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The continuous integration of renewable energy into the grid has reduced
its inertia and damping levels. When disturbances occur, the grid is prone to
frequency excursion issues, which restrict the further utilization of renewable
energy. Consequently, an increasing number of grid codes require active
participation of renewable energy sources in the system'’s frequency regulation
(FR). Direct-drive permanent magnet synchronous wind power systems,
characterized by their simple structure and high reliability, have gradually
become the mainstream in wind power systems. By controlling the pitch angle
to reserve surplus power, the wind turbines can actively engage in frequency
regulation during disturbances. However, due to limited power reserve capacity,
traditional FR methods struggle with parameters tuning, thus failing to achieve
the desired effect. To this end, this paper proposes an FR strategy for direct-drive
permanent magnet synchronous wind power systems based on the principle
of rapid power compensation (RPC). It circumvents the challenges associated
with parameter tuning, and achieves optimal FR performance for wind turbine
inverter under power-limited conditions. Firstly, it is demonstrated that the
proposed RPC control, when making full use of power reserves, can achieve FR
effects equivalent to optimal PD control through rigorous mathematical analysis.
Subsequently, the RPC controlis divided into four operating modes to address FR
requirements under different conditions. The transitions between these modes
are explained, and the detailed implementation of the RPC control is provided.
Finally, the effectiveness and superiority of the proposed control strategy are
validated through simulation based on Matlab/Simulink.

KEYWORDS

frequency regulation (FR), direct drive permanent magnet synchronous wind power
generation system, rapid power compensation (RPC), pitch angle control, PD control

1 Introduction

As the environmental pollution caused by the continuous consumption of fossil fuels has
become increasingly severe, the search for alternative energy sources to traditional fossil fuels
has also become urgent. Wind energy, as a clean and pollution-free high-quality renewable
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energy source, has gained widespread attention both domestically
and internationally, Mousavietal. (2022); Ratnam etal. (2020).
However, with the continuous increase in wind power penetration,
the power system has witnessed a significant reduction in inertia and
damping levels. When disturbances occur, they can easily trigger
frequency relays, leading to events such as generator tripping and
load shedding, which pose a serious threat to the secure and stable
operation of the power system, Yang et al. (2023); Guo et al. (2022);
Kiong et al. (2022); Zhang et al. (2024). Therefore, maintaining grid
frequency stability under high wind power penetration scenarios is
very important.

Direct-drive permanent magnet synchronous wind power
systems and doubly-fed induction wind power systems are two
major wind power technologies. Among them, the direct-drive
permanent magnet wind power system is connected to the grid
through the full-power converter, and the wind turbine’s shaft
is directly linked to a multi-pole low-speed permanent magnet
synchronous generator (PMSG). This design eliminates the need
for a gearbox, resulting in lower mechanical failure rates and
significantly enhanced operational stability and reliability of the
power generation system. As a result, it has gradually become
the mainstream turbine type in wind farms, Musarrat et al. (2019).
Currently, grid codes in some countries and regions require
renewable energy sources to provide frequency support during
disturbances and actively participate in the system’s frequency
regulation (FR) process to enhance grid frequency stability,
/an de Vyver et al. (2016). Depending on the source of FR energy,
this can be divided into two main categories: energy storage
system (ESS) based FR, Berruetaetal. (2023); Liuetal. (2020);
Chauhan et al. (2019) and reserve power based FR, Sun et al. (2021);
Tu et al. (2022). Due to the higher construction cost of ESS, utilizing
reserve power for FR is more feasible in practical engineering.
Therefore, the focus of this study is on using the reserve power of
wind power systems for conducting FR. Considering that direct-
drive permanent magnet synchronous wind power systems are
connected to the grid in the form of the full-power converter,
its flexible and controllable nature can be leveraged to enhance
the frequency response capability through modifications to the
converter control strategy, Saha et al. (2023).

