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Abstract

Frequency control is one of the challenges in wind turbine generation. One frequency control method used by wind turbine
generators (WTGs) is droop control. In the droop control method, various strategies have been devised to continually update
the droop gain to suit the current situation. This study proposes a modified droop control method that uses the advantages of
two variable droop control strategies based on the system frequency deviation: the rate of change of frequency (ROCOF)-
based method and the frequency-dependent method. Moreover, limits were set in the droop gain value based on the rotor
speed. The proposed ROCOF-based frequency-dependent droop control strategy aims at maximizing the frequency nadir
improvement with a quick primary frequency response reaction time while preventing secondary frequency drop or stall of
the turbines. These improvements can be used to increase wind penetration in the system, allowing for the reduction of fos-
sil fuel use. The frequency regulation performance of the proposed droop control strategy was compared with other droop
control methods in the MATLAB/Simulink environment using a doubly fed induction generator (DFIG) WTG model based

on the National Renewable Energy Laboratory Fatigue, Aerodynamics, Structures, and Turbulence model.

Keywords Doubly fed induction generator - Frequency nadir - Rate of change of frequency - Droop gain

1 Introduction

When the importance of renewable energy is greater than
ever, wind power generation is receiving increasing attention
because of its eco-friendliness and efficiency in space [1-4].

Among the various types of wind turbine generators
(WTGs) on the market, doubly-fed induction generators
(DFIGs) are among the most widely used because of their
efficiency and flexibility in operating speed [5]. DFIGs, also
known as type 3 wind turbine generators, operate by employ-
ing an AC/DC/AC converter in the rotor circuit, allowing for
maximized wind power extraction and lowered mechanical
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stresses [6]. Owing to its advantages and widespread use,
the DFIG model was used for the operations in this study.

However, the use of wind power generation and DFIGs
also presents challenges. Unlike other conventional meth-
ods of generation, WTGs mainly use induction generators,
which decouple the rotational speed from the grid fre-
quency. In turn, they do not contribute to grid inertia, which
is problematic in terms of frequency control, which is the
process of maintaining a steady frequency in the grid with
minimal fluctuations [7]. In a generator, when the consumed
power exceeds the generation power, the system frequency
decreases. The opposite applies, where the system frequency
increases when the generated power exceeds the consumed
power [8]. Thus, as wind penetration in an electrical grid
increases, its tendency to deviate from its operating fre-
quency also increases during a system event [9]. Various
frequency control operations exist to maintain the frequency
of the grid within the operating range.

The first method is to supply energy from the energy
storage system (ESS) connected to the wind turbine when
frequency fluctuations occur [10]. An ESS is a large-
scale energy storage system introduced to supplement the
fluctuating power generation output of wind turbines and
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maintain a stable frequency of the power system. When a
frequency drop occurs, the ESS can stably adjust the fre-
quency of the power system by transferring stored energy
to the grid [11]. However, ESS has the disadvantage of a
high investment cost, considering the complexity of com-
munication interaction and economic cost [12].

Second, deloading control is an operation in which the
WTG is operated at speeds at which the generating effi-
ciency is suboptimal, resulting in reserve power to stabi-
lize the frequency in the case of a grid event. This deload-
ing operation is achieved by either lowering the speed
through pitch control or increasing it with over-speed
control [13, 14]. Pitch control is a method of adjusting
the angle at which the turbine blades are positioned rela-
tively to the wind to limit the amount of wind energy trans-
ferred to the rotors [15—17]. Overspeeding occurs when the
WTG operates at a rotational speed faster than its maxi-
mum power point (MPP). The reserve power obtained by
pitch control and overspeeding is later used to regulate the
frequency during the system event. Although effective in
frequency stabilization, running wind turbines at a subop-
timal efficiency results in a significant loss of annual wind
energy. Moreover, the frequent activation of pitch control
in a WTG increases the mechanical stress within the unit.

