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Abstract: This study introduced a novel control approach based on fuzzy logic control (FLC) to

enhance the frequency regulation capacity of variable-speed wind turbines (VSWTs). The proposed

method integrates FLC within droop and inertia control loops. Real-time measurements of the system

frequency and the rate of change of frequency (ROCOF) serve as inputs to the FLC, enabling the

method to improve the frequency response by VSWTs. In addition, the method employs FLC for

pitch angle frequency control, optimizing reserve power for frequency regulation under varying

wind speed levels. The innovative aspect of this study lies in the simultaneous application of FLC

to pitch angle frequency control and droop/inertia control, leading to the enhanced frequency

regulation capability of VSWTs and smoother operation across a range of wind speeds. Compared

with traditional methods, the proposed approach provides a comprehensive and effective solution

to the challenges associated with frequency regulation in VSWTs. Through simulations across

different wind speed scenarios, the proposed control method demonstrated the best performance

among various mature methods, highlighting the efficacy of the proposed method on the frequency

regulation of VSWTs under different wind speeds. This study’s findings highlight the potential of the

ﬁf;eéi:tf:; proposed FLC-based method to optimize frequency regulation and contribute to more reliable and

o efficient wind energy systems.
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1. Introduction
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Wind energy is rapidly growing globally; the United States aims for a 20% share of
wind energy by 2030, while Canada achieved 2 GW by 2008, and is progressing toward a
Received: 8 April 2024 20% target by 2025 [1]. To meet the energy and climate goals in the EU, the EU Commission
Revised: 16 May 2024 issued a specific strategy for developing offshore renewable energy in 2020 [2]. This strategy
Accepted: 27 May 2024 outlined concrete measures to facilitate the long-term sustainable development of offshore
Published: 29 May 2024 wind, with targets of achieving a minimum installed capacity of 60 GW by 2030 and

300 GW by 2050 [3]. Irish regulators caution about potential stability issues when wind
plants contribute to 60-70% of the total instantaneous power generation [4-7]. That is, as
wind power penetration rises, ensuring system frequency regulation becomes more crucial.

The frequency support function of a VSWT falls into two main categories: power
reserve control [8-10] and inertial control [11-14]. The former extracts reserved power
through de-loading control to support continuous frequency control, and the later releases
conditions of the Creative Commons _ Stored kinetic energy (SKE) in response to the initial time of a disturbance. The utilization
Attribution (CC BY) license (https://  Of power reserve control faces economic challenges, as it prevents VSWTs from operating
creativecommons.org/ licenses /by / with the maximum power point tracking (MPPT). Additionally, the reserve power from
40/). VSWTs can be stored in energy storage systems, which incurs extra costs. However, the
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operating cost of this method is high, and its economic benefit is low [15,16]. Consequently,
the practical application of power reserve control in existing wind farms is infrequent.

References [17,18] propose de-loading controls by adjusting the pitch angle, which will
reduce the controller’s life and raise maintenance costs. Several references [16,19,20] have
suggested fixed de-loading percentages. Reference [21] recommends a control method for
the operation of wind turbines by maintaining a power reserve. In [8], an alternative method
is proposed to create a spinning reserve by VSWTs, which operates at a low set-point torque;
if additional reserve is required, the set-point torque is increased. This approach, however,
has its limitations at high wind speeds and the inability to respond to positive frequency
changes. Previous studies noted that maintaining constant de-loading can enhance the
primary frequency regulation, but it lacks guidance on selecting an appropriate de-loading
percentage [22,23]. Furthermore, the fuzzy logic control (FLC) was applied in the pitch
angle control. Reference [24] proposes the FLC-PI pitch angle controller. Both the mentioned
paper [24] and our paper discuss the control strategies for wind turbine systems using
FLC, but they focused on different aspects. The key difference lies in the control focuses,
where [24] focused on smoothing performance DFIG wind turbine operation utilizing FLC
pitch angle control, while this study aimed to enhance the frequency regulation of VSWTs.

To enhance the performance of frequency regulation of VSWTs, various hybrid control
approaches have been proposed [13,25-28]. For instance, a combination of droop and
virtual inertia control loops within the rotor-side converter (RSC) of VSWTs is suggested
in [11,15,16,29,30]. References [31,32] combined the real-time pitch angle control with
inertia and droop control loops to achieve power reserve control. Reference [27] applied
power reserve control using variable coefficient rotor kinetic energy control, which can
dynamically adjust real-time coefficients based on the inertial energy and reserve power of
VSWTs. In addition to frequency-based inertial control, there exists another method called
stepwise inertial control (SIC), which is capable of rapidly increasing the output power of
VSWTs and maintaining the power reference for a predetermined curve at the early stage
of frequency regulation [33-37]. Additionally, FLC is a widely utilized technique in wind
power systems [38—41]. In [42], FLC was employed to design the adaptive control at the
rotor-speed recovery stage when VSWTs implement frequency regulation control, which
enhances the frequency control in power systems.

Pitch angle control frequency regulation emulates the governor control of a syn-
chronous generator, limiting active power below nominal values. This approach allows for
a change in the active power reserve by adjusting the pitch angles. An adaptive pitch angle
control was proposed in [43], and its design considers initial pitch angle manipulation with
a look-up table for different wind speed regions. However, this control relies on accurate
wind speed measurements, making it challenging to estimate the de-loading percentage
during a rapid wind speed change. To eliminate an inaccurate operation by using a look-up
table, FLC was applied in de-loading control to optimize the active power reserve for
frequency regulation [44—47]. In addition, references [46,47] applied FLC to the frequency
regulation of VSWTs, which aims to optimize the reserve power by considering energy
storage systems and pitch angle control. However, these FLC studies only considered fixed
wind speeds to determine the VSWTs’ reserve power and neglected continuous wind speed
fluctuations in reality. Furthermore, the previous FLC studies relied on wind speeds to de-
termine the SKE and de-loading ratio. Hence, an inaccurate wind speed measurement will
bring a large error in FLC outputs, especially when a large wind speed variation appears.

Large wind speed variations can occur during the frequency regulation of VSWTs.
The research in [48] indicated that a change in wind speed can affect the operation of
frequency regulation in VSWTs. The effect of wind characteristics, such as the wake effect,
aerodynamic model, and mechanical fatigue, should be also considered to improve the
frequency regulation capability. Reference [49] introduces an active power dispatch mecha-
nism (APDM) and a power reference tracking mechanism (PRTM) that accounts for the
wake effect in wind farms. Furthermore, a similar hybrid APDM and PRTM approach [49]
was proposed to optimize active power regulation from wind farms by considering the
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wake effect. In [50], the control method combined yaw control with pitch control to track
a power reference signal and optimize power sharing. Reference [51] adopted the Jensen
model to establish a power optimization model in a wind farm and introduces a droop
control strategy with variable coefficients for primary frequency regulation. These papers
provide innovative methods to enhance wind farm control and efficiency by considering
wake effects, power dispatch, yaw control, and droop control.