Addressing the frequency indicators commonly concerned
in frequency stability, namely, frequency deviation and the rate
of change of frequency (RoCoF), corresponding suppression
methods have been proposed and applied in engineering practice,
Ratnam et al. (2020). Common controls include droop control,
inertia control, proportional integral (PD) control, virtual
synchronous generator (VSG) control, and various intelligent
algorithms, Van de Vyver et al. (2016); Liu et al. (2022a,b); Sun et al.
(2020); Xiong et al. (2020); Wang et al. (2018). Each control has
its own advantages, disadvantages, and applicable scenarios.
Specifically, Van de Vyver etal. (2016) demonstrates that droop
control is a straightforward and effective inertia response strategy,
but it does not consider the impact of energy sources for FR. Li et al.
(2022) focuses on PMSG and proposes a virtual inertia control
strategy based on fuzzy logic algorithms to enhance grid frequency
stability. However, it does not thoroughly consider the influence
of frequency deviation on grid frequency stability. Dai et al. (2022)
suggests an adaptive frequency control strategy using rotor kinetic
energy as reserve power, but the released rotor energy is a function
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of rotor speed, lacking a universal design principle and limiting its
widespread application.

In general, the aforementioned methods are limited by the
reserve capacity of wind power systems or the constraints of
existing energy in equipment, resulting in complex design of control
parameters. Furthermore, improper control parameters could lead
to ineffective FR or even adverse effects, jeopardizing the secure and
stable operation of the power system. To address these issues, this
paper proposes an FR method based on the principle of rapid power
compensation (RPC), and the proposed approach can achieve FR
effects equivalent to optimal PD control, utilizing the full reserve
power of the generation system while avoiding complex parameter
design, thus providing better frequency support for the power
system and effectively reducing frequency deviation and RoCoE

The remainder of the manuscript is as follows. Section 2
introduces the structure and control principles of the direct-drive
permanent magnet synchronous wind power system, elucidating
the necessity of wind power system providing FR, and presenting
commonly used control methods and the challenges they face. Next,
Section 3 comprehensively discusses the fundamental principles of
RPC control and its detailed implementation in the wind turbine
system. Section 4 validates the superiority of the proposed RPC
control through simulation analysis. Finally, conclusions are drawn
in Section 5.

2 Grid-tied wind turbine system

2.1 Necessity of wind power system
providing frequency regulation

Figure 1 shows the basic structure and control principle of
the direct-drive permanent magnet synchronous wind power
generation system, which is connected to the grid through
a full-power converter. In this system, the wind turbine is
directly connected to the PMSG without the need for additional
intermediary structures, thus offering advantages such as high
reliability, strong stability, and good economic performance. The
rotor-side converter (RSC) is directly connected to the rotor of the
PMSG and is usually controlled using the maximum power point
tracking (MPPT) strategy, and the grid-side converter (GSC) is
typically controlled with a voltage-current dual closed-loop strategy
for grid connection.

For wind turbines within the same wind farm operating under
the same wind speed conditions, their internal interactions can be
ignored, and the wind farm can be approximated as an equivalent
unit. During the inertia response phase of the power grid frequency,
the influence of primary frequency control and secondary frequency
control can be neglected. Therefore, the frequency response process
of the grid-tied wind farm system can be described using the swing
equation as

r Y _pp (1)
Far — ¢

where fis the grid frequency, Tj is the inertia time constant, P is the

power generated by the wind turbine system, and P, is the power

absorbed by the grid.
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FIGURE 1

Grid connection control diagram of direct-drive PMSG wind power system.

To retain FR capability, the power generated by the wind turbine
P would include the MPPT power Py;ppr and the auxiliary power
P

s 1-€.5

P = Pyppr + Py )

In addition to the load power P|, the power absorbed P, also
includes inherent grid frequency response power, such as the power
from the frequency response capability of asynchronous motor
loads. Therefore, Pg can be expressed as

Py

— P Ky (- f) ®)
where K, is the inherent grid frequency response coefficient, and fy
is the rated frequency of the grid.