A frequency control method that mitigates these draw-
backs is droop control. Droop control is a method that uses
the rotational energy stored within the generators and thus
does not require the WTG to be operated at a suboptimal
power, resulting in less energy loss. Droop control oper-
ates by utilizing the droop characteristics of generators to
manipulate the difference between the input mechanical
power and output electrical power, changing the electri-
cal frequency [18, 19]. The magnitude of the frequency
change that occurs during this process is determined by
the droop control gain. Thus, various strategies have been
employed to adjust the value of the droop gain to achieve
optimal frequency control.

The optimal droop gain at a given time varies depend-
ing on several factors. One of these factors is the turbine’s
rotor speed, for the rotational speed is what determines the
available mechanical energy within the WTG [20, 21]. How-
ever, this method does not consider the magnitude of the
frequency deviation in the system. The system frequency
at a given time determines how much frequency regulation
should occur to mitigate frequency fluctuations, which is an
important factor for efficient frequency control.

Therefore, this study focuses on two fundamental strate-
gies for frequency-deviation-related droop gain adjustment:
rate of change of frequency (ROCOF)-based droop gain and
frequency-dependent droop gain, each with its advantages
and disadvantages.

ROCOF-based droop control, which has a quick reac-
tion time during the primary frequency response, is highly
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sensitive to measurement errors and frequency noise, as
ROCOF is the derivative of the frequency deviation [14].

The frequency-dependent droop control is effective
at improving the frequency nadir, as it regulates the fre-
quency based on the deviation in frequency [20]. However,
it is slower in terms of reaction time than the ROCOF-
based droop control method, as its droop gain is a function
of the frequency deviation and not its derivative.

Therefore, this study proposes an ROCOF-based fre-
quency dependent (RFD) droop control that retains the
individual advantages of the two previous droop control
methods. The aim is to couple the ROCOF-based droop
control method’s quick reaction time with the frequency
nadir (FN) improvement of the frequency-dependent
droop control gain by selecting the droop gain as a func-
tion of both the ROCOF and frequency deviation. Fur-
thermore, high and low limits were set in the variable
droop gain based on the rotor speed, disabling the turbine
from contributing beyond its kinetic energy margin, thus
preventing a secondary frequency drop and turbine stall-
ing. With these improvements, the previous challenges
with frequency regulation through WTGs were mitigated,
potentially allowing for higher wind penetration in the
system. The performance of this method was compared
to its original counterparts of the ROCOF-based and fre-
quency-based droop control schemes within the MATLAB
Simulink environment using the NREL’s Fatigue, Aerody-
namics, Structures, and Turbulence (FAST) wind turbine
models [6].

The results show that the RFD method can successfully
retain the frequency nadir improvement of the FD method,
with approximately 5.07%-8.25% higher FN improvement
than the ROCOF-based method, while achieving a quick
reaction time of approximately 39.58% faster than that of
the FD method.

The remainder of this paper is organized as follows.
Section 2 explains the generation and control operations
of WTGs, specifically the DFIGs. Section 3 introduces the
concept and various droop control strategies, including the
proposed RFD droop control method used in this study. Sec-
tion 4 contains the specifications of the power system model
designed for droop control simulation. Section 5 presents
the simulation results for each scenario. Finally, Sect. 6 con-
cludes the paper.

2 Modeling of Doubly Fed Induction
Generator

In this section, we used a 1.5 MW FAST DFIG model pro-
vided by NREL [6]. The WTG includes the turbine aerody-
namics, drivetrain model, DFIG, and tower effect. In this
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study, we propose an optimal droop-control strategy for pri- Bmax
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2.1 Wind Turbine Aerodynamics

Wind turbines convert aerodynamic energy into mechani-
cal energy using blades. Subsequently, the rotational speed
is quickly converted through the gearbox, and mechanical
energy is transmitted to the generator to generate electrical
energy [22, 23]. The mechanical power (P,,) delivered to the
DFIG is expressed as [24, 25]

P,y = 3pAV,Cp( ) (1)
1= o,.R
== @

w

where p is the air density, A is the rotor sweep area, v,, is the
wind speed, Cp is the power coefficient, A is the tip- speed
ratio, f is the pitch angle, w, is the rotor speed, and R is the
blade radius.