However, this paper focuses on electrical power control. Therefore, it does not directly
address the recent works related to aerodynamic performance and wake characteristics,
including the effects of blade number on aerodynamic performance, wind turbine wake
velocity prediction, or flow patterns and forces in different flow conditions. These areas are
outside the scope of this paper. However, the above topics provide valuable insights into the
complete frequency regulation capability of a VSWT by considering the aerodynamic aspect.

The motivation behind the proposed method was to enhance the efficiency of wind
turbines in frequency regulation, contributing to a more robust and sustainable energy
infrastructure. The target was to optimize the performance of VSWTs in frequency control,
ensuring they can adapt quickly and effectively to changing conditions in the power
grid. By making adaptive adjustments based on real-time data, this innovative control
strategy enhances the performance of VSWTs and improves the reliability and efficiency
of wind energy generation. The method achieves this by using FLC within droop and
inertia control loops, as well as for pitch angle frequency control, enabling VSWTs to better
regulate frequency under varying wind speed levels. This leads to a more stable and
efficient integration of wind energy into the grid and enhances the overall sustainability of
renewable energy sources.

Thus, the innovation of this paper includes the integration of FLC into both pitch
angle frequency control and droop/inertia control loops, creating a comprehensive strategy
for frequency regulation in VSWTs. The designed FLC employs real-time measurements
of frequency deviation and the ROCOF, enabling precise and adaptive control responses.
Simulations demonstrated that the proposed method outperformed four established ap-
proaches, showing superior effectiveness in frequency regulation. By applying FLC simul-
taneously with multiple control aspects, the proposed method allows for a more resilient
and adaptable integration of wind energy into the power system. Additionally, it optimizes
active power reserves by adjusting the pitch angle across a broad range of wind speeds,
optimizing the reserved SKE for frequency control and ensuring smoother power output
under varying conditions.

This paper proposes a novel frequency control method for VSWTs. The main contribu-
tions of this study are listed below:

e By integrating pitch angle control with droop and inertia control loops, VSWTs can
implement the required frequency control capability.

e  The incorporation of FLC into the pitch angle frequency control loop enhances the
performance of frequency regulation by VSWTs, ensuring a consistently smooth and
stable operation and reducing stress on the blade during pitch angle operation.

e  The proposed simplified FLC within the pitch angle frequency control loop effec-
tively overcomes the complexity of traditional FLC calculations, thereby raising the
calculation efficiency.

e  Through a comprehensive system simulation that encompassed various wind speed
scenarios, this study verified the efficacy of the proposed control strategy.

e  This paper demonstrates a comparative analysis with contemporary control methods.

In summary, this paper introduces a novel control method designed to address existing
challenges in frequency regulation for VSWTs across different wind speed scenarios. By
implementing FLC within both inertia droop loops and pitch angle frequency control loops,
this study aimed to enhance the frequency regulation capability of VSWTs. The addition
of FLC in pitch angle frequency control plays a crucial role in providing the SKE and
maintaining the stable operation of VSWTs under various wind speeds. This innovative
approach is motivated by the need for more responsive and efficient control methods
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that can adapt to changing operational conditions, ensuring consistent and reliable power
output. The proposed control method demonstrates significant potential to optimize the
performance of wind turbines, leading to improved frequency regulation and greater grid
stability. As wind energy becomes a more prominent component of the power system,
effective control strategies, such as this one, are essential to harnessing its full potential. By
providing a more robust and adaptable solution, this study contributes to the advancement
of sustainable energy practices and the continued integration of wind power into modern
energy grids.

2. DFIG-VSWT Modeling

The dynamic model of a typical DFIG-based VSWT is described in Figure 1. The
mechanical power of a VSWT, which represents the relationship between wind speed and
the characteristics of the turbine blade, is shown in (1)—(4) [52-54]. The mechanical system
can be represented by a mass model [53,54].

1
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where Py, is the mechanical power of the VSWT, Cp() g) is a function of both the tip speed

ratio A and pitch angle B, A is the swept area of the VSWT’s blade in m?, p is the air density
of 1.225 kg/ m3, v is the wind speed in m/s, and the coefficients c; to cg refer to [48,49].
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Figure 1. Schematic representation of the simplified DFIG-VSWT.

To optimize the economic efficiency to capture the maximum wind energy, the speed
controller in VSWTs commonly utilizes an MPPT operation [55]. Figure 2 shows the MPPT
operation of a DFIG-VSWT based on different rotor speed regions. The curve A-B is the
initial zone. In the B-C zone, known as the zone for MPPT operation, the rotor speed
is controlled, which ensures the relationship between rotor speed and power follows a
specific MPPT curve. From C to D, the rotor speed only changes a little until the power of
a VSWT reaches its rated value. Beyond D, pitch angle control takes over the rotor speed
control to limit the output power of VSWTs [54].

In high-wind-speed operation, VSWTs must be controlled by the pitch angle control.
Figure 3 shows the block diagram of a typical pitch angle controller, where the pitch blades
are controlled by pitch servos with hydraulic or electrical systems. In Figure 3, the error in
the rotor signal Awg is the difference between the maximum rotor speed Wg,max and the
actual rotor speed Wy, mess- It is sent to a PID controller, and then the PID controller generates
the pitch angle reference B, [54,56]. In addition, the servo motor can be represented by a
transfer function with a servo time constant T for the rotor speed control. The pitch angle
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actuator model captures the dynamic relationship between the pitch angle reference
and the initial pitch angle .

Active Power
A

Pmax """""" MPPT operation zone .. Powerin MPPT operation

Pitch angle

P L4 —2= 5 Rotor Speed

Yonmin Wgeusin Warated

Figure 2. MPPT curve and pitch angle operating curve.
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Figure 3. Block diagram of a typical pitch angle control.

