control techniques are used.
In [47], a novel non-linear controller used to enable an inertial response from a VSWT is



Mathematics 2022, 10, 3586 14 of 25

presented. A regular controller based on the input–output feedback linearisation approach
was first designed, and then replaced by the proposed controller, where the output power of
the wind turbine is expressed in terms of state variables and its Taylor series expansion used
in the design of the control system. The proposed controller was embedded in a detailed
model of a VSWT in MATLAB/Simulink and the various effects of different controller
parameters were investigated. It is also emphasized that an appropriate co-ordination
between conventional generating units and VSWTs equipped with the proposed controller
results in a negligible transient recovery period. In addition to this, the behaviour of
the controller was also investigated in the presence of fluctuating wind power input and
was shown to provide a smoother frequency response. The advantages of the proposed
controller over that of conventional PI control were also verified.

A co-ordinated control strategy to provide system inertial support for an offshore
windfarm connected via an HVDC transmission line to an onshore main grid is discussed
in [48]. The authors compare two proposed strategies: one where the energy of the
HVDC capacitors and the kinetic energy of the wind turbine are used simultaneously to
provide inertial support without the installation of remote communication between the two
terminals of the HVDC transmission line, while the other strategy employs a sequential
release of energy starting with the HVDC capacitors and then using the kinetic energy of
the wind turbine, with the aid of communication between the onshore and offshore grids.
A detailed design and case study of the two control strategies have been conducted to
compare and demonstrate the effectiveness of the control strategies in DIgSILENT Power
Factory. It was shown from the test system that when subject to the same disturbance
event, both strategies exhibit similar performance in stabilising the system frequency,
permitting that the control parameters are set correctly in advance. However, the cascaded
control scheme has been shown to have better wind energy harvest during a frequency
disturbance event. The impact of the time delay, introduced by the communication of
the two converters in the cascaded control scheme, may have some limited impact on the
control system performance and overall system stability.

A distributed virtual inertia scheme that can be implemented by grid-side-connected
power converters without any modification to the system hardware is proposed in [7]. The
virtual inertia provided to the grid uses the energy stored in the DC-link capacitors of the
grid-side-connected power converters, and by regulating the DC-link voltages in proportion
to the grid frequency, the DC-link capacitors are aggregated into a large equivalent capacitor.
The limitations of the virtual inertia along with the design parameters such as DC-link
capacitance, DC-link voltage and maximum DC-link voltage deviation were identified in
this paper. The concept was verified by MATLAB/Simulink simulations and additional
experimental results were also obtained to verify the efficacy of the proposed concept. The
proposed concept indicates improvements in both the reduction in frequency deviation
and the improvement in the RoCoF.

In [49], the system frequency dynamics during inertia emulation and primary fre-
quency support from wind turbine generators are studied and a mode-switching scheme
of a wind turbine generator for frequency support is proposed. A proposed concept, the
region of safety, which is the initial set of safe trajectories, is used to determine switching
instances. The barrier certificate methodology was used to derive a new algorithm to
enlarge the region of safety for given desired safety limits and worst-case disturbance
scenarios that lead to finding the critical switching instants and a safe recovery procedure.
Furthermore, the inertial response and load-damping effects are derived in the respective
time frames of both inertial and primary frequency responses, respectively. The paper [50]
presents theoretical results under critical cases.

The paper [50] proposes a torque limit-based method to emulate an inertial response.
The efficacy of two torque limit-based methods is investigated through a power system
with varying degrees of wind penetration levels in DIgSILENT Power Factory 2018. The
first torque limit-based method considers a definite ramp rate for the inertial power of the
wind turbines, while the second torque limit-based method varies the key parameters to
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obtain a linear relation between its characteristics and the operating point of the VSWT. It
was shown that the second torque limit-based method places lower stress on the mechanical
parts of the wind turbine, particularly at low rotor speeds, compared to the first torque
limit-based method. While the results show a more stable system operation due to the
emulated inertia, the results do, however, also reveal a deteriorated frequency nadir for
both torque limit-based methods, while the degree of wind penetration is high due to the
incoordination of the VSWT inertial response and the governor response of fossil-fuelled
generating units. To mitigate this, it is suggested that the inertial power of the VSWT is
multiplied by a frequency-dependent gain.