The output power can be adjusted by adjusting Cp. Cp is
determined by the tip-speed ratio and pitch angle [14, 26].

2.2 Pitch Controller

Pitch control is a process in which the turbine blades of a
WTG are angled such that only a fraction of the total energy
is captured by the wind turbine. This is a process aimed
at controlling the rotor speed and mechanical power of the
turbine to protect the rotor from damage owing to spinning
at excessively high speeds.

The pitch determines the mechanical output power of the
wind turbine based on Eq. (1). A pitch controller adjusts this
pitch value based on how the user aims to control rotor speed
and output power.

The pitch controller usually uses a non-linear pitch servo.
The servo is used for proper positioning of the blade. In the
closed loop, the servo is modeled as a first-order delay sys-
tem with a time constant (z,) as follows [17]:

d 1 1

7? = —T—Cﬂ + T—Cﬁref ©)
where f is the pitch angle, 7, is the time constant, ﬁref is the
reference pitch angle value.

The pitch angle is subject to:

where f,,;, is the minimum pitch angle and g, ,, is the maxi-

mum pitch angle. The values of ,,;, and f,,,, represent the

physical limitations of the pitching of the rotor blade.

Fig. 1 Block Diagram of Pitch Controller

In this study, a simple pitch controller was used as shown
in Fig. 1. The pitch controller calculates the pitch angle at
which the output power becomes the reference power. That
is, according to Eq. (1), the pitch angle is adjusted through
the pitch controller to obtain the output desired by the user. In
Fig. 1, when the reference power and current power are input
to the wind turbine, AP is the output. AP is multiplied by the
pitch controller gain and the reference pitch angle is derived.
The value obtained by subtracting the current pitch angle from
the reference pitch angle goes through the PI controller and
servo transfer function. The servo transfer function is taken
from the nonlinear model in Eq. (3). Finally, to prevent damage
to the blade, the pitch angle is limited, and the pitch angle is
derived as the result. This is illustrated as the following:

Where P, is the reference power value; P is the current
output power; f,, is the reference pitch angle; and K, and K;
are the proportional and integral constants of the PI controller;
T, is a time constant of the servo, respectively.

2.3 Doubly Fed Induction Generator

In this study, a DFIG model was used for the generator part
of the simulation, making it a type 3 wind turbine generator.
Their wide range of operation in wind speeds and high effi-
ciency make them more viable than type 1 or 2 wind turbine
generators. Additionally, they are more affordable than per-
manent magnet synchronous generators (PMSGs), also known
as type 4 wind turbine generators, because PMSGs require
expensive high-capacity converters rated for the entire output
power, making DFIGs currently the most popular turbine in
the market.

In DFIGs, there is a specific relationship between the
change in rotor speed and mechanical/electrical torque. For
this study, the variable-speed rigid drive train representation
was used, enabling the change in the generator rotor speed to
be calculated using the following equation:

dw, 1

dt = E(Tm - Te) (5)

where w, is the generator rotor speed [rad/s], T,, is the
mechanical torque [pu], 7, is the electrical torque, and H is
the inertia constant.
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3 Droop Control

In this section, the concept of droop gain control is intro-
duced, followed by an explanation of the two existing varia-
ble droop control methods. There is then a technical descrip-
tion of the modified approach to droop control proposed in
this study.

3.1 Concept of Droop Gain Control

Primary droop controllers are designed to prevent frequency
drop by using the system frequency deviation.
The droop parameter, %R, is defined as follows:

Af
%R = 5100 (©)

where Af is the frequency deviation [pu] and AP is the incre-
mental change in power [pu]. AP is the additional amount of
power that wind power supplies to the grid to compensate
for frequency deviation.