3. Frequency Regulation by VSWTs
3.1. De-Loading Techniques

Conventional VSWTs are designed for MPPT operation, which would limit their
capability in frequency regulation. To resolve it, the de-loading operation was proposed to
cooperate with frequency control loops to reserve power for frequency regulation. This
ensures a specified reserve Pg,,,4 that is predetermined based on a desired de-loading level.
A de-loading level may be restricted between 10 and 20% of rated power, which depends
on the constraints for the rotor speed limit, available wind speeds, and converter rating [23].
Under a de-loading operation, the output power of VSWTs is reduced by a predetermined
ratio. That is, a de-loading level d% needs to be pre-determined for commercial applications.
The de-loading power of a VSWT is calculated by

Pjetoad = (1 —d%)Pyvippr (5)

where P 1544 is the de-loading power, d% is the de-loading level, and Pyppr is the MPPT
power. Furthermore, based on the de-loading level 4%, the de-loading utilization coefficient
Cp,deload 18 calculated by (6):

Cp,deload = (1 - d%)cp,opt (6)

To reduce the calculation burden of the de-loading control, refs. [56-58] utilized a
look-up table to obtain C; gejond-
The normalized de-loading power P, is calculated by

3
Pdeload = kdelaud~wg (7)

where k04 is the magnitude of the de-loading factor, which can be determined by

5 .3
PNR wg,lcp,deload

(8)

kdeload =
3
2/\cleloualPIVHJPT

Typically, VSWTs employ the technique of de-loading through pitch angle control
or over-speed operations based on wind speeds. At low wind speeds or rotor speeds
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that are below the rated value, an over-speed control is preferred for VSWT’s de-loading.
At a medium wind speed, an operation that combines over-speeding with pitch angle
control is commonly utilized. At a high wind speed, pitch control becomes crucial for
power limitation and generator protection, which makes the control more effective than
an over-speeding method. In [57], the authors noted that an under-speed and de-loading
operation could reduce the performance of VSWTs, posing a threat to mechanical system
equilibrium and frequency control.

The pitch angle frequency control in VSWTs can limit the active power below nominal
levels by using the B—f droop coefficient. Instead of adjusting the active power directly,
the droop coefficient can influence the pitch angle, impacting both the de-loading and
frequency response. This method modulates active power reserves by adapting pitch angles
against system frequency changes. Figure 4 shows a typical structure of the pitch angle
frequency control, where the pitch angle reference is affected by the real-time frequency
deviation and the rotor speed measurements.

Dead band

Af —ﬂf)T’; = P Koo

High-pass filter |

Bre2  Pitch angle actuator

Pitch servo motor max

/Smin

Figure 4. Pitch angle frequency control.

3.2. Conventional Inertia and Droop Control Loops

The conventional inertia and droop control behave like the frequency response charac-
teristics of a synchronous generator. It uses the real-time ROCOF and frequency deviation
measurements to adjust the active power output from VSWTs, which is presented in
Figure 5 [11,15,16,29,30].

Inertia loop control

1
1 fsys 1 df |P«'n.irfin PMPP’[
1 sTi+1

Low-pass filter

Droop loop control

Figure 5. Conventional inertia and droop control.

The inertia control loop adjusts a VSWT’s power output based on the ROCOF; mean-
while, the droop control loop regulates a VSWT’s power output based on frequency devi-
ation [9,13,51,56—60]. To minimize artificial delays and noise impacts, the corresponding
filter should be designed and integrated into the control loop. Combining inertia with droop
controls improves a VSWT’s frequency response. Equation (9) represents the supporting
active power of a VSWT using inertia and droop control loops.

d
APsupp = _KDroopAf - Klnertiadi':fr (9)

where K1, is the inertial gain, which is emulated using the inertia constant of a syn-
chronous generator; Af is frequency deviation; and Kp,p is the droop gain.
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3.3. Adaptive Droop Control

The droop controller enables VSWTs to provide additional power for frequency reg-
ulation. Furthermore, an adaptive droop coefficient based on the system frequency can
optimize the capability of the frequency regulation for VSWTs. For instance, a low coeffi-
cient is appropriate for small disturbances because the power deviation from the MPPT
point can be minimized, while a high coefficient for significant deviations ensures suffi-
cient power support from VSWTs. A typical adaptive droop control approach is shown in
Figure 6. The equation that describes the adaptive droop-gain-based frequency deviation is
expressed in (10). Figure 7 represents the function of the adaptive droop coefficient based
on the frequency deviation [27,61,62].

Kmin/ |Af| < Afrnirl
Kmax (|Af[=A min Kmin A fmax+|A
Kiroop = § XmelAf|=0fmin) iain(Boax IO Afe o < AF| < Afimax (10)

max —4 min

Kmax, ‘Af| = Afmax

where Af min and Af max are the minimum and maximum dead bands for the frequency con-
trol, respectively. Kinin and Kmax indicate the allowable range of the droop gain coefficient;
Af is the frequency deviation; and Kpyp is the droop gain.

Inertia loop control

sTy+1 dt

Low-pass filter

Af | sTh
| sTy +1
Dead band - High-pass filter

Adaptive droop |~ K Droop
gain function

Adapative droop loop control

Figure 6. Frequency-based adaptive droop control [61,62].

K Droop
A

K

> ‘Af|
A_f,rnin Af,max

Figure 7. Adaptive droop control trajectory based on frequency.

Adaptive droop controls may potentially cause a secondary frequency drop by VSWTs
due to excessive SKE. It also requires an advanced computation for the droop rate. Us-
ing FLC to estimate adaptive droop coefficients should be an appropriate solution. For
instance, references [45,63-65] applied FLC for the adaptive droop gain, which considers
the required reserved power according to wind speeds and de-loading ratios. However,
the previous studies provided complex calculations and resulted in slow responses for
frequency controls.

Moreover, earlier FLC methods for frequency controls depended on the precise mea-
surement of the wind speed and de-loading ratio, making it difficult to assess the system
performance in different operating scenarios. This limitation reduces its overall applicabil-
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ity. The traditional fuzzy rule for the adaptive droop control of VSWTs is listed below and
the corresponding control diagram is shown in Figure 8 [63].

Inertia loop control

—_ =
sTy+1 dt

Low-pass filter

8Ty,
8Ty +1
Dead band  High-pass filter

&

Fuzzy adaptive droop loop control

Figure 8. FLC-based adaptive droop control [63].

e If Af is significant and the SKE in the VSWTs is minimal, a moderate droop rate
is recommended.
If Af is substantial and the SKE is significant, the droop rate is large.
If Af is small and the SKE is either substantial or minimal, the droop is set to a
small value.

The above FLC method requires accurate measurements of wind speeds to determine
the SKE. Thus, inaccurate wind speed measurements can cause a large error in both the
SKE and droop gain. To improve the performance of the frequency control, wind speed
measurements should be avoided.

