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The large-scale offshore wind power integrated into the onshore power grid
through voltage source converter-based high voltage direct current (VSC-HVDC)
system is unable to provide inertia response and frequency support to the
onshore power grid. To improve the frequency characteristics of the
receiving-end power grid, a coordinated frequency control strategy
combining VSC-HVDC and offshore wind power is proposed. The onshore
converter adopts virtual inertia control, which uses DC capacitors to absorb or
release energy for inertia support after the receiving-end grid is disturbed. Wind-
farm-side VSC (WFVSC) obtains the frequency signal of the receiving-end power
grid by detecting the local DC voltage. The offshore wind farm (OWF) transfers
the frequency deviation into an additional power signal and sends it to the power
controller to adjust the output, thereby performing inertia and primary frequency
response. In addition, a secondary frequency regulation strategy for wind farms
has been designed to achieve non-difference frequency regulation of the
receiving-end power grid. Finally, a simulation model of VSC-HVDC integrated
OWEF system is constructed to demonstrate the proposed coordinated frequency
control strategy for VSC-HVDC and OWF. The results indicate that the proposed
control strategy can effectively enhance the frequency support capability of the
receiving-end power grid.

KEYWORDS

offshore wind power, voltage source converter-based high voltage direct current (VSC-
HVDCQ), inertia response, frequency support, coordinated frequency control strategy

1 Introduction

With the gradual deterioration of global environmental issues and the increasing
depletion of traditional fossil fuels, clean, low-carbon, and sustainable energy generation
technologies are rapidly developing, such as photovoltaic, wind, and microbial power
generation (Kang et al., 2017; Son et al., 2021; Zahid et al., 2022) and so on. Wind power
generation is the process of capturing wind energy through wind turbines, converting it into
mechanical energy, and then converting mechanical energy into electrical energy.
Photovoltaic power generation utilizes the photovoltaic effect at the semiconductor
interface to directly convert light energy into electrical energy. For microbial power
generation, electricity can be obtained from the decomposition of organic or inorganic
substances through specific technologies including microbial fuel cells (Jung et al., 2023),
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microbial electrolysis cells (Pawar et al, 2022), and Microbial
Electrosynthesis (Quraishi et al., 2021), etc. Offshore wind power,
as an important technological direction for renewable energy, has
advantages such as stability, high utilization, and low environmental
impact, so it has become the focus of wind power resource
development (Dreidy et al, 2017). Considering that offshore
wind power is gradually showing characteristics such as large-
scale and long-distance, the voltage source converter-based high
voltage direct current (VSC-HVDC) with superior control
performance provides an effective means to achieve the
aggregation and transmission of offshore wind power (Alassi
et al., 2019; Liu et al., 2023).

The scale of offshore wind farms (OWFs) connected to the
receiving-end power grid through VSC-HVDC is constantly
increasing, and partial synchronous generators (SGs) have been
gradually replaced, resulting in low inertia level and poor
frequency response ability of the receiving-end power grid (Zhu
et al., 2013). Moreover, the power output of OWF is decoupled
from the frequency of the low-inertia system, providing insufficient
frequency support for the receiving-end grid, which will lead to the
risk of frequency instability in the receiving power grid. Therefore, it is
urgent to have further research on the control strategy for frequency
stability improvement of VSC-HVDC integrated OWF system.

For OWF, in order to improve its active frequency support
capability, relevant research on frequency regulation control
strategies for wind turbines has been conducted in recent years,
mainly from two aspects: rotor kinetic energy control and power
reserve control (Yan et al., 2023). The rotor kinetic energy control is
realized by changing the rotor speed of the wind turbine through
additional inertial control, releasing the stored kinetic energy of the
rotor to provide response power (Arani and El-Saadany, 2013). In
(Van de Vyver et al,, 2016) the frequency deviation of the power grid
is filtered using a high pass filter to obtain the inertial power value
and (Lu et al, 2019) achieves inertial response by adding a
proportional link of RoCoF. However, due to the relatively small
inertia of wind turbines compared to SGs, changing the rotor kinetic
energy can only provide transient power support, and it is prone to
excessive energy extraction, which can cause unit speed oscillation
or even stall. Power reserve control is achieved by allowing wind
turbines to retain a certain amount of power reserve during normal
operation, enabling it to provide energy and power margin for
frequency regulation. The main methods include speed control (Sun
etal, 2010; Xu et al., 2018), pitch control (Wang et al., 2015; Prasad
and Padhy, 2020), and a combination of speed and pitch control
(Zhang et al, 2012). However, the de-loading operation state
prevents the wind turbine from operating in MPPT mode,
resulting in poor economic efficiency. In addition to participating
in frequency regulation through wind farms, frequency support to
the receiving-end grid can also be achieved by improving the control
strategy of the receiving-end VSC. For VSC-HVDC systems,
(Junyent-Ferre et al., 2015; Fang et al, 2018), utilize the energy
storage characteristics of equivalent capacitors of VSC to participate
in system frequency regulation and control the DC voltage to absorb
or release power of the DC capacitor. Because of the limited energy
stored by DC capacitors, VSC can only provide short-term inertia
support. To enable the converter station to have primary frequency
regulation capability, an essential power source is required, such as a
wind farm or an asynchronous connected AC power grid.
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Given that the VSC-HVDC system decouples the OWF
frequency from the onshore power grid frequency, the OWF
cannot directly respond to frequency changes in the onshore
power grid. Therefore, coordinated control is required between
the OWF and VSC-HVDC,
communication mode and no communication mode (Lu et al,