Equation (6) shows that the smaller the value of the droop
parameter, the greater the wind power supply according to
the frequency change. That is, the smaller the value of the
droop parameter, the more energy the wind power supplies
depending on the grid frequency deviation.

The small droop parameter can lead to unstable power gen-
eration due to the excessive energy contribution of WTG, while
a large droop parameter limits the ability to stabilize the fre-
quency due to a small contribution to the energy supply. There-
fore, it is important to set appropriate droop parameter values.

3.2 Fixed Droop Control

The fixed droop operation leaves the droop gain at a constant
value with no adjustments during generation. Although it
is the simplest form of droop gain selection, it lacks the
capability to change the droop gain value based on varying
conditions. To compensate for this drawback, variable droop
operations have been researched, where the droop value is
constantly optimized based on changing conditions [20, 21].

One of the conditions considered by many variable droop
strategies is rotor speed. The rotor speed prevents the over
contribution of the droop control, allowing stable opera-
tion. However, a flaw of this method is that because only the
rotational speed of the turbine is considered, the frequency
deviations are unaccounted for.

Thus, another variable condition considered by the vari-
able droop control strategy is frequency deviation. These
operations adjust the droop gain value based on how much a
system event causes the frequency to deviate from its nomi-
nal value, and various methods which utilize this concept.

@ Springer

3.3 ROCOF-based Droop Control

One form of frequency-deviation-related variable droop
control is using the ROCOF to adjust droop gain. ROCOF
is the derivative of the system frequency and can be used in
numerous ways to calculate the adjusted droop gain value.
One of these methods is to set the droop control gain as a
linear function of ROCOF [21]:

This strategy enables the WTG to adaptively adjust to the
disturbances in the frequency, owing to the positive relation-
ship between the ROCOF and system frequency disturbance.
Moreover, ROCOF has a large value in the initial stage of an
event, making the value increase of the droop gain quicker
than most other variable droop control methods, resulting in
a quicker reaction time [27].

However, because the droop gain is a function of ROCOF,
a derivative of the frequency error, this strategy is highly
sensitive to the measurement error and noise of the fre-
quency. Moreover, ROCOF reaches a value of zero during
the frequency nadir, which limits its ability to mitigate fre-
quency deviation when used by itself.

3.4 Frequency-dependent Droop Control

Another method of variable droop control related to the
frequency deviation is the frequency-dependent droop-gain
strategy. Here, the droop gain, expressed as G(f,,,), is set to
depend on the frequency deviation and can be represented
as follows [20]:

Glfys) = Crp X A + % @)
where f is the system frequency, G(f;,,) is the droop
gain, 1/R,,, is the droop gain of conventional fixed droop

schemes, and Cp, is the frequency regulation factor, which
is a constant that adjusts the performance to improve the
frequency regulation capability.

Because the frequency-dependent droop gain method
varies its droop gain based on the system frequency devia-
tion, the frequency fluctuations of the electric power system
are effectively reduced. However, the frequency-dependent
droop control strategy lacks the quick reaction time of the
ROCOF-based method because the droop gain is a func-
tion of the frequency deviation and not the ROCOF. A
comparison of some of the attributes of both the ROCOF-
based method and frequency-dependent method is given in
Table 1.

3.5 RFD Droop Control

The existing FD droop control has a good performance on
PFR, but the response speed is not faster than that of the
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Table 1 Comparison of ROCOF-based Droop Control and Fre-
quency-dependent Droop Control

Droop control Frequency Reaction time Noise sensitivity
method nadir reduc-

tion
ROCOF-based Moderate Fast High
Frequency-depend-  Effective Slow Moderate

ent

ROCOF droop control. The ROCOF droop control has a
faster PFR speed than the FD droop control; however, the
FN improvement ability is not as good as that of FD droop
control.