4. The Proposed Method to Improve Frequency Regulation by VSWTs

Figure 9 shows the flowchart of the proposed method. First, the rotor speed is mea-
sured to ensure that the VSWT has enough SKE to provide frequency regulation. If the rotor
speed is less than the minimum rotor speed, the VSWT does not participate in frequency
regulation. In addition, the system frequency is also measured to determine whether the
VSWT should participate in frequency regulation or not.

Starting from the right side of the flowchart, a VSWT regulates its power output based
on the measured system frequency and ROCOEF. According to these measurements, the
FLC is utilized to determine the appropriate droop and inertia gains.

On the left side of Figure 9, the proposed FLC method utilizes the difference in rotor
speed and its rate of change to adjust the PID parameters of the FLC. This guarantees a
stable operation of VSWTs, even during a large wind speed change. Meanwhile, the pitch
angle frequency control also incorporates FLC to determine the f—f droop gain .72, which
depends on the system frequency and ROCOEF. Therefore, the adjustment of the pitch angle
frequency controller can optimize the SKE modulation.

Combining droop and inertia control loops with pitch angle frequency control maxi-
mizes the frequency regulation capacity of VSWTs. This is crucial for system stability under
varying wind speeds. The control process is complete if the rotor speed begins to recover.
With the developed FLC mechanism, VSWTs can help to minimize the negative impacts on
the system frequency.

4.1. Adaptive Fuzzy Inertia and Droop Control Loops

Traditional FLCs based on the reserved power of VSWTs highly depend on key factors
like wind speeds. Hence, adjusting the control strategy to accommodate the inertia and
droop coefficients is difficult. It would potentially lead to an incorrect droop adjustment.
In this paper, the proposed adaptive coefficient method takes the frequency deviation
and ROCOF as the inputs for the FLC to continuously adjust the inertia and droop gains.
Therefore, the operating performance of VSWTs can be improved.
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|
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-
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Rotor Speed
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Figure 9. Flow chart of the proposed method.

The proposed control method is illustrated in Figure 10, where the ROCOF serves as
one of the fuzzy inputs, providing a rapid response to disturbances. It ensures the system’s
adaptability to sudden events. The use of the ROCOF as an input enhances the control
performance and potentially reduces the computational demands when determining the
VSWT reserve power. To avoid signal delays and minimize possible noises, a filter is added
in the control loop. Compared with traditional fuzzy adaptive droop controls [44,62-64],
the proposed method can simplify the implementation of frequency regulation and improve
the frequency response of VSWTs.

|Af]

— _Klnr.rtiﬂ
daf
dt
P

fsys 1
sy +1

Low-pass filter
fref +7 Af ST),

sTh+1
High-pass filter Dead band

an )
s /o,

dt

Figure 10. The proposed fuzzy adaptive inertia and droop control.

The inputs of FLC include the frequency deviation and ROCOF, and Figures 11 and 12
define their membership functions, respectively.
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Figure 12. The designed membership function of the ROCOF.

e  Membership function of frequency deviation | Af I: The fuzzy sets are categorized into
very small (VS), small (S), medium (M), large (L), and very large (VL). The frequency
deviation | Af | ranges within [0, 1]. For instance, a unique VL is determined if | Af |
exceeds 0.85 Hz.

e  Membership function of the ROCOF: The fuzzy sets are categorized as negative large
(NL), negative middle (NM), negative small (NS), negative medium (NM), zero (Z),
positive small (PS), positive middle (PM), and positive large (PL). The range of the RO-
COF is within [—1, 1] Hz/s. The range of the ROCOF between —1 Hz/s and +1 Hz/s
prevents an extreme frequency change that could disrupt the system operations.

The FLC rules for the frequency deviation | Af | includes five membership functions,
while there are seven membership functions for the ROCOF because of its complexity. This
setup enables a precise decision in response to various levels of the ROCOEF, achieving
accuracy and computational efficiency in the control system.

Table 1 shows the fuzzy rule to determine the adaptive droop gain based on the two
inputs: | Afl and ROCOF. The output of the FLC is the droop gain Kpy,sp, which governs
the response speed to frequency deviations. It is categorized by seven stages: very slow
(VSL), middle slow (MSL), slow (SL), medium (M), fast (F), middle fast (MF), and very fast
(VF), which are shown in Figure 13.

Table 1. Fuzzy rules for the adaptive droop gain.

Af
dfldt VL L M S VS Stage of Frequency Responses
NL VF VF VF F F
NM VF VF VF F F Frequency drop
NS VF VF MF F M
Z VF MF F M M Reaching frequency nadir
PS MF MF F M SL
PM MF F F SL MSL Frequency recovery
PL F F M MSL VSL
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| vsL MSL  SL [ F MF  VF

e
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0 10 20 30 40 50 60
Droop

Figure 13. Designed membership function of adaptive droop gain.

The droop gain is designed based on the allowable released SKE, which prevents the
rotor speed from reaching the minimum rotor speed wpin, Furthermore, it is recommended
that the droop gain is equal to or lower than the allowable droop range of synchronous
generators in the system, which ensures that VSWTs and synchronous generators can
respond to frequency changes in a coordinated manner. This study referred to [26,66,67]
when designing the range of the droop gain, which is shown in (11).

0< KDroop <60 (11)

Similar to Table 1, Table 2 shows the fuzzy rules to determine the inertia gain Kpeptis,
which is from the output of FLC. It is categorized using five membership functions in
Figure 14, namely, small (S), middle small (MS), middle (M), middle large (ML), and large
(L). According to [26,66,67], the design of the inertia gain was based on the characteristics
of VSWTs. In this paper, the range of the inertia gain is given by (12). If K}, is too large,
the rotor speed of a VSWT may exceed its limit, and then the VSWT will stall. On the other
hand, if Kp,e4i, is too small, less SKE is released.

O~5HWTG,eq < Klnertia < 2HWTG,eq (12)

where Hyr ¢ is the equivalent inertia time constant of the VSWT.

Table 2. Fuzzy rules for the adaptive inertia gain.