which  mainly includes
2021). The main idea of the communication-based coordinated
control method is to directly transmit the real-time frequency
information of the onshore power grid to the OWF through the
communication channel, and then achieve frequency support by
adjusting the active power output of OWF (Pipelzadeh et al,, 2012;
Liu and Chen, 2015a). A coordinated control strategy for OWF
integrated system through VSC-HVDC is proposed in (Liu and
Chen, 2015a; Junyent-Ferre et al., 2015), which combines the kinetic
energy of wind turbines with the electrical energy of DC capacitors
in grid side VSC (GSVSC), to improve the overall equivalent inertia
of the
communication is

scheme without
2012; Liu and
Lindemann, 2018), in which, the onshore grid frequency is fed
back to the wind farm side converter station (WFVSC) through
GSVSC, and the frequency support of OWF can be achieved by
associating the DC voltage with the onshore grid frequency

system. A coordinated control

proposed in (Phulpin,

information. The above studies have focused on the issue of wind
farms and VSC-HVDC participating in inertia response and
primary frequency perspectives.
However, there is relatively little research considering the active

regulation from different

participation of OWF in secondary frequency regulation. Thus, it is
necessary to further explore the regulatory potential of VSC-HVDC
integrated OWF system, to actively assume the responsibility of
system secondary frequency regulation and achieve long-term
stability of system frequency.

This paper proposes a coordinated control strategy using energy
storage of DC capacitor and power reserve of OWF to provide
inertia response, primary and secondary frequency regulation.
Firstly, the energy storage characteristics of DC capacitors are
analogized with the characteristics of SG rotors. A virtual inertia
control for DC voltage is established to improve the inertia level of
the receiving-end power grid, and the virtual inertia control
parameters are designed considering the limitations of DC
voltage and frequency. Secondly, by using DC voltage to transmit
the frequency signal from the receiving-end power grid to OWF side,
and then the virtual inertia and primary frequency regulation
control for OWF are established based on the power reserve
control so that OWEF could realize active participation in
frequency regulation by adjusting its active power reference
value. Moreover, for OWF, an adaptive wind power control
strategy is designed to achieve automatic switching between
variable speed and pitch control. Finally, the feasibility and
effectiveness of the proposed coordinated control strategy are
verified in an OWF-integrated system via a two-terminal
VSC-HVDC.

2 Configuration of VSC-HVDC
integrated OWF system

The structure of the VSC-HVDC integrated OWF system is
shown in Figure 1. OWF consists of multiple double-fed induction
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FIGURE 1
Structure of VSC-HVDC integrated OWF system.

generator (DFIG) and the AC power generated by OWF is
converted into high-voltage DC power via centralized wind-
farm-side VSC (WFVSC), which can then be transmitted to the
onshore grid-side VSC (GSVSC) through submarine cables. For
DFIG, rotor-side converter generally adopts MPPT control mode,
while the grid side converter adopts constant DC voltage control to
ensure stable DC voltage inside the DFIG. OWF has the weak
voltage self-built capability of wind power is weak and has no
ability of black start. In order to ensure the stable operation of
OWEF integrated vis VSC-HVDC, WFVSC needs to provide stable
AC voltage and frequency for OWF, thus, WEVSC need to adopt
constant AC voltage control and constant frequency control.
GSVSC accepts DC power and converts it into AC power,
which generally adopts constant DC voltage control and
constant reactive power control to maintain DC voltage
stability. The receiving-end power grid contains a certain
capacity of synchronous machines and loads. Due to the large-
scale integration of offshore wind power, the proportion of
conventional synchronous machines is relatively low, forming a
typical low-inertia system with poor inertia and frequency
response capabilities. With conventional control mode, OWF
and VSC-HVDC do not participate in the frequency response
of the onshore AC grid, and OWF cannot provide inertia and
frequency support to the onshore power grid through VSC-HVDC.
Therefore, to improve the frequency support ability to receiving-
end power grid, it is necessary to tap into the flexible adjustment
potential of VSC-HVDC and offshore wind power.