The RFD droop control gain is designed as shown in
Fig. 2, and the droop power output can be expressed as:

1
Grrp = Crep X Af + R (8)
df
Crep = Kgpp X o + Crp 9

where Gy, is the RFD droop gain, Cgp is the RFD droop
control gain, Ky, is a constant multiplied by ROCOF, Cp,
is the frequency regulation factor of the FD droop control,
and R, is the proportional control parameter determined by
the rotor speed.

The RFD droop control adds the characteristics of the
ROCOF to the FD droop control strategy. Equation (8) and
(9) are expressions of RFD droop control as formulas. In
the existing FD droop control strategy, the frequency regu-
lation factor, Cpy, has a fixed value. The frequency regula-
tion factor of the RFD droop control, Cgzp, adjusts the gain
to increase based on ROCOF. Consequently, an effective
FN improvement and fast PFR can be achieved by adding
the ROCOF feature to the FD droop control strategy. Fur-
thermore, the RFD droop control does not require excessive
computation because it only adds the characteristics of the
ROCOF to the existing FD strategy. Therefore, it is expected
that it can be performed quickly when performing feedback
control.

The limit in Fig. 2 makes the value of df /dt less than
zero and limits the WTG from having a droop gain that is

ER

Fig.2 RFD Droop Control Scheme Block Diagram

overly large. The ROCOF signal changes from negative
to positive at the lowest point of frequency drop which
causes unstable droop control at the inflection point of the
frequency. Because this hinders the ability to regulate the
frequency, the size of df /dt entering the RFD controller
is limited to df /dt < 0.

The grid codes of various countries limit the value of
the droop parameter between 3 and 6% for stable grid [5].
Therefore, in this study, the maximum value of the droop
parameter (R, ) is set to 6% and the minimum value of
the droop parameter (R,,;,) to 3%.

R, of Eq. (8) is determined as shown in Fig. 3. Refer-
ring to the fact that the minimum operating rotor speed
range of DFIG is 0.7 pu [14], R, is limited to R,,,. when
the rotor speed rotates below 0.75 pu. This strategy avoids
the secondary frequency drop that occurs when droop con-
trol provides PFR at low-speed rotation.

When the wind speed is high, the wind turbine has more
rotational energy, which allows it to provide more active
power [28]. However, if a lot of rotational energy is sup-
plied as active power, a secondary frequency drop occurs
because energy is consumed in the process of returning
to the original rotational speed again [11, 30]. Therefore,
wind turbines should not provide excessive energy when
the wind speed is high.

Thus, when the wind speed is high, R, should be lim-
ited such that the PFR does not become excessively large,
even if the kinetic energy is large. Therefore, when setting
R, at a rotor speed w,, the value should not be less than
3%.

4 Modeling of Power System Simulation

To check the performance of the RFD proposed in this
study, the following power system was designed. Refer-
ring to [20, 29], and [30], a wind farm consisting of eight
thermal power plants, static load, motor, and DFIG was
designed. The designed power system is shown in Fig. 4.

In a situation where a stable frequency was main-
tained, the ability to adjust the frequency of wind power
generation was analyzed when one 55 MW synchronous

Rinax = 6%

0.75 0.85 w [pu]

Fig.3 Setting of R, Based on Rotor Speed
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Fig.5 4 MW Synchronous Generator Governor Model

Table 2 Parameters of Thermal

T T F, T, R
Generator CH GT HP RH TH

03 02 03 70 0.05

generator (SG) was suddenly disconnected from the sys-
tem owing to an accident in 70 s.

In Sect. 5, droop control performance based on (1) wind
penetration and (2) wind speed was analyzed. The wind pen-
etration levels were calculated using Eq. (10) in [14].

Pinsmlled.wind

Wind penetration level (capacity) = P

(10)
max,load

For the synchronous generator model, refer to [29]. When
the frequency deviation entered the input of the steam tur-
bine of the synchronous generator, the corresponding Py
was the output. The synchronous generator model and
parameters used are shown in Fig. 5 and Table 2.