Based on a frequency response model derived in [51], an estimation method to calcu-
late the virtual moment of inertia provided by a DFIG-based wind farm is proposed. By
using the Routh approximation method, an expression for the virtual moment of inertia for
the grid-connected DFIG system is derived. To augment the availability of the expression,
an estimation method based on the matrix pencil method and least squared algorithm
for estimating the virtual moment of inertia provided by the wind farm is proposed. The
effectiveness of the proposed method and the derived expression are tested on a DFIG
grid-connected system and a modified IEEE 30-bus system in MATLAB/Simulink. Based
on the results, the derived expression of the virtual moment of inertia directly expresses
the inertial behaviour of a VSWT with additional frequency control and the estimation can
efficiently calculate the virtual moment of inertia provided by the wind farm, regardless
of whether VSWTs are involved in the frequency regulation of the grid or not. The ability
to distinguish whether VSWTs are involved or not has value in power systems with high
wind power penetration since it avoids the complex processing of parametric derivation
and frequency response integration.

The frequency nadir and RoCoF are two metrics that temporary grid frequency sup-
port schemes strive to improve. The paper [52] proposes a rotor speed-based inertia control
scheme aimed at improving the performance of the system’s frequency regulation. Several
case studies were performed, by varying wind speed conditions and wind power penetra-
tion levels, to investigate the performance of the proposed control scheme. The proposed
control scheme was tested on a seven-machine power system, with an aggregated wind
farm on MATLAB/Simulink. The results showed that the proposed scheme contributes to
reducing the frequency nadir and RoCoF. In addition, the rotor speed-based inertia control
scheme is decoupled from the system frequency which, in turn, decouples the inertial
response speed from the inertia response amplitude, allowing an appropriate response to
be realised, ensuring the stable operation of the WTG and the system.

In [53], a frequency support scheme for DFIG wind turbines that implements a two-
stage switching control scheme is proposed. The first stage of the control scheme uses a
variable proportion coefficient designed to emulate an inertial response from the DFIG
wind turbine, while the second stage of the control scheme uses a fuzzy logic control
scheme to determine the variable proportion coefficient to both quickly restore the DFIG
wind turbine to MPPT operation and avoid a secondary frequency dip in the system.
The proposed control scheme was simulated in MATLAB/Simulink and case studies were
performed on a WSCC 9-bus and IEEE 39-bus power system to verify the effectiveness of the
proposed control scheme. The results show that the proposed control scheme can provide
a satisfactory performance for frequency support despite varying operating conductions.
The paper concludes by stating that in future work, the feasibility of implementing the
control scheme in large-scale power systems with integrated wind turbines will be verified
by hardware-in-the-loop simulation.

A time-variable droop control method for WTGs to provide grid frequency support
is proposed in [54]. In the proposed method, a positive droop characteristic provides
frequency support and is followed by a period of negative droop to restore the kinetic
energy of the rotor. The proposed method is simulated in DIgSILENT Power Factory, and
the performance of the proposed control method is studied when subjected to various
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operating conditions. The results show that the frequency nadir can be improved while
WTGs regain their kinetic energy and continue MPPT operation.

An adaptive droop control scheme for DFIGs to provide frequency support is proposed
in [55]. The initial value of the adaptive droop gain is determined in accordance with the
wind speed and decreases with time. The efficacy of the proposed control scheme was
simulated on a modified IEEE 14-bus system in EMTP-RV. The results show that the
proposed method prevents a DFIG from stalling and reduces the second frequency drop
during the rotor recovery phase.

A RoCoF droop control strategy to mitigate the problems of frequency deviation and
high RoCoF is proposed in [56]. In response to a high-frequency event, power is contributed
to the grid from the reserve margin stored in the DC-link capacitor to mitigate the RoCoF.
Once a new steady state has been reached, the reserve energy expended from the DC-link
capacitor is recovered. An experimental comparison between the proposed RoCoF droop
control strategy and conventional droop control strategy is conducted on the RT-LAB
platform. The results of the comparison show that by adjusting control parameters such as
increasing the droop coefficient or decreasing the bandwidth, a larger virtual inertia can be
obtained than that contributed by the capacitor alone.

The paper [57] proposes a strategy to co-ordinate the use of the kinetic energy of
a VSWT and the energy stored in the DC-link capacitor from a VSC-HVDC-connected
offshore wind farm to provide grid frequency support. The minimum rotor speed limit for
the VSWT is determined by the rate of change of the mechanical power with rotor speed,
which reduces the reduction in mechanical power caused by the low rotor speed, while the
capacitor energy of the VSC-HVDC is used to contribute to the frequency nadir when the
output power of the VSWT is less than the initial value. A detailed selection process of the
controller parameters to improve the efficacy of the frequency control strategy is discussed
and the proposed strategy was verified using a power system model in MATLAB/Simulink.
The simulation results show that the proposed strategy can significantly reduce the grid
frequency variation and maintain frequency stability in grids with high penetration of
renewable energy.