3 Inertia and frequency regulation
control strategy for VSC-HVDC
integrated OWF system

This section proposes a coordinated frequency control strategy
for OWF and VSC-HVDC, including a virtual inertia control
strategy for VSC-HVDC and the inertia response and frequency
regulation control strategy based on non-communication methods
for OWF. The receiving-end converter station utilizes the charging/
discharging characteristics of its capacitor to change the DC voltage
to provide inertia response to onshore power grid. OWF can
instantly perceive the frequency changes of the onshore power
grid through DC voltage feedback, and change the power
reference value through additional control, thereby automatically
adjusting the speed and pitch angle to achieve inertia response and
primary and secondary frequency regulation.

Frontiers in Energy Research

3.1 Virtual inertia support from the DC
capacitor of VSC-HVDC

There are two control method for VSC to realize inertia support,
namely, grid-following (GFL) control like (Liu and Chen, 2015b)
and grid-forming (GFM) control like (Xiao et al., 2023). The
implementation of GFM control requires sufficient and stable
power sources, while OWF cannot provide stable power output
considering the influence of wind speed. Moreover, for the VSC-
HVDC integrated OWF system in this paper, if GFM control is
adopted at the onshore VSC, no converter station at either side can
achieve constant DC voltage control. Therefore, in this paper, the
GFL control is adopted for onshore VSC.

The inertia response process of synchronous generators can be
described by the rotor motion equation:

H, df

ZEZPM_PE (1)

where Hy is the inertia time constant of the synchronous machine, f
is the actual frequency of the AC power grid, Py is the mechanical
power and Py is electromagnetic power.

The DC capacitor of VSC can ensure the stability of DC voltage
and energy conservation within the VSC-HVDC system. The
magnitude of DC voltage can reflect the power changes of the
receiving end AC power system. Based on the dynamic
characteristics of DC capacitors, the relationship between DC
voltage and active power at the receiving-end grid can be
expressed as

Cdc Udc dudc

Sv dt :Pin_Poul (2)

where P;, and P, are the active power flowing into and out of
GSVSC, respectively. ug. is DC side voltage. Sysc is the rated
capacity of VSC. Cy, is the equivalent capacitance of VSC.

Comparing Eqs 1, 2, the DC capacitor energy storage
characteristics in the VSC-HVDC system are similar to the
energy storage characteristics of the generator rotor. The DC
capacitor voltage in the VSC-HVDC system can be equivalent to
the generator rotor, and the DC voltage can be analogized to the grid
frequency so that the DC capacitor could have the inertia response
characteristics shown as Eq. 3.

Cdcudc dudc
Sy dt

_ Hvsc df
_2fO a (3)

where Hy is the virtual inertia time constant of the DC capacitor.
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By integrating both sides of the equal sign in Eq. 6, the
relationship between DC voltage and AC frequency can be
obtained as Eq. 4

Judc Cacttac dugc _ Jf 2Hvsc g (4)

Udco svsc dt fo f 0 dt

2Hvsc (f_f ) _ Cdcuﬁc _ cdcu(ZiCO (5)
f 0 0 28y 28y

where fy and uge are the rated values of AC power grid frequency
and DC voltage, respectively.