Af Stage of Frequency
dfldt VL L M S \'E Responses
NL L L L ML
NM L L L ML M Frequency drop
NS L L ML M M
Z L ML M MS Reaching frequency nadir
PS ML MS MS
PM M MS MS Frequency recovery
PL M MS S
s wms? [
g(l.ﬂ
é 0.6
£
=04
Zo2
0

w
bl
b

4 45 5
Inertia

Figure 14. Designed membership function of adaptive inertia gain.
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4.2. Simplified Fuzzy PID Pitch Angle Frequency Control

This study combines a fuzzy PID controller for pitch angle control with an iner-
tia/droop control using an FLC-based PID controller; the control block diagram is shown in
Figure 15. The new structure becomes more robust and flexible to generate an appropriate
pitch angle. The FLC can adjust the PID parameters according to the signal of the rotor
speed difference. According to the specified fuzzy rules shown in Table 3, adaptive PID
parameters can be determined to minimize the output error of the pitch angle reference B
under various wind speeds. Thus, the proposed pitch angle control based on the fuzzy PID
can be applied for de-loading control under all wind speeds; additionally, the proposed
pitch angle control also limits the active power output of a VSWT and its rotor speed under

high wind speeds.
Af 8Ty,
7 8Ty +1

dAw, e e Pitch angle actuator

— _I::,
( L —
PID
|

Pitch servo motor | Bmax

L 1
o e

Wg max

Wy I Brin
Figure 15. Proposed pitch angle frequency control.
Table 3. Simplified PID parameters for the pitch angle control.
d(Awg)/dt
Awg P ZE N
P NB NM NS
ZE ZE ZE ZE
N PS PM PB

In the proposed controller, the inputs of FLC include the difference in the rotor speed
Awq and the rate of change of the rotor-speed difference d(Awyg)/dt [46,47]. The membership
functions of Awg and d(Awyg)/dt are shown in Figures 16a and 16b, respectively. The
difference means the difference between the rated value and the measured value.

N z P | N 7 P LB N}‘\[ PM PB
f\
i) = = [\
208 208 2081\
-] 5 3 [\
= = = / \
£06 £ 046 06 \/ \
@ 3 2 \
= H E A
Z 04 S04 S04 | \
g @ g
& c g
2 i L
502 élil én.z “.‘
I
0 0 0F
-1 —0.5 0 0.5 1 -1 =05 0 0s 1 -1 -0.5 0 0.5 1
Awg d(Awg)/dt Kp, Ki, Kd
(a) (b) ()

Figure 16. Membership function of PID controller coefficient. (a) Membership function of Awy;
(b) membership function of d(Awg)/dt; (c) membership function of PID control coefficients.

The membership function of Aw, or d(Awyg)/dt is categorized with three levels: neg-
ative (N), zero (ZE), and positive (P). The outputs of FCL are Kp, K}, and Kp of the PID
controller, and their membership function is shown in Figure 16¢, where seven linguistic
levels are categorized: positive small (PS), positive medium (PM), positive big (PB), zero
(ZE), negative small (NS), negative middle (NM), and negative big (NB).
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When Awg is negative, K is reduced, while keeping K; and K, relatively stable. A
positive d(Awg)/dt accelerates the reduction of K,, while a negative d(Awg)/dt slows down
the above process. Conversely, a positive Aw, indicates that the reference signal exceeds
the measured value; then, K}, is increased and Kj is decreased to help the observations catch
up faster. Additionally, when d(Aw,)/dt is positive, it extends the output error of the pitch
angle reference By, but if d(Awg)/dt is negative, it requires slowing down the adjustment of
K, to prevent overshooting.

The proposed pitch angle frequency controller also applies the FLC to determine
the p—f droop gain B>, which maximizes the SKE according to the system frequency.
Thus, the combination of fuzzy-based pitch angle frequency and fuzzy-based adaptive
inertia—droop controls can maximize the utilization of reserved power from VSWTs for
frequency regulation and enhance their frequency control capability.

5. Simulation Results and Discussions

The proposed method was validated on a test system, as shown in Figure 17, which
comprised a wind farm with a 10 MW rated power and 15 MW traditional thermal genera-
tors. The used VSWTs were DFIG-based wind turbines, whose specifications are shown in
Table 4 [55,56]. Additionally, the parameters of a 15 MW thermal generator with a reheat
governor and the simplified system are listed in Table 5 [55]. The traditional generator
and VSWTs contributed approximately 60% and 40% of the generation to the power load,
respectively. The simulation software in this study was the MATLAB version 2024a, the
VSWTs and traditional generators in all strategies have the same parameters.

Simplified reheat govenor model

—1 1 1 1
Ryoneq : -‘iTg +1 sTpy +1 ] sTeg +1

Simplified VSWTs wind farm ‘ . ! | JAf
—~Wind Speed—>1 power plant r‘" e 2H.s+ D

APy
Load disturbance

Figure 17. Block diagram of the test system.

Table 4. Parameters of DFIG-VSWTs.

Parameter Meaning Value and Unit
Pey Rated electrical active power 10 MW)
Hutg Inertia time constant of VSWT 5(s)
Wy min/ Wr,max Minimum/maximum rotor speed 0.698/1.21 (pu)
Kwrg Penetration percentage level of DFIG-VSWTs 40%
Bmax/ Bmin Maximum and minimum pitch angle 45/0 (deg)
Kpy /Ky /Kpp PID controller coefficient of pitch angle controller 500/0/0
Ts Servo motor time constant of pitch compensator 0.3 x 1073 (s)
Kiertia-min / Kinertia-max Minimum/maximum inertia gain of DFIG-VSWT 5/10 (s)
KDproop-min / Kproop-max Minimum/maximum droop gain of DFIG-VSWT 0/60
T; Low-pass filter time constant 0.1(s)
Ty High-pass filter time constant 0.1(s)

To study the frequency control techniques by VSWTs, the simplified model in Figure 17
was enough to demonstrate the feasibility of the proposed method. It was a modified
version of the model in [56,68]. This simplified model focused on the issue of active power
and frequency; thus, the related model for reactive power control was eliminated.

It should be noted that references [55,68] were only used for establishing the simplified
VSWT model and the power system for simulation. Typically, a frequency regulation control
in VSWTs include three control loops (inertia control, droop control, and the MPPT control).
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Both papers [55,68] applied traditional virtual inertia to manage frequency deviations and
improved traditional MPPT strategies by shifting the MPPT curve based on frequency
changes. That is, they developed a new MPPT control for frequency regulation to influence
the variation in the active power injection. These adjustments aim to control the active
power and smooth wind power output to stabilize the system frequency.

Table 5. Parameters of the reheat governor and power system.