In [58], a time-sharing frequency co-ordinated control scheme is proposed. The imple-
mentation of the proposed scheme uses a frequency dead-band to co-ordinate the priority
of the rotor virtual inertia control, DC-link virtual inertia control and a new adaptive
frequency droop control. In the proposed control scheme, the electrostatic energy stored
within the DC-link capacitor is always used first for frequency support, while the kinetic
energy of the rotor is only used once the energy stored within the DC-link capacitor has
been depleted. The performance of the proposed control scheme is simulated and studied
in PSCAD/EMTDC. The results indicate that the time-sharing frequency co-ordinated
control scheme has better performance in wind energy harvesting and system stability
when compared to either traditional cascaded control or co-ordinated control strategies. In
addition, the proposed scheme can also effectively avoid power oscillations.

In [59], a co-ordinated control strategy for PMSG-based VSWTs to provide frequency
support services is proposed. An inertial response is emulated by using the energy stored
in the DC-link capacitor. However, since the available energy is relatively small, it is
supplemented by a virtual capacitor control strategy which uses the rotor-side converter
to provide a virtual capacitance that is larger than the actual DC-link capacitance by
using the wind turbine’s kinetic energy in a similar way to the inertial response of a
synchronous generator. Lastly, a power–frequency droop control is used to simulate
the primary frequency control of a synchronous generator. The efficacy of the proposed
control strategy was verified by simulation results in PSCAD/EMTDC and indicated that
the RoCoF is mitigated and the frequency nadir is improved by adopting the proposed
co-ordinated control strategy.

The authors in [60] present a control approach based on the VSM concept. The
approach presented in [60], called an enhanced virtual synchronous machine (eVSM), uses
the existing inertia of the DC-link component and does not emulate the rotating inertia
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based on an assumption of unlimited energy. The eVSM concept aims to reduce the need
of a large DC-link component or battery storage while providing the same inertial response
of an equivalent synchronous machine.

The paper [61] proposes a two-level combined control strategy for offshore wind farms
to provide frequency support for an onshore system. On the wind turbine level, each wind
turbine implements inertial and droop control with adaptive coefficients, which allow
wind turbines with high rotor speeds to release more kinetic energy, while working at
MPPT mode. To mitigate the second frequency dip that occurs after frequency support,
the wind turbines are divided into clusters based on their rotor speed and a step start-up
control scheme is implemented for the wind turbine clusters to provide frequency support
sequentially. The sequential frequency support allows one cluster to provide frequency
support, while another recovers their rotor speed. At the system level, a communication-
free allocation control strategy is proposed using the local frequency signal of onshore
voltage-source converter stations to share the active power among the onshore stations.
Case studies were conducted on a three-area four-terminal voltage-source converter-based
multi-terminal high-voltage direct current offshore windfarm, in MATLAB/Simulink, to
determine effectiveness of the two-level combined control strategy. The simulation results
show the efficacy of the proposed control scheme under various scenarios. The paper
concludes by stating that future work will consider optimising the number of clusters and
asynchronous interconnection to the onshore system.

The authors in [62] propose a control strategy for offshore HVDC-connected wind-
farms to provide an inertial response and primary frequency support. The proposed control
strategy uses the HVDC converters to map the onshore frequency variation onto a voltage
variation in the offshore grid. The authors have identified various limitations of conven-
tional frequency support strategies from offshore-connected windfarms including large
frequency deviations and high RoCoF in the offshore gird. In contrast, the proposed control
strategy achieves the frequency requirements of the regional grid code without stressing
the offshore grid as the frequency deviations and RoCoF are kept low. The proposed control
strategy was tested on two test systems, one built entirely in the DIgSILENT Power Factory
environment and the other on an IEEE 39-bus system. However, the proposed control
strategy relies on using existing local communication systems to monitor the HVDC link
voltage to distinguish between internal disturbances of the offshore AC grid and distur-
bances that arise due to a frequency disturbance of the main onshore AC grid. The authors
are developing an adaptive control strategy with minimal reliance on local communication
systems that can discern between internal and external disturbances.