According to Eq. 5, the relationship between inertia constant,
DC voltage, and system frequency can be reformulated as

Cdcuzc Au, 2
H - &:O[(ﬁJrl) ‘llfo ©)
vsC T 4Af

Under the same DC system parameters, the larger the inertia
simulated by the converter station, the greater the DC voltage
amplitude change, and the higher the frequency stability of the
power grid. Therefore, the virtual inertia constant of VSC should
be set appropriately to prevent the DC voltage from exceeding the
limit. According to the allowable frequency deviation
(Afmax = *0.5Hz) of the power grid and the maximum
allowable deviation of DC voltage, the inertia constant Hy.

could be designed as:

Cdcf 0

7
4SvscAf max ( )

Hye = (At e + 200c0 D00 mas )
“Referring to actual engineering, the empirical value of de DC
voltage deviation is selected as +0.05~0.1 p.u. In this paper the
Algemax 18 set as 0.1 p.u.”
By combining Eqs 5, 7, the required DC voltage reference value
for simulating the set inertia can be concluded by Eq. 8.

i \/4Hvsc8vsc(f—fo)

" +ul, (8)
d Cdcf() dc0

3.2 Frequency support strategy of OWF

Due to insufficient frequency regulation reserve provided by SGs
in the receiving-end grid, it is necessary for the WFs to have the
ability to actively participate in frequency regulation and reduce the
frequency deviation of the system. In this subsection, WTs achieve
quantitative de-loading through a coordinated de-loading control
strategy of variable speed and pitch, and on the basis, a frequency
regulation control strategy for OWFs without communication
is designed.

3.2.1 Power reserve implementation for OWF

WTs operating under MPPT status always maintain maximum
output and have no capability to provide active power continuously.
Only relying on the kinetic energy of the WT rotor is not enough to
satisfy the frequency regulation requirements, thus WTs should
keep a certain amount of power reserve in advance to achieve power
support for the receiving-end grid.
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00 Ormax @ -

FIGURE 2
Schematic diagram of the de-loading process for wind turbine.

In this paper, DFIG is adopted as the WT. The active power
output of the WT with d% (usually 10%-20%) de-loading can be
expressed as Eq. 9

{ Paa = (1= d%)Poy = 0.5pR*Cp g0 V> ©)

Popi = 0.5pmR*Cyp o V>

Where Py, Pgels Cp.qels and C, o are the power output and rotor
power coefficient of WTs at the state of MPPT and d% de-loading
operation, respectively. p denotes the air density, V denotes the wind
speed and R denotes the wind turbine rotor radius. When p and V'
remain constant, by controlling the rotor speed and pitch angle, C,
can be controlled to achieve quantitative de-loading operation
of the WT.

For different wind speed scenarios, variable rotor speed and
variable pitch control should be reasonably used to achieve
quantitative de-loading of OWF. The principle is shown in Figure 2.

In Figure 2, curves (Vi, 1, 3, fo) represents the relationship
between the output power and the rotor speed of the wind turbine
with different wind speed and the same pitch angle. The curves (V,,
Bo) and (V5, B;) show the relationship between the output power and
the rotor speed of the wind turbine with the same wind speed but
different pitch angles. The curve ABCD represents the wind power
curve when the wind turbine operates at a maximum power point
tracking (MPPT) state. The OWF should adopt a power reserve
control strategy applicable to the full wind speed, that is,
automatically coordinate the de-loading operation mode of
overspeed and pitch according to the wind speed, so that the
wind turbine can constantly generate the active power of (1-d%)
P, The main idea is: 1) when the wind speed is lower, as (V7, f3)
shown in Figure 2, d% de-loading can be achieved through
overspeed control, ie., curve AA'. After de-loading, the rotor
speed is still less than the maximum speed w, ... 2) When the
wind speed further increases, as (V,, o), the de-loading is first
achieved through overspeed control, i.e., curve CC/, and when the
speed increases to the maximum limit w, ;. the rotor speed will no
further continue to change. At this time, by controlling the pitch
angle increasing to f3; to further realize d% de-loading of the wind
turbine, i.e., curve C'C,. 3) When the wind speed is greatly high, as
(V3, Bo), the de-loading can be achieved directly through pitch
control, the pitch angle increases, and the rotor speed is unchanged
keeping at maximum speed w; ., during the de-loading process.
i.e., curve DD;.
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3.2.2 Additional frequency control method
for OWF
3.2.2.1 Virtual inertia and primary frequency
regulation control

OWFs are generally scores or even hundreds of kilometers away
from the onshore power grid. The method that transmits frequency
signals over long distances through communication systems has a
longer communication delay. Therefore, by establishing the
relationship between the frequency of the receiving-end grid and
the DC voltage, the frequency information of the receiving-end grid
can be transmitted to the wind farm side using the DC voltage as the
carrier. According to Eq. 5, the relationship between the frequency
of the receiving-end power grid and the DC voltage can be
reorganized into Eq. 10.