Ty is the steam turbine time constant of the main inlet
and steam chest, 7 is the speed governor time constant of
the thermal unit, F';p is the steam turbine reheat time, Ty, is
the reheat time constant, and Ry, is the droop gain of steam
turbine.

@ Springer

Table 3 FN improvement relative to No-droop control method (%)

Method Casel Case2 Case3 Cased4 Case5S
Fixed gain (20) 6.58 13.04 18.26 17.96 17.69
ROCOF method 6.95 13.49 18.68 18.41 17.86
FD method 9.41 17.36 22.85 22.92 21.87
RFD (proposed)  12.02 21.00 26.93 23.48 25.51
Table 4 Reaction times of each droop control method (s)

Method Casel Case2 Case3 Case4 Case5

Fixed gain (20) 0.44 0.45 0.54 0.52 0.46
ROCOF method ~ 0.32 0.37 0.44 0.45 0.40
FD method 0.48 0.47 0.51 0.52 0.51
RFD (proposed)  0.29 0.35 0.42 0.39 0.42

5 Results

In this section, simulations were conducted to verify the per-
formance of the RFD droop control strategy proposed in this
study. Droop control depends highly on wind penetration
and speed. Wind penetration determines the inertial constant
and magnitude of the PFR. The wind speed determines the
rotational energy available to the DFIG.

There are a total of five cases. Cases 1 to 3 compare the
results based on wind penetration, and Cases 4 to 5 com-
pare the results based on wind speed. This study analyzed
the degree of FN improvement and PFR speed, which are
displayed in Tables 3 and 4.

The FN improvement was calculated by comparing the
frequency deviation of the no-droop control method with
the frequency deviation of each droop control method. The
value was derived by subtracting the frequency deviation
of each droop control method from the no-droop control
method, then dividing that value by the frequency deviation
magnitude of the no-droop control method. This allowed
visualization of how much the presence of each droop con-
trol method improved the FN.

The PFR speed was calculated by measuring the time
in which the output power of each droop control method
reached maximum value during the simulation, then sub-
tracting 70 s from that time. This was because the SG trip
was given at the 70 s mark, meaning the calculated value,
called the reaction time, represents the time from which the
SG trip was given to the time when the power output reached
its maximum value.
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5.1 Wind Penetration

Wind penetration refers to the percentage of the total power
output of a power plant in which WTGs are generated. The
level of wind penetration has a significant effect on the fre-
quency regulation of a system because differences in wind
penetration result in different degrees of inertia constants
and primary frequency control capabilities. For Cases 1 to
3, the wind speed was set at a fixed value of 7 m/s, while the
wind penetration was set as 8.1, 16.3, and 23.2%, respec-
tively. With these parameters, the frequency and WTG out-
put power were observed to investigate the performance of
the different droop control methods in conditions with dif-
ferent wind penetration values. The simulations of Cases 1,
2, and 3 are displayed in Figs. 6, 7 and 8, respectively.

5.1.1 Case 1: Wind Speed =7 m/s, Penetration=8.1%

In Fig. 6a, the frequency of the wind turbine generator can
be observed under five different droop control methods.
With the system event of the SG trip at the 70 s mark, all
five methods show a sudden dip in frequency, followed by
a frequency increase, which recovers the frequency of the
system over a period.

In Fig. 6a, it is observed that the RFD method has the
highest FN improvement, 2.61% greater than that of the
FD scheme, which has the second lowest FN improvement,
and 5.44% greater than that of the fixed-gain droop scheme,
which has the lowest FN improvement out of the droop con-
trol schemes (except for the no-droop control scheme).