Parameter Meaning Value and Unit

Prated Rated electrical active power 15 (MW)

Heg Equivalent inertia constant of the system 5(s)

Damping factor 1

K Mechanical power gain factor 5

Fy Fraction of total power generated by high-pressure turbine 0.4

TR Reheat time constant 0.8 (s)

Tcy Steam chest delay time constant 0.4 (s)
Rgov, e Equivalent droop gain of the governor 0.05
Kpiant Power share level of traditional synchronous generators 60%

However, the objective of this study focused on the integration of FLC in the adaptive
inertia and droop control gains, as well as in the pitch angle frequency control loop.
Consequently, the proposed method was compared with conventional inertia and droop
control loops with constant inertia and droop gains, adaptive droop control methods, and
traditional pitch angle frequency control methods to verify the effectiveness of the proposed
FLC controller.

This study compared the simulation results from six control scenarios: the proposed
control, conventional inertia and droop control, adaptive droop control, fuzzy adaptive
droop control, pitch angle frequency control, and the case without control.

For the without-control strategy, the VSWTs operated under the MPPT control mode;
thus, they could not support frequency regulation. The conventional inertia and droop
control employed fixed controller parameters (Kpuetiq = 5 s and Kpjogp = 20). This provided
a baseline control strategy for frequency regulation but lacked control flexibility. These
parameters were selected based on the conclusion in [65,67]. Hence, the parameters were
chosen from the various simulations to take the best results that were suitable for the system
and the VSWTs. The adaptive droop control was based on (10) and reference [61], which
dynamically adjusts the droop gain based on the system frequency aiming to offer a more
responsive control approach. The fuzzy adaptive droop control was developed by [63],
which incorporates FLC into the controller to adapt droop gain according to real-time
conditions, in which the system frequency and the SKE of the VSWTs are used as inputs.
Hence, the FLC method can potentially improve the performance of frequency regulation.
Both the adaptive droop gain controls and fuzzy adaptive droop control had the same
droop gain with the proposed method (from Ky o0p-min t0 Kiroop-max, as shown in Table 4) to
ensure a more accurate and meaningful comparison. By aligning the droop gain ranges
across these control methods, the comparison was made more consistent, allowing for a
fair evaluation of each strategy’s performance under similar operational conditions. The
pitch angle frequency control adjusted the wind turbine blade pitch angles to regulate the
frequency using a fixed B—f droop gain of 20, as described in [28], and included conventional
inertia and droop controllers in the RSC of VSWTs. The proposed control method, which
combines FLC with pitch angle frequency control, goes beyond traditional methods by
dynamically adjusting pitch angles based on FLC inputs. This approach offers more flexible
and adaptive control to respond to changing system conditions, potentially enhancing
the frequency regulation performance in VSWTs. Evaluating both adaptive droop control
and fuzzy adaptive droop control aims to verify the effectiveness of FLC on frequency
control. Additionally, compared with pitch angle frequency control, the proposed FLC
can dynamically adjust pitch angles based on the inputs of FLC. This feature enables more
flexible and adaptive control to deal with varying system conditions. As a result, it has the
potential to improve the performance of frequency regulation from VSWTs.
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Rotor Speed (pu)

Frequency (Hz)

For all control strategies, VSWTs were de-loaded to reserve a small amount of active
power by using pitch angle de-loading control. The comparison in this study was conducted
across four distinct wind speed scenarios, as shown in Table 6.

Table 6. Wind speed scenarios.

Simulation Scenarios

= W N -

Constant below-rated wind speed: Vy, =8.4m/s
Constant rated wind speed: Vy, =12 m/s
Constant high wind speed: Vi, =14 m/s

Variable random wind speed

5.1. Constant Wind Speed (Below the Rated Value): Vy, = 8.4 m/s

In this scenario, the wind speed was 8.4 m/s, and it was assumed that a sudden 10%
generation tripped at 5 s. VSWTs initially operate in the MPPT mode. The simulation
results from the five control methods are shown in Figure 18 and Table 7.
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Figure 18. Simulation results (the V,, = 8.4 m/s scenario). (a) Transient system frequency; (b) the
active power of the VSWTs; (c) the rotor speed of the VSWTs; (d) the pitch angle of the VSWTs.

As can be seen from Table 7 and Figure 18a, in the case of without control, the VSWTs
operated in MPPT mode; therefore, the VSWTs did not provide frequency regulation under
frequency disturbance. Compared with the without control strategy, the conventional
inertia and droop control only helped the system frequency improve a little during the



Energies 2024, 17, 2617

16 of 26

system frequency regulation (frequency nadir raised from 59.177 Hz to 59.217 Hz). In the
pitch angle frequency control, by adjusting the pitch angle, the VSWTs could provide more
SKE to the frequency disturbance; hence, the frequency nadir could be improved. However,
it was still lower than dynamic droop gain control methods. The simulation results describe
the effectiveness of the control method for VSWTs that involve dynamically adjusting
the droop gain. In terms of the adaptive droop control and the fuzzy adaptive droop
control, both methods only focused on the adjustment of the droop gain, which aimed
to improve the system frequency performance by providing a faster droop rate. Hence,
the frequency nadir was improved (59.525 Hz for adaptive droop control and 59.266 Hz
for fuzzy adaptive droop control). However, while these methods focus on adjusting the
droop gain and contribute to frequency control in VSWTs, they do not address inertia gain
adjustments. This might impact the overall performance of the frequency control. The
proposed method with FLC-adaptive inertia and droop gain can provide a faster droop rate
and higher inertia gain, which is more suitable to the system disturbance compared with
the mature adaptive droop gain controls. Hence, the frequency nadir under the proposed
method was improved better than with the other control methods.

Table 7. Comparison of simulation results using different frequency control methods when the wind
speed was 8.4 m/s.

Maximum Supplementary
Frequency Nadir (Hz) Power of VSWTs for
Frequency Regulation (pu)

Minimum Rotor
Speed Drop (pu)

Without control 59.177
Conventional inertia and 59017 0.074 0.810
droop control loops
Adaptive droop control 59.252 0.092 0.807
Fuzzy adaptive droop control 59.266 0.096 0.805
Pitch angle frequency control 59.251 0.093 0.806
Proposed method 59.295 0.112 0.799

The active powers of the VSWTs are illustrated in Figure 18b. The adaptive control
method and fuzzy adaptive droop control provided a large amount of supportive power
(0.092 pu for the adaptive droop control and 0.096 pu for the fuzzy adaptive droop) due
to dynamically adjusting the droop gain to be suitable for the system disturbance. In the
case of the proposed method, the supportive power output from VSWTs was the highest
compared with the other control methods, where the maximum supportive power was
0.112 pu. This increased initial power output allowed the proposed method to provide
substantial SKE support. Additionally, it should be noticed that the potential delays in FLC
calculation slowed down the active power responses compared with the mature methods.
Furthermore, the method caused a lower rotor speed, but it remained within the safe
operational limit (0.7 pu), as shown in Figure 18c. This could cause drivetrain fatigue in
the VSWTs.