In the case of a disturbance AP;, both the grid and the wind
turbine system need to respond to the disturbance power. Thus,
combining (1), (2), and (3), the dynamic response model of the
power system can be obtained as

af
T]E:(PMPPT+Pau)_[PLO+APL_Kg(fN_f)] (4)
Since the Pyppr is equal to the steady-state load power P, i.e.,
Pyppr = Py> (4) can be further simplified as
af
T;— =K
J dt 8

(fN_f)_APL-"Pau (5)

Without auxiliary FR power P

> the power deviation on the

right-hand side of (5) would be larger, resulting in greater frequency
deviation and RoCoF, seriously affecting the systems frequency
stability. Therefore, it is very crucial for utilizing the grid-tied wind
turbine system to provide necessary frequency support.
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2.2 Pitch angle control

By adjusting the pitch angle of the wind turbine, the captured
power can be altered, causing the operating point of the wind turbine
to deviate from the maximum power point. It, in turn, provides the
wind turbine with reserve capacity to participate in system FR. The
specific operational principle of pitch angle control is analyzed as
follows.

Wind energy is the kinetic energy generated by the flow of air
and can be analyzed using aerodynamic theory. Specifically, the
blades of a wind turbine can convert received wind energy into
mechanical energy, and the captured mechanical power P, can be
represented as

P,, = 0.5p7R%v;,C, (B, 1) (6)

where, p is the air density, R is the radius of the wind turbine blades,
C, is the wind energy capture coefficient, v,, is the actual wind speed,
B is the pitch angle of the blades, and A is the tip-speed ratio of the
wind turbine, which can be expressed as

_ Row,

A

(7)

Ym

where w, is the rotational speed of the wind turbine rotor. It can
be seen that for a certain type of wind turbine, the tip-speed ratio
can be uniquely determined by the wind turbine speed w, and wind
speed v,,.

It needs to be highlighted that apart from C, and v,,, the other
parameters in (6) are mechanical structural parameters determined

m?

by the inherent structure of the wind turbine and cannot be altered
after manufacturing, i.e., under certain wind speed conditions, the
wind energy captured by the wind turbine is uniquely determined
by the wind energy capture coefficient C,. Therefore, a higher
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C, captures more wind energy, while a lower C, captures less.
Additionally, the value of C, is related to the tip-speed ratio A and
the pitch angle f3, and their relationship can be described using a
high-order nonlinear function as

116 .
CP (ﬁ;A) = 022(/\—1 —0.4/3— 5>6 Ai
1_ 1 003 ®
A A+0.088 /33+1

The relationship between CP, A and f3 can be infered from (8),
i.e., at a fixed wind speed, if the pitch angle remains constant, CP is
only affected by the wind turbine’s rotational speed w,. At this point,
the wind turbine has a specific speed that captures the maximum
wind energy. If the wind turbine’s rotational speed remains constant,
gradually decreasing the pitch angle results in an increased C,,, and
thus more wind energy is captured. The additionally captured energy
can then be utilized for FR, which is the fundamental principle of
using pitch angle control for FR.

When employing pitch angle control, the auxiliary FR power of
the wind turbine can be represented as:

P, =(1-d%)P

max

)

where d is the derating rate used to characterize the wind turbine
system’s reserve capacity, and P, ,. is the maximum power.

As shown in Figure 2, the operational range of a direct-drive
permanent magnet synchronous wind power generation system can
generally be divided into four areas: grid-tied area, C, constant area,
rotor speed constant area, and power constant area. The grid-tied
area represents the transition from the turbine being shut down to
starting up, during which the turbine’s speed increases from 0 to w,,.
The second region is the C,, constant area (segments AB), where the
turbine’s speed continuously increases to track the maximum power,
while C; remains at its maximum value. The third region is the rotor
speed constant area (segment BC). As wind speed increases, the
rotational speed of the wind turbine also increases until it reaches the
maximum speed. However, the power output of the wind turbine has
not yet reached its maximum value in this region, so the rotational
speed remains constant. The fourth region is the power constant
area (segment CD), and the control objective is to maintain the
wind turbine’s output power near its rated value. Even as wind
speed increases, the generator and inverter power remain at their
maximum values. The pitch angle control proposed in this paper is
performed within the power constant area.