The paper [63] expands on a communication-less approach previously proposed in
the literature for offshore wind turbines connected though a DC grid to multiple onshore
AC grids. To extend this concept, the authors instead adopt a strategy where the onshore
frequency variations are communicated to the offshore converters by using a fibre optic
link embedded within the sub-sea DC cables. In the paper, a case study on a four-terminal
DC grid connecting an offshore wind farm and two onshore AC systems illustrates the
inertial support from the offshore wind farms with the proposed strategy. An aggregated
model of the WTGs within the wind farm was used in the simulations and the parameters
were obtained from a simulation model in DIgSILENT Power Factory. It is shown that
the proposed weighted frequency scheme strategy can improve the transient frequency
deviation in AC grids experiencing an under-frequency event.

The authors of [64] propose a clustering-based co-ordinated control scheme for large-
scale wind farms to provide frequency support. The proposed control scheme considers the
distributed layout of WTGs and the wake effects inside the wind farm. WTGs are grouped
by their wind profiles and the same control commands are dispatched to the same group.
This effectively realises a group of WTGs as one single WTG and greatly reduces the control
variables and complexity of the optimization problem. Simulations were conducted in
MATLAB/Simulink to verify the effectiveness of the proposed control strategy.
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A hierarchical non-linear model predictive control (MPC) for frequency support is
proposed in [65]. The proposed hierarchical non-linear MPC reduces the computational bur-
den of the central controller when compared to a centralised non-linear MPC. The efficacy,
efficiency and robustness of the proposed hierarchical non-linear MPC is validated by nu-
merical simulations in MATLAB/Simulink. The results show that the non-linear MPC can
reduce the computation time by as much as 50% when compared to a centralised non-linear
MPC. This makes the proposed MPC method more favourable for large-scale wind farm
implementations by avoiding the requirement of higher performance computation facilities.

The authors of [66] present a short-term frequency support method for doubly fed
induction generators (DFIGs) to improve the frequency nadir of the system using less kinetic
energy and negate the second frequency drop caused by the rotor speed recovery. The
proposed method adds a time-varying constant to the power reference for the maximum
power point tracking (MPPT) function and allows the rotor to recover its speed along
with the MPPT curve. The proposed method was analysed and validated on a modified
IEEE 14-bus test system; however, the simulation environment was not disclosed. The
simulation results indicate that the proposed method could provide a frequency nadir
improvement with a lower kinetic energy cost for the DFIG in various scenarios and reduces
the secondary frequency nadir. The performance of the proposed method is affected by
wind speed, as the winds speed affects the levels of kinetic energy available. The proposed
method was only tested against two wind speed conditions: 8 m/s and 10 m/s. The paper
concludes by stating that due to the inherent variability and uncertainty of wind power, the
frequency support capacity of DFIGs may be unable to meet the instantaneous frequency
system requirements and may be required to operate with ESS systems. The authors
state that future work will focus on a co-ordinated frequency control scheme between
DFIGs and ESSs for frequency control will be studied in power systems with high wind
power penetration.

In [67], the effect of different power curves in releasing kinetic energy for grid fre-
quency support is considered and two solutions are proposed. The first of the two proposed
solutions aims at reducing the rate of change of frequency (RoCoF) while the second method
is aimed at improving the RoCoF and the frequency nadir. The amount of kinetic energy
used for frequency support was considered and the minimum wind turbine rotor speeds
at various wind conditions were defined to avoid a large reduction in mechanical power
while the wind turbine supports the grid frequency. The proposed solutions were validated
by simulations using MATLAB/Simulink and indicate that the proposed solutions can
reduce the RoCoF and frequency nadir while minimising the power imbalance when the
rotor is reaccelerated. Given that wind turbines can regulate their power quicker than
conventional generators and only have a limited and temporary kinetic energy reserve that
can be used to support the grid frequency (that has to return to the wind turbine system
after frequency control), it might be beneficial to use wind turbines to improve the RoCoF
while using conventional generators to reduce the frequency nadir.

A power reference model that operates reliably during uncertain wind conditions
while providing grid frequency support is proposed in [69]. The proposed frequency
support scheme provides an emulated inertial response to a disturbance by releasing a
portion of the rotor’s available kinetic energy and decreases linearly with rotor speed. To
determine the effectiveness of the proposed scheme, the proposed scheme was studied—along
with other methods—on large-scale integrated wind farms on IEEE 9-bus and New England
39-bus systems simulated in DIgSILENT Power Factory and MATLAB.