Figure 6b shows the total output power of the wind tur-
bine generator under five different droop control schemes.
Upon the SG trip at 70 s, all methods except for the no-
droop control scheme show an abrupt rise in output power,
followed by a dip and recovery to the steady-state power
level. To compare how quickly a droop control method can
react to a system event, the reaction time was analyzed in
this section. The reaction time refers to the time required for
the output power to reach its highest value when the SG trip
occurred at 70 s.

Upon close inspection, it can be observed that the RFD
and ROCOF methods show similar reaction times of 0.29 s
and 0.32 s respectively, being quicker than the FD’s reaction
time by over 33%.

It can be observed from these results that any form of
droop-control method gives an improved FN value. Among
the different droop control methods, the proposed RFD.

scheme shows the smallest frequency deviation and fast-
est reaction time. This is because of the RFD method’s
design of combining the FD method’s high FN and ROCOF
method’s quick reaction time, thus showing the advantages
of both methods, evident by the fact that the FD method
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4 No droop control

Frequency (Hz)

59.850

59.787

0.38 e
i ®  FD scheme

0.36 1 ) O RFD(proposed)
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(c) Close-up versions of the system frequency (left)
and power output (right)

Fig.6 Simulation results for Case 1

shows the second highest FN, and the ROCOF method
shows the second quickest reaction time.

5.1.2 Case 2: Wind Speed =7 m/s, Penetration=16.3%

For Case 2, all simulation parameters were identically set
to Case 1 except for the wind penetration, which increased

@ Springer
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Fig.8 Close-up versions of system frequency (left) and power output
(right) for Case 3

from 8.1 to 16.3%. The order of the highest to lowest FN
was identical to that of Case 1, as was the order of the fast-
est to slowest reaction time. These orders were the same
for all cases; thus, for Cases 2 to 5, only the close-up ver-
sions of the system frequency and power output graphs were
included to visualize the graph comparison for each droop
control method.

The level of frequency deviation, however, was higher in
Case 2 for all methods than in Case 1, and the RFD method
had a 17.66% decrease in deviation compared to its value in
Case 1. This is because higher wind penetration translates
to more wind turbines in the system, implying that more
individual units contribute to frequency regulation through
droop control, thereby improving FN.

The difference in FN improvement between the RFD and
other droop control methods also increased, with the FN
improvement of RFD method being 3.64% greater than that
of the FD method and 7.96% greater than that of the fixed
droop method.

Similar to the FN value, all methods of droop con-
trol showed slightly slower reaction times in Case 2 than
in Case 1, with the RFD method having a reaction time
20.69% slower in Case 2 than in Case 1. This is because the
frequency deviation was smaller in Case 2 than in Case 1
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because of the improved FN, and thus the droop value, being
a function of the frequency deviation, increased at a slower
rate, as did the output power.

5.1.3 Case 3: Wind Speed =7 m/s, Penetration=23.2%

The wind penetration in Case 3 is increased to 23.2% while
maintaining the remaining system parameters. Similar
to Case 2 compared to Case 1, Case 3 displayed a higher
FN value owing to higher wind penetration, with the RFD
method in Case 3 having a frequency deviation 29.83%
smaller than that of Case 1.

The difference in FN improvement between the RFD
method and the other droop control methods further
increased as well, with the FN improvement of RFD method
being 4.08% greater than that of the FD method and 8.67%
greater than that of the fixed droop method.

A slower total reaction time was also observed owing to
the improved FN, with the RFD method having a reaction
time 44.83% slower in Case 3 than in Case 1.

5.1.4 Effects of Wind Speeds

In this section, the frequency support capability of droop
control based on wind speed was analyzed. Because the
kinetic energy of the WTG is determined by the wind speed,
wind speed is an important factor in droop control. When
operated in MPPT mode, the rotor speed changes based on
the wind speed. When a frequency drop was present, a large
PFR could be provided at a high rotor speed; however, a
secondary frequency drop or wind turbine stalling problem
could occur when a large PFR was provided at a low rotor
speed [14, 20]. Therefore, it is important to improve FN
without generating a second-order frequency droop at low
wind speeds.