Pitch angle control can be implemented through a simple PI
control, Daietal. (2022), which maintains a certain amount of
reserve power in the power constant area to achieve dynamic
frequency adjustment. The specific implementation is illustrated in
Figure 3, where f, represents the grid frequency, f. is the reference
frequency given, f3, is the rated pitch angle, and T'is the time constant
of the low-pass filter (LPF). To ensure the safe and stable operation
of the wind turbine, the pitch angle should also operate within a
certain safety range, and the rate of change of the pitch angle should
be limited. f,,;, and f3,,,, are the minimum and maximum values of
the pitch angle, respectively, and the rate of change of the pitch angle
is also restricted by a rate limiter module.

Figure 4 displays the power output curves of the wind turbine
under different control methods. The red curve Py;ppr represents the
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FIGURE 2

Power tracking curve of permanent magnet direct-drive wind turbine.

output power curve under MPPT control, and the purple curve Pg
represents the output power curve under pitch angle control. It can
be observed that pitch angle control leaves the wind turbine with
reserve capacity. When a disturbance occurs, this reserve power can
be released by adjusting the pitch angle, thus providing frequency
support to the power system.

2.3 Challenges of existing controls

Pitch angle control reserves spare capacity for wind turbine
systems to participate in power system FR. Currently, the primary
methods used to achieve system FR are droop control, inertia
control, PD control and VSG control.

Droop control is the simplest frequency control scheme,
introducing frequency deviations into the control loop to improve
the FR of the wind turbine system. Since it acts as if it enhances the
damping capacity of the grid, it is mainly used to suppress frequency
deviations. As a result, the provided FR power of the droop control
can be expressed as

Py=K4(fn-1) (10)
where Ky is the droop coefficient and fy; is rated frequency.

Inertia control introduces the RoCoF into the power control
loop, effectively increasing the inertia level of the power system, and
it can effectively reduce the RoCoF index of the power system. Thus,
the provided FR power of inertia control is given by

P =sK;(fy-f) (8

where K, is the inertia control parameter, and s is the differential
operator.

PD control combines the advantages of both droop and inertia
control, offering a better frequency response capability to the power
system. The output FR power can be written as

Ppp = (kp+5kd)(fN_f)

where k, and k4 are the proportional and derivative coefficients of
PD control, respectively.

(12)
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Principle diagram of pitch angle control.
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Comparison of wind turbine output power under different control .
methods Frequency response characteristics under PD control.

From the aforementioned analysis, it can be seen that both droop
and inertia controls can be considered as special cases of PD control, | A ﬂ < ﬁi ,
Xiong et al. (2020); Dreidy et al. (2017). When Ky = 0, PD control
becomes droop control, and when Kp =0, PD control becomes and

inertia control. Therefore, PD control can be used to analyze the |R|<Rdz

issues faced by these three control methods. Af >— fd Af < ﬁi

However, for PD control, it is a cumbersome issue for electing or
or

appropriate control parameters reasonably. As shown in Figure 5,
if the control parameters are chosen inadequate, it is difficult R>Rq4 R<-R4
to achieve the desired FR effect (e.g., curves P;; and Py,;), and

Look up
Table.l

the risk of frequency relay triggering still exists. On the other
hand, larger control parameters might exceed the maximum power
the wind turbine can provide (e.g., curves P, and Py,), still

failing to achieving desired control results. While it is possible
to find the optimal PD control parameters through rigorous
mathematical analysis, these parameters heavily depend on power
system parameters such as inertia and damping, which are Jaz <IM| <fa
difficult to obtain in practical power systems. Thus, finding the and
optimal PD parameters is challenging, and achieving the expected |R| <R
optimal PD control in practical engineering is almost impossible. d
Moreover, unreasonable PD parameters may even worsen the FIGURE 6

power systems frequency indicators, negatively impacting its Transitions between different FR modes.

frequency stability. For instance, inappropriate inertia control
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parameters can lead to oscillation problems in the grid Zhang et al.
(2024).