Additionally, compared with conventional pitch angle frequency control, the proposed
method offered a faster and more responsive pitch angle change, with a quicker recovery
to the initial pitch angle (Figure 18d). This rapid pitch angle response enabled the VSWTs
to provide more SKE for the frequency control, which enhanced the overall system perfor-
mance. However, the adjustment in the pitch angle for frequency regulation might affect
on the mechanical stress, which might reduce the lifespan of the VSWTs.

In summary, the proposed method for dynamically adjusting inertia and droop gains
in VSWTs, while simultaneously adjusting pitch angle, demonstrated significant improve-
ments in system frequency performance. These benefits contribute to more effective
frequency control and stability in the power grid.
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5.2. Constant Wind Speed (Rated Value): Vi, = 12 m/s

In this scenario, the wind speed was 12 m/s, and a sudden 10% generation was
assumed to trip at 5 s. The simulation results are shown in Figure 19. Since the wind speed
was 12 m/s, the rotor speeds of the VSWTs were close to the maximum value, resulting in
a higher reserved power in the VSWTs. Consequently, it became efficient for the VSWTs to
provide frequency regulation capability.

60.1 o Without Control 0.9 , —--—Conventional Inertia and Droop loops control
------ ithou N
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Figure 19. Simulation results (the V,, = 12 m/s scenario). (a) Transient system frequency; (b) the
active power of the VSWTs; (c) the rotor speed of the VSWTs; (d) the pitch angle of the VSWTs.

According to the data presented in Table 8 and Figure 19a, the conventional inertia
and droop control could improve the frequency nadir from 59.177 Hz (without control) to
59.221 Hz. Compared with the conventional inertia and droop control, using the adaptive
the droop gain, the adaptive droop control improved the frequency nadir to 59.241 Hz. The
pitch angle frequency control and the fuzzy adaptive droop control could also improve the
frequency regulation due to the higher SKE reserved in the rotating rotor speed (59.243 Hz
with the pitch angle frequency control and 59.243 Hz for the fuzzy adaptive droop control).
This was because the VSWTs operated under a higher wind speed compared with scenario
1 (8.4 m/s); hence, the VSWTs could reserve more SKE. The proposed method significantly
enhanced the SKE for frequency regulation. By adjusting the pitch angle for the frequency
regulation and adapting the droop and inertia gain based on the system frequency, this
led to a frequency nadir of 59.311 Hz, which was the highest value achieved among all the
examined control strategies.
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Table 8. Comparison of the simulation results using different frequency control methods when the
wind speed was 12 m/s.

Maximum Supplementary
Frequency Nadir (Hz) Power of VSWTs for
Frequency Regulation (pu)

Minimum Rotor
Speed Drop (pu)

Without control 59.177
Conventional inertia and 59201 0.036 1162
droop control loops
Adaptive droop control 59.241 0.103 1.161
Fuzzy adaptive droop control 59.271 0.121 1.157
Pitch angle frequency control 59.243 0.107 1.160
Proposed method 59.313 0.148 1.154

Figure 19b highlights that the proposed method can provide more SKE for frequency
regulation. On the other hand, due to the complexity involved in the FLC calculations,
the VSWTs experienced a small delayed response compared with the other methods.
Furthermore, the use of droop and inertia controls might lead to drivetrain fatigue, which
results in a lower rotor speed when compared with other control methods, as shown in
Figure 19b.

In the scenario with a high wind speed of 12 m/s, the increased wind speed enabled
the VSWTs to deliver more SKE for frequency regulation. At the same time, the pitch angle
was significantly reduced to release more SKE for frequency regulation, as demonstrated in
Figure 19d. Additionally, the implementation of the proposed FLC adaptive PID controller
allowed for a more rapid pitch angle response when a disturbance occurred. This quick
reaction further aided in stabilizing the frequency control in dynamic operating conditions.
However, the fast adjustment in pitch angle can impact the turbine’s efficiency and shorten
the lifespan of turbines.

5.3. Constant Wind Speed (Exceed the Rated Value): Vy, = 14 m/s

In this scenario, the wind speed was 14 m/s, and a sudden 10% generation was
assumed to trip at 5 s. As wind speed was 14 m/s, the power output of the VSWT reached
up to its rated value. Consequently, the power output from the VSWT was effectively
limited by controlling the pitch angle of the blades. Despite this limitation, the VSWTs
could still contribute a limited amount of SKE, e.g., around 10% of the rated power, to
support the frequency regulation. The simulation results are presented and summarized in
Figure 20 and Table 9.

Table 9. Comparison of the simulation results using different frequency control methods when the
wind speed was 14 m/s.

Maximum Supplementary
Frequency Nadir (Hz) Power of VSWTs for
Frequency Regulation (pu)

Minimum Rotor
Speed Drop (pu)

Without control 59.177
Conventional inertia and 59.212 0.073 12107
droop control loops
Adaptive droop control 59.226 0.093 1.2106
Fuzzy adaptive droop control 59.268 0.098 1.2105
Pitch angle frequency control 59.230 0.097 1.2106
Proposed method 59.290 0.101 1.2104

Figure 20a presents the simulation results for the transient frequency under the sce-
nario of a high wind speed. Given the limitations of the VSWTs, conventional and droop
control methods can only provide a small amount of SKE to improve the frequency nadir.
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Adaptive droop control adjusts the droop gain to better suit the system’s demands, result-
ing in a more significant improvement in the frequency nadir compared with conventional
control methods. At a wind speed of 14 m/s, the VSWTs could store more SKE in the
rotating rotor speed, enabling the pitch angle frequency control and fuzzy adaptive droop
control to contribute more SKE to the system. The proposed control method adjusted the
droop and inertia gains, as well as the pitch angle, allowing the VSWTs to provide more
SKE. This led to an increase in the frequency nadir, demonstrating the effectiveness of the
proposed method in improving frequency stability.
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Figure 20. Simulation results (the Vi = 14 m/s scenario). (a) Transient system frequency; (b) the
active power of the VSWTs; (c) the rotor speed of the VSWTs; (d) the pitch angle of the VSWTs.