In [69], a dynamic demand control strategy that co-ordinates with the DFIG control is
presented. This co-ordinated control strategy for DFIGs can provide an inertial response
and primary frequency support. In addition, it can mitigate the secondary frequency
dip following frequency support and improve the performance of the primary frequency
support. For the demand control to work optimally, controllable loads with high power
ratings that can accept a changing connection state and have minimal user impact are
suggested. The proposed control strategy was simulated in MATLAB/Simulink, while the
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DFIG unit model and aggregated controllable load model were developed in OpenModelica
and linked to ePHASORsim, a real-time power system transient simulation software.

To improve the frequency nadir while ensuring a rapid frequency stabilisation for
high wind power penetration levels, a temporary frequency support scheme of a DFIG
is proposed in [70]. At the onset of a frequency disturbance, the power reference is in-
cremented by the incremental power, which is a value that varies with rotor speed and
wind power penetration level and is maintained for a pre-set period. The reference will
decrease during this deceleration phase with the reduction in speed and release less kinetic
energy. This, however, will aid in the rapid recovery of the rotor speed and, during the
acceleration phase, the scheme will decrease the output of the DFIG with both rotor speed
and time until the reference intersects the MPPT curve again. The results are obtained by
running various scenarios on an IEEE 14-bus system and indicate that the scheme arrests
the frequency nadir at a higher level, except for Scenario 2. The proposed control scheme
was simulated using EMTP-RV.

The paper [71] proposes a method to control variable-speed wind turbines to provide
a frequency response through temporary over-production. The control method aims to
determine the optimal power extraction profile between multiple generators to minimize
the total loss of efficiency while allowing for an increase in generation. In case of frequency
events, the cumulative generation is increased by a specified amount, while the power
profile of individual turbines is determined by resolving an optimal control problem
to minimise the loss of efficiency. The results of this method were evaluated through
simulations and the concept was also extended to recover the VSWTs to their initial state of
maximum efficiency in minimum time.

In [72], a stable stepwise short-term frequency support scheme based on a DFIG wind
farm is proposed and aims to improve the frequency nadir while quickly recovering the
rotor speed. When a frequency event occurs, the output power is raised by increasing
the power reference prior to the event and sustaining it for some predetermined period
determined by the frequency nadir. The power reference then linearly decreases with the
rotor speed until it converges with rotor speed to some pre-set value. To then recover the
rotor speed, at the pre-set rotor speed, the power reference decreases with the rotor speed
and time until it intersects with the MPPT reference. The proposed scheme was deployed
on an IEEE 14-bus system with one DFIG-based wind farm and simulated on EMTP-RV. The
simulation results of the four case studies showed that the proposed stepwise short-term
frequency support scheme can raise the frequency nadir while recovering the rotor quicker
than other conventional schemes in the case studies.

3.2. RQ2: What Are the Limitations of VSWTs in Supporting the Grid Frequency

The rate of change of power of wind turbines could limit the effective implementation
of frequency support methods. High rate of change of power in wind turbines leads to
an increase in maintenance cost. Simply applying a rate limiter to the power function
of the wind turbine generator may reduce the efficacy of frequency support strategies.
In [73], a small-signal analysis is performed to study the effects of frequency regulation
methods on the rate of change of power of wind turbines. Both DFIG and PMSG wind
turbine generators are considered. A detailed model of a wind turbine generator was
developed in the paper. The model considered the double-mass nature of the mechanical
system, active damping controller and frequency support mechanisms, namely droop and
virtual inertia. The model in the paper allowed for a small-signal analysis of the frequency
support dynamics in the wind turbine generator and the characterisation of the associated
mechanical stresses imposed on the generator. The paper has shown that droop and virtual
inertia frequency support methods subject the mechanical system to high rates of change
of torque and power which accelerate the aging process. The paper has investigated the
use of DC-link capacitors to respond to the fast transient portion of the frequency support
dynamics while the kinetic energy stored within the rotating mass of the turbine is still used
in the slower but high-energy portion of the frequency support. Furthermore, the paper
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also studies the management of these two sources and verifies all analytical results using
time-domain simulations in MATLAB/Simulink based on detailed non-linear models.