VSG control may be a potential solution to the problems
mentioned above. It simulates the rotor motion equation of a
synchronous generator to provide inertia and damping capabilities
to the power system. The pertinent mathematical model can be
expressed as

d
]de_{:PG_PL_APL"'D(fN_f)

(13)
where ] is the inertia of the power system, D is the damping
coeflicient, and P is the power output of the generators.

By designing J and D rigorously, the inertia and damping
capabilities of the power system can be significantly enhanced,
providing effective frequency support to the power system and
reducing the risk of frequency relay action. However, as VSG control
simulates the rotor motion equation of a synchronous generator, the
inherent oscillation problem of synchronous generators still exists
in wind power generation under VSG control, limiting the wide
application of VSG control in wind power systems. Furthermore,
due to the constraint of wind turbine pitch angle control’s spare
capacity, designing the parameters J and D in VSG control poses
difficulties. Inappropriate J and D parameters can still exceed the
wind turbines spare capacity, deteriorating the power system’s
frequency response characteristics.

3 RPC principle and implementation
3.1 Principle

As indicated from the analysis in the previous section, the
main challenge in selecting PD control parameters arises from
the limitation of wind turbine spare capacity and the difficulty in
accurately obtaining inertia and damping parameters of the actual
power system. Therefore, the core idea of the RPC principle is
to utilize the entire available spare capacity of the wind turbine
for FR during significant disturbances, abandoning linear control
strategies. By doing so, the problem of difficult parameter tuning
can be circumvented. Consider the derating rate of the wind power
system as 0, i.e., d = 0. Combining (6) and (9), the wind turbine’s
output power under this condition can be derived as

P=P, = 0.5an2vf‘nCp (B,A) (14)

When applying the RPC principle for FR, the wind turbine’s
maximum available auxiliary power P, is used as the FR power
provided by the wind turbine system, i.e.,

=P (15)

au
Substituting (15) into (5) yields the power system frequency
response when the wind power system adopts the RPC control

strategy, i.e.,
df

T)— =

dt (16)

Pium _APL+Kg(fN_f)
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Solving the above differential equation provides the time-
domain expression of power system frequency when the wind power
system employs the RPC control strategy, namely,

) K
aum (1—6 T[t>

froc= fy= ot
reC = JN K
From (17), the power system frequency deviation Afppe under

8
K,
7t)

AP - P S
AfRPC:fRPC_fN:Taum<1_e i
g

(17)

the RPC control strategy can be obtained as
(18)

Taking the derivative of (18) gives the RoCoF of the power
system under the RPC control strategy as
AP L~ P aum -t

—_—p T

T (19)

Rypc =

When the wind power system adopts PD control, substituting

(12) into (5) gives the power system frequency response model
under the PD control strategy as

df

TIE = (Kg+kp+skd) (fu- 2P (20)

Solving (20) yields the time-domain expression of the power
system frequency under the PD control strategy

Ppp -
Afory ()= —-|1-e D (21)
fPD T] ( )

Taking the derivative of (21) yields the rate of change of the
power system frequency under the PD control strategy
dAfop _ Ppp 1
—— =—.¢c b

dt Tj

Substituting (21) and (22) into (12), the additional FR power
provided by the wind turbine under the PD control strategy can be

obtained as
t
Kp +

To avoid exceeding the wind turbine’s spare capacity limitation
and achieve optimal PD control effects, the control parameters must

(22)

)

AP,

- K,kg - Tjk
PD =
Kg + kp

Ty +kq

L (23)

satisfy:
K,P

_ g4 aum
P APL _Paum
T;P

aum

k
(29)

. L
P AP -P

aum

Substituting (24) into (21) and (22), we have

Af, RPC — Af; PD

Rppc = Rpp

(25)

Furthermore, by substituting (24) into (23), the following
important conclusion can be drawn

Proc = Ppp (26)

By combining (25) and (26), it can be observed that under the
constraint of the wind turbine’s maximum available spare capacity,
the frequency response effect achieved through the RPC control
strategy is equivalent to optimal PD control. This constitutes the
specific principle of RPC control. Clearly, the adoption of RPC
control can avoid the challenges of designing optimal PD parameters
and reduces the complexity of controller design.
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3.2 Implementation