Figure 20b illustrates that the proposed method enabled the VSWTs to deliver the
highest amount of supportive power (0.148 pu). This highlights the success of using FLC
for the adaptive inertia—droop control and adjusting the pitch angle to provide more SKE
in high-wind-speed conditions. However, due to the complexity of the FLC calculation, the
VSWTs has a delay response compared with other methods. The rotor speed dropped more
significantly with the proposed method than with the other control strategies, as shown in
Figure 20c, indicating its ability to efficiently provide SKE for frequency regulation.

In Figure 20d, through adaptive PID parameters, the new initial pitch angle of 0.85 de-
grees was set to limit the output power of the VSWTs under a high wind speed. Hence,
the amount of reserved power for frequency regulation could be determined, and the
pitch angle could be precisely controlled to maximize the allowable SKE in the rotor. This
careful management ensures the proposed method enables VSWTs to supply more SKE
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during high wind speeds, thereby contributing to better frequency regulation and system
performance. However, the overuse of the pitch angle could negatively affect the turbine’s
efficiency and reduce its operational lifespan.

5.4. Variable Wind Speeds

In this study, testing with wind speed variation alone allowed for a targeted assessment
of how control strategies respond to changes in wind power generation. This approach
isolated the impact of wind speed fluctuations, which is a major challenge in wind energy
systems, providing a clear evaluation of the strategies” ability to maintain grid stability and
regulate frequency.

This scenario aimed to verify the stability of the proposed method for frequency
regulation under continuous wind speed changes. This scenario also considered a sudden
10% loss of synchronous generation in the first 10 s. The VSWTs operated under a variable
random wind speed from 11 m/s to 7.5 m/s, as shown in Figure 21.
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Figure 21. Wind speed variations.

Figure 22a compares the system frequency response during generator trips under
varying wind speeds. When a disturbance occurred at 10 s, the frequency reached its
nadir in the first 30 s of the disturbance, as shown in more detail in Figure 22b. Table 10
summarizes the frequency nadir for each control strategy. Without any control, the fre-
quency nadir was 59.125 Hz. Conventional inertia and droop control slightly improved
the frequency nadir to 59.224 Hz. Adaptive droop control raised the frequency nadir to
59.234 Hz. Pitch angle frequency control and fuzzy adaptive droop control further en-
hanced the regulation, achieving frequency nadirs of 59.262 Hz and 59.273 Hz, respectively.
The proposed control method, which adjusts droop and inertia gains, along with the pitch
angle, allowed the VSWTs to generate more SKE, raising the frequency nadir to 59.3 Hz,
which was the highest among all strategies. Hence, these results demonstrate that the
proposed FLC method significantly enhanced the frequency nadir, providing a more stable
response during fluctuations caused by changing wind conditions.

Table 10. Comparison of frequency nadir using different frequency control methods under various
wind speeds.

Frequency Nadir (Hz)
Without control 59.125
Conventional inertia and 59994
droop control loops
Adaptive droop control 59.234
Fuzzy adaptive droop control 59.273
Pitch angle frequency control 59.262

Proposed method 59.3
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Figure 22. Simulation system frequency results in variable wind speeds scenario. (a) System fre-
quency; (b) transient system frequency in the first 30 s.

Figures 23a and 24a compare the active power and rotor speed of the VSWTs under
various wind speed scenarios. Additionally, Figure 23b shows the first 30s of disturbance,
which highlights that the supportive active power output of the VSWTs using the proposed
method surpassed that of the other control methods. This indicates that the proposed
control approach allowed for a more efficient and effective use of SKE, resulting in an
improved frequency response and greater system stability. Consequently, in the first 30 s,
the proposed method led to the lowest rotor speed, as depicted in Figure 24b, reflecting
the efficient utilization of SKE for frequency regulation. On the other hand, the use of
droop and inertia controls might lead to drivetrain fatigue, potentially affecting long-term
reliability and maintenance. Therefore, the interaction between mechanical and electrical
components could cause abnormal operation when VSWTs support frequency control.
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Figure 23. Simulation of VSWTs active power in variable wind speeds scenario. (a) VSWT’s active
power; (b) VSWT’s provided frequency regulation in the first 30 s.

Figure 25 illustrates the enhancement in the pitch angle response due to the proposed
method. By employing the proposed FLC for pitch angle frequency control, the pitch angle
was significantly reduced to release more SKE for the frequency, leading to better frequency
control. This adjustment enabled the VSWTs to contribute more efficiently to the SKE
generation, thereby enhancing their effectiveness in frequency regulation tasks. However,
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Figure 24. Simulation of VSWT’s rotor speed in variable wind speeds scenario. (a) VSWT’s rotor
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Figure 25. Simulation of VSWTs pitch angle in variable wind speeds scenario.

6. Conclusions

This study developed a novel FLC-based control method to enhance the frequency reg-
ulation capability of VSWTs under different wind speeds. The proposed method integrates
FLC into both pitch angle frequency control and droop/inertia control loops, ensuring
the maximum utilization of the frequency control capabilities of VSWTs across a diverse
wind speed range. To verify the superiority of the proposed method, this study imple-
mented frequency response simulations and compared the results achieved by the proposed
method and mature methods. The simulation results demonstrate that implementing the
conventional control, adaptive droop control, pitch angle frequency control, fuzzy adaptive
droop control, and proposed control can generate reserved SKE to offer frequency support
during load and wind speed disturbances. Compared with the traditional methods, the
proposed FLC within the droop and inertia control loops utilizes real-time measurements of
the frequency deviation and ROCOF to enhance the frequency control during disturbance
and wind speed variations. Furthermore, the proposed FLC-based pitch angle frequency
control simultaneously adjusts the pitch angle to provide appropriate reserved SKE across a
wide range of wind speeds. The proposed method not only effectively provides frequency
support during disturbance but also mitigates frequency fluctuations caused by wind speed
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changes. Through a complete simulation, the proposed method surpassed other mature
methods, emphasizing the effectiveness of the proposed method on frequency regulation
by VSWTs.

Conversely, the adjustment of the pitch blade angle during frequency regulation and
power smoothing may lead to a decrease in mechanical stress. Furthermore, droop and
inertia controls might subject the drivetrain to fatigue damage under certain grid conditions.
Therefore, it is important to study the mechanical strains in a frequency-regulating wind
generator as part of the broader integrated power system dynamics. Furthermore, a
promising solution to FLC limitations could be integrating FLC with model predictive
control (MPC), creating a hybrid approach that combines immediate control responses with
optimized long-term control actions for enhanced performance.
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