The paper [74] considers the potential issues associated with system-wide integration
of emulated inertia technologies and issues associated with implementing large-scale
frequency support controls, namely the potential delayed frequency recovery and the
variation in the optimal response with different frequency conditions, are identified in this
paper. Two differently sized systems with wind integration and emulated inertial response
capabilities that represent simplified dynamic power system models are developed in
MATLAB/Simulink to investigate the impact of varying system conditions. The findings of
the paper show that there are implications for the development of ancillary service markets
and grid code requirements for systems with a high penetration level of non-synchronous
generation. The differences between the emulated inertial response from wind power
plants and the inertial response from conventional synchronous generator-based plants
should be considered if the integrity and stable operation of the grid are to be maintained.
System planners and operators should ensure that the way in which energy is delivered
and recovered from wind turbines is realised as a function of the system demand, wind
penetration level, geographical wind distribution and reserve level. Failure to consider
this may lead to an undesirable frequency response from wind generation and impact the
grid stability.

In [75], the frequency support capabilities of VSWTs are studied. The impact of inertial
control is analysed, and it has been determined that at a large scale, VSWTs may lead to a
potential delayed grid frequency recovery and a variation in the optimal response under
varying system conditions. In addition, the paper states that should inertial control or
emulated inertia technology be adopted at scale, further development will be required. Two
simplified dynamic power system models, one small- and one medium–large-sized system,
were developed in MATLAB/Simulink with inertial control capabilities to investigate the
impact of varying system conditions on the optimal tuning of the inertial control parameters.
The results highlight the importance of resource tuning and issues relating to what is
defined as an optimal response, while implementation approaches for system operators
considering the use of inertial control to emulate an inertial response are proposed.

4. Discussion

With the relevance of VSWTs for frequency support owing to the increase in wind
power penetration and concerns about the frequency of the grid [16], research in this
field can make a great impact in addressing practical concerns. The categories of VSWT
frequency support are based on the prevailing methods used, since each method has
advantages and practical limitations.

The period from which surveyed works were drawn showed a marked increase in
publications from 2017 to 2019, followed by a period of consistent publications except
for the current year, as seen in Figure 3. The absence of exponential growth and, instead,
a consistent rate of publication could be attributed to the well-understood problem of
increasing wind power penetration and grid frequency stability without ancillary support
from WTGs. Recent publications surveyed revealed that the focus is in improving the
frequency support characteristics of VSWTs by modifying already understood frequency
support methods, combining methods or proposing novel methods.
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Figure 3. Cumulative Search Strings SCOPUS Look up.

Figure 4 shows a graph of the number of journal articles admitted to this study,
based on the inclusion and exclusion criteria, grouped by the year of publication. From
this graph, it can be noted that there is a persistent interest in this field, with a peak in
publications in 2017 and a reduction in publications in 2019 but recovering in 2020. The
year 2022 is excluded from comment as this is present year, and some journals may not
have published papers at the time of conducting this study. This indicates a consistent
interest in this research area. This may be attributed to the periodic publishing of journals
and the extensive review process resulting in a more even distribution of published papers.
Nevertheless, this does indicate relevance in this area of study. Furthermore, the trend of
the graph in Figure 4 likely deviates from the general trend (Figure 3) due to the exclusion of
conference papers and not necessarily because of a decline in interest in this research area.
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Of the journal papers studied in this systematic literature review, 11 papers were
classified as those that used de-loading as a primary means of providing frequency support,
9 relied on ESS and 45 implemented an emulated inertial response. The research area that
gained the most focus identified in this review was droop control-based, with 23 journal
publications. The distribution of the papers surveyed in this study classified by research
focus is shown in Figure 5.
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When screening the literature, it was observed that a limited number of publications
identified and studied the limitations of VSWTs providing grid frequency support. Since
the impact of low inertia has been studied, this area of research will continue to be relevant
as the prevalence of WTGs increases. However, a better understanding of the impacts
of VSWTs providing grid frequency support on the VSWT structure and the small-signal
stability of the grid would greatly benefit this field of research. Future works will focus on
understanding the limitations of VSWTs providing grid frequency support and small-signal
stability of the grid.

5. Conclusions

VSWTs for grid frequency support is a research area that can provide solutions to
grids with high wind power penetration in a world where grids seek to decarbonise their
generating fleet. The main objective of this paper is to present relevant information in a
modern timeframe on the current implementations and limitations for VSWTs to provide
grid frequency support to provide the reader with a comprehensive view on the topic. The
study was conducted using the systematic literature review methodology, which facilitated
the systematic process of searching, locating, assessing, analysing and categorising existing
papers in the literature. An extensive review was conducted from various databases from
2015 to mid-August 2022. From the results, it is seen that there is a consistent interest in the
research at the present time.

The main limitation of this work is that number of papers selected for the study and the
number of studies identifying the limitations of VSWTs providing grid frequency support
were limited. This will be examined in future works.
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