Frequency deviation and RoCoF are two important indicators
reflecting the grids frequency response characteristics. By
comparing the operating ranges of these two indicators, the power
system’s status can be assessed, indicating whether the system is in
a power balance state and whether the generation system needs to
increase or decrease power output. Specifically, when the frequency
deviation is significantly larger than the deadband threshold and
the RoCoF R is negative, it signifies an increase in load power of
the power system. In this case, the wind turbine system should
increase power generation to mitigate the impact of disturbance
power on the power system frequency. Conversely, when the
frequency deviation is significantly smaller than the deadband
threshold and R is positive, it implies a decrease in load power
in the power system. Here, the wind turbine system should decrease
power generation. When both frequency deviation and RoCoF are
negligible, it indicates that the power system has not been notably
disturbed, and the wind turbine system does not need to provide
extra FR power. Additionally, as the frequency deviation and RoCoF
decrease gradually, in order to avoid consuming and occupying wind
turbine FR resources with maximum spare capacity over prolonged
periods, the system can smoothly exit the RPC FR mode using droop
control.

Based on the above analysis, and according to different
operational ranges of frequency indicators and considering the
direction of disturbance power (increasing or decreasing load
power), the RPC control strategy can be divided into the following
four modes. The operational modes of each are explained as follows.

1. Steady State Mode: When the power system is not disturbed or
only slightly disturbed, both the frequency deviation and RoCoF
indicators are small, and the wind turbine system does not need
to provide extra FR power.

. Droop Control Mode: When the frequency deviation and RoCoF
indicators of the power system reach certain values and exceed
the FR deadband range, the wind power system needs to
utilize droop control to provide a certain amount of FR power.
Moreover, this mode can also be used to smoothly exit the state
of using maximum available spare power.

. Positive RPC Mode: When the power grids frequency
deviation significantly increases or the RoCoF indicator drops
significantly, exceeding the range tolerated by the droop
mode, the wind turbine system needs to rapidly release
power to effectively suppress further degradation of frequency
indicators.

. Negative RPC Mode: When the frequency deviation of the
power system rapidly decreases or the RoCoF indicator rapidly
increases, surpassing the operational range of both the steady
state mode and droop control mode, it means that the power
output of the system exceeds the absorbed load power. At
this point, the wind turbine’s power output should be rapidly
reduced.

The frequency indicators corresponding to different modes are
shown in Table 1. Here, f;, and Ry, are the maximum allowable
frequency deviation and RoCoF of the steady state mode. When
the frequency indicators exceed these limits, the operational mode
transitions from steady state mode to droop control mode. f; and
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— fi,

Vgabe ¢ Rdl

FIGURE 7
Implementation of the proposed RPC strategy

Ry are the frequency deviation and RoCoF when transitioning
from droop control mode to RPC control mode, respectively; they
define the maximum operational threshold of the droop control
mode. Frequency indicators exceeding these values will cause the
system to transition from droop mode to RPC mode, where K, is
the droop coefficient during this mode. The frequency thresholds
corresponding to different FR modes can be determined according
to various grid codes, Xiongetal. (2021). To ensure the safe
operation of the power system, the following relationships must be
satisfied by these mode thresholds.

0<fdz<fd< relay
0<Ry, <R4y<R

27)
relay

The transitions between different FR modes are illustrated in
Figure 6. By evaluating the range of the power grid frequency
indicators, the corresponding FR mode can be selected.

The RPC-based FR strategy proposed for direct-drive
permanent magnet synchronous wind power generation system
can be implemented according to the schematic in Figure 7.
Firstly, using a Phase-Locked Loop (PLL) algorithm, the real-time
frequency deviation and RoCoF indicators of the power system are
measured online. Then, based on the measured frequency indicators’
operational range, the corresponding FR mode is selected according
to Figure 6. Finally, the wind turbine power command in the control
strategy shown in Figure 1 is adjusted to actively participate in the
power grid FR process.