Additionally, unlike Cases 1-3, in Cases 4-5, the rotor
speed changed because the wind speed was different. The
1/R,, ratio of the RFD droop control and rotor speed were
analyzed to confirm the stability capability of the RFD droop
control.

5.1.5 Case 4: Wind Speed =6.5 m/s, Penetration=23.2%

In Case 4, the FN improvement ability was in the following
order: RFD, FD, ROCOF, fixed droop, and no-droop con-
trol. The FN improvement ability of the RFD droop control
differed by 0.56% from that of the FD, which had the best
FN improvement performance among the existing droop
controls. There was a difference of 5.52% from the fixed
droop control, which had a poor performance. Compared to
Cases 1 to 3, the FN improvement ability of the RFD droop
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Fig.9 Simulation results for Case 4

control in Case 4 was insignificant compared to other droop
controls. This is because the rotor was operated at a low
speed, as shown in.

Figure .9 b, thus the 1/R, value changed, as shown in
Fig. 9 b. This ability can effectively solve problems such as
secondary frequency drop by limiting the PFR to too much
at low wind speeds

The reaction time was 25% faster in RFD droop control
than in FD. This indicates that RFD droop control supports
the PFR faster.

5.1.6 Case 5:Wind Speed =8.5 m/s, Penetration=23.2%

The wind speed set at 6.5 m/s in Case 4 changed to 8.5 m/s
in Case 5 to observe the frequency support capability of
droop control at high wind speeds.

The wind speed increased, and the overall FN increased
compared to that in Case 4. This is because the higher the
wind speed, the more energy is available to support the
initial frequency.

The FN improvement ability was high in the order of
RFD, FD, ROCOF, Fixed, and no-droop control. The FN
improvement ability of the RFD droop control differed by
3.64% from that of the FD droop control and 7.82% from
that of the fixed droop control.

This is because the 1 /R, gain increased owing to the
increased rotor speed, as shown in Fig. 10b. The gain
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Fig. 10 Simulation results for Case 5

value 1/R,, of the RFD droop control of Case 5 is shown
in Fig. 10b. Because the wind speed was high and the rotor
speed rotated rapidly, 1/R,, had the maximum gain value,
as shown in Fig. 10b.

The reaction time of the RFD droop control was 17.65%
faster than that of the FD. A small difference was observed
when compared to Case 4, which showed improved FN.

6 Conclusion

This study proposes a modified variable droop control
method that can effectively improve the FN and achieve fast
PFR at the initial point of the frequency drop. Other previous
droop control strategies have utilized each of these advan-
tages individually; as the ROCOF method has a quicker PFR
reaction time, and the FD method has a higher FN improve-
ment. Both the ROCOF and frequency deviation allowed
the proposed RFD droop control strategy to attain both of
these advantages. Further, by properly adjusting the gain
based on the rotor speed, the secondary frequency drop that
occurs when the wind speed is significantly low or high can
be prevented.

The power system was designed by simulation, and the
FN improvement ability of the RFD droop control was veri-
fied based on the wind penetration and wind speed. Conse-
quently, when the wind penetration was increased, the RFD
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method showed an improved FN and faster response com-
pared to the existing method. Moreover, safe droop control
was performed when the wind speed was low, and the FN
improvement ability improved when the wind speed was
high. Furthermore, the RFD droop control was composed
of simple calculations; therefore, the mathematical calcula-
tions were not particularly complex. This can achieve a fast
feedback system, which helps in more effective wind power
operation. Therefore, the proposed RFD method is expected
to contribute to the frequency stability of power systems
and improve the penetration rate of wind power generation.

Future research should consider how to support the fre-
quencies that wind turbines can support at low wind speeds.
At low wind speeds, the ability of the wind power to control
the droop is limited because the wind turbine has a small
reserve power. Therefore, further research is required to
ensure that the wind turbine can contribute to a stable power
grid system, even at low wind speeds.
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