4 Validation

To validate the effectiveness and advancement of the proposed
wind power system FR strategy, this section conducts simulation
analysis on the MATLAB/Simulink. The IEEE Four-Machine Two-
Area (IEEE 4M2A) system serves as a testbed for studying power
system dynamic stability, power flow, and damping oscillations.
This system comprises 11 buses, four generators, and two areas
connected through weak tie lines, Xiong et al. (2021). To test the
FR performance of the wind power system, this study replaces
Generator G3 in Area 2 of the IEEE 4M2A simulation system
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TABLE 1 Different operating modes and their operational ranges.

10.3389/fenrg.2023.1309587

Mode Operational range Output power
Steady state mode |Af] < fq4, and |R| < Ry 0
Droop mode fa, <|Af| <fqand |R| <Ry KpAf
+RPC mode Af >—fqorR>Ry P
-RPC mode Af <—fqorR<—Ry —Pim
B1 B2
OO — A
G1 G3
Load «— —» Load
O+ D= D+
G2 Load «— Load G4
—o/o—>
Areal Area2
FIGURE 8
|IEEE 4M2A system configuration.

TABLE 2 Simulation parameters.

Parameter Value Parameter Value
Ky 80¢6 K, 60
kP 50e6 kg 60e6
far 0.05 Hz Ry, 0.1 Hz/s
fa 0.2 Hz Ry 0.2 Hz/s
frelay 0.5 Hz Ryetay 0.6 Hz/s

architecture with an equivalent 100 MW direct-drive permanent
magnet synchronous wind power system, as shown in Figure 8.
Table 2 provides the main parameters of the simulation model.
Under pitch angle control, the wind turbine grid system can provide
a spare capacity of 40 MW. When power disturbances occur, this
section will extensively compare the time-domain waveforms of key
physical quantities such as frequency, RoCoF, and output power of
wind turbine system for the IEEE 4M2A simulation system under
natural response, droop control, PD control, and the proposed RPC
control.

4.1 Single disturbance scenario

At 355, as shown in Figure 9, the load power suddenly drops
by 70 MW, causing the frequency of the IEEE 4M2A system
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to gradually increase. Under natural response, the maximum
frequency value reaches 50.62 Hz, and the maximum absolute
value of RoCoF is 0.64 Hz/s. These values exceed the operating
thresholds of frequency relays and RoCoF relays (0.5Hz and
0.6 Hz/s, respectively), inevitably leading to a blackout. When droop
control and PD control are respectively employed, the frequency
peaks of the IEEE 4M2A system are 50.41 Hz and 50.42 Hz, and
the maximum absolute values of RoCoF are 0.635 Hz/s and 0.5 Hz/s.
Compared to the natural response, both indicators slightly decrease,
improving the frequency response characteristics to some extent.
Moreover, the simulation results also indicate that the frequency
response results for the IEEE 4M2A system are similar when using
these two control methods. However, PD control shows better
suppression of RoCoF variation due to the smaller k, parameter, as
it does not achieve a good frequency deviation suppression effect.
This verifies the analysis results from Section 2, demonstrating that
unreasonable PD parameters struggle to achieve a good frequency
response. Regarding RPC control, since the wind power system
autonomously switches to the -RPC mode during the significant
disturbance, the wind turbine system’s output power decreases
from 100 MW to 60 MW. As a result, the frequency peak of the
IEEE 4M2A simulation system is only 50.27 Hz, and the maximum
absolute value of RoCoF is 0.34 Hz/s. As the frequency gradually
decreases, the wind power system’s FR strategy transitions back to
the droop control mode. RPC control switches to droop control
mode, and the wind turbine’s output power gradually increases
according to droop control characteristics, avoiding the adverse
effects of prolonged -RPC mode operation on the wind turbine
system.
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Frequency response of the system during single disturbance. System frequency response during continuous disturbance scenario.

4.2 Continuous disturbance scenario
At 30, as shown in Figure 10, there is a sudden increase of

10 MW in the load, causing a slight reduction in the frequency of the
IEEE 4M2A system and a slight fluctuation in RoCoF. Specifically,

Frontiers in Energy Research

without any auxiliary frequency control service, the lowest point of
the system frequency under natural response conditions is 49.91 Hz,
with a maximum absolute RoCoF of 0.08 Hz/s. For droop control,
the lowest frequency point of the IEEE 4M2A simulation system is
49.92 Hz, and the maximum absolute value of RoCoF is 0.078 Hz/s,
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suggesting a weak capability to suppress RoCoFE. When using PD
control, the lowest frequency point of the IEEE 4M2A system is
approximately 49.93 Hz, with a maximum absolute RoCoF value
of 0.06 Hz/s, due to the effect of the k4 parameter in PD control
inhibiting the increase of RoCoE. As for RPC control, at this point,
both the frequency deviation and RoCoF of the IEEE 4M2A system
are small, and the wind power grid system is in a steady-state
operation mode. The changes in frequency and RoCoF indicators for
the IEEE 4M2A system are the same as those under natural response
conditions; since there is no need to provide additional frequency
response power, wastage of FR power is avoided.

At 40 s, the load power of the IEEE 4M2A system suddenly
increases by 60 MW, which is a large disturbance, causing a rapid
decrease in the frequency and a significant increase in the RoCoF
of the IEEE 4M2A system. Under the natural response condition,
the system frequency rapidly drops to 49.42 Hz, and RoCoF reaches
its peak value of 0.53 Hz/s. At this point, the frequency deviation
is greater than the action threshold of the frequency relay (0.5 Hz),
inevitably leading to a blackout. When using droop control and
PD control, the lowest frequency points and RoCoF indicators of
the IEEE 4M2A system are 49.63 Hz and 0.49 Hz/s, and 49.61 Hz
and 0.39 Hz/s, respectively. The simulation results indicate that
both droop control and PD control have some capacity to suppress
frequency deviation and RoCoF indicators. However, when using
RPC control, the lowest frequency point of the IEEE 4M2A system
is 49.78 Hz, and RoCoF is 0.31 Hz/s. The lowest frequency point
and RoCoF indicators are significantly lower than those of droop
control and PD control, demonstrating optimal frequency response
characteristics. The core reason is that when the frequency indicators
of the IEEE 4M2A system exceed the threshold of the +RPC mode,
the wind power system’s FR strategy switches to the +RPC mode. At
this point, the wind turbine system’s output power reaches 140 MW,
rapidly suppressing the frequency fluctuation phenomenon of the
IEEE 4M2A system. When the frequency indicators return to the
range of the droop control mode threshold, the wind turbine
system’s output power gradually decreases according to the droop
characteristics, achieving the expected goal of smoothly exiting the
+RPC mode.

5 Conclusion

This paper proposes an FR strategy for a direct-drive permanent
magnet synchronous wind power generation system based on the
RPC principle, along with its implementation method. This strategy
effectively reduces power system frequency deviation and RoCoF,
while circumventing the challenge of optimal parameter tuning
faced by traditional linear control methods. Through comprehensive
theoretical analysis and comparative simulation verification, the
following main conclusions are drawn.

1. Direct-drive permanent magnet synchronous wind power
generation systems can reserve spare power through pitch angle
control and actively participate in system FR when the grid
experiences random disturbances.

2. Traditional control methods such as droop control, inertia
control, and PD control are limited by spare capacity constraints
and the difficulty of accurately determining grid inertia and

Frontiers in Energy Research

10.3389/fenrg.2023.1309587

damping parameters. Consequently, it is challenging to obtain
control parameters that correspond to optimal FR performance,
leading to suboptimal frequency response.

3. RPC control effectively utilizes the spare capacity of the wind
turbine system. By continuously measuring grid frequency
indicators and autonomously switching its FR control mode,
it rapidly suppresses power system frequency fluctuations. The
FR performance of RPC control is entirely equivalent to the
frequency response of optimal PD control.

In future studies, the wind power system with grid forming
converter will be analyzed for further modification of the RPC
strategy proposed in this paper.
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