_ Cae (13~ i)

(10
4H VSC SVSC

f +fo
In Eq. 10, except for the Uy, all other parameters are constants
representing system parameters or pre-set parameters. Therefore,
the remote OWF only needs to measure the local DC voltage to
obtain the frequency signal of the receiving power grid.
Introducing virtual inertia and droop control into the active
power control link of DFIG to simulate the inertia response and
primary frequency regulation process of synchronous machines.
When the frequency of the receiving power grid fluctuates, the
frequency regulation power provided by DFIG can be expressed
as Eq. 11.
af

1
APy = ——Af — 2H 2
Ryt

dt (11)

where AP, is the additional frequency regulation power of the
DFIG. Ry and H, are the adjustment coefficient and virtual inertia
of DFIG, respectively.

When the above-mentioned coordinated control strategy is
applied for OWF and VSC-HVDC, the frequency response
process of the receiving-end power grid can be expressed by the
sorted rotor motion equation as Eq. 12 and Eq. 13.

d 1 1
2(Hg + Hysc +HWF)*d{ = <R7+ R7>(f_f0) - AP,
¢ Rwr

=D(f - f,) (12)

S 1 Sy 1
" Rwe
where Sg, Sy, and S,f are the total capacity of SG, VSC, and OWF.

From Eq. 12, the equivalent inertia of the receiving-end
power grid increases after adopting the coordinated control of
OWF and VSC-HVDC, which can reduce the frequency
deviation of the receiving-end power grid after disturbance.
Due to the pre-de-loading operation, the virtual inertia
provided by the OWF is no longer limited by the rotor speed,
and the wind farm can provide primary frequency regulation
support for the receiving-end grid.
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3.2.2.2 Secondary frequency regulation of OWF

In order to enable OWF to have secondary frequency regulation
capability, a proportional-integral control link is added to the active
power control of the wind turbine to change the reference value of
active power, thereby achieving the non-difference adjustment of
frequency. The specific expression for the secondary frequency
regulation process of OWF is shown in Eq. 14

P = Puss +hy(F=f0) +ks [ (F=fo)de (1)
where P* w, ref is the reference values of active power for secondary
frequency regulation. k, and k; are proportional and integral
coefficients, respectively.

From an economic perspective, we hold an attitude of “maximizing
the generation” for the wind farms that have already been built. The
participation of thermal power units in secondary frequency regulation
will bring additional costs for the increase in power generation, and
achieving secondary frequency regulation through wind power can not
only achieve wind power utilization but also reduce power frequency
regulation costs. Therefore, considering the factors of low-carbon and
economic, we prioritize secondary frequency regulation through wind
power, as long as wind farms have sufficient frequency regulation
reserves. When the wind speed is low and the wind farm reserve is
insufficient to satisfy the frequency regulation power demand, the
synchronous machines would increase its power generation to
restore the frequency to the rated state.

3.2.3 Adaptive control strategy for OWF
participating in frequency regulation

The adaptive frequency control strategy for OWF is indicated in
Figure 3. The proposed frequency control strategy of OWF includes three
parts: adaptive power control, primary frequency regulation, and
secondary frequency regulation. By adding primary and secondary
frequency regulation control frequency control links, the output
power reference of the wind turbine is changed. Then, combined with
adaptive power control, the output power of the fan is changed by
adjusting the rotor speed or pitch angle to achieve frequency support. In
adaptive power control, an automatic switching process between variable
speed and pitch control was designed to achieve changes in wind power
output. During frequency regulation, the safety range of the actual rotor
speed @, 1S [Wyopt Wr.max]- Therefore, the minimum and maximum limit
of w, should be used as the critical condition for starting the pitch control.

When a low-frequency event occurs in the receiving-end power
grid, wind turbine needs to increase power to participate in
frequency regulation with the rotor speed decreasing. When the
rotor speed is within the range of [w;.opt, Wr.max]> SWitch Sy is set to ll,
and switch S, is disconnected, so that the pitch angle control link
does not need to start. When the rotor speed reference value reaches
the critical value w,qpy if the increased power is still not satisfied to
the frequency regulation power requirement, S, is set to |, switch S,
is closed, and the pitch angle control loop is activated. The power of
wind turbines is further increased by reducing the pitch angle with
the rotor speed keeping at w, .. Similarly, when a high-frequency
event occurs, the wind turbine needs to reduce power to participate
in frequency regulation and raise its rotor speed. When the rotor
speed reference value increases to the critical value w; .y, if the
output power of wind turbines still needs to be reduced, switch S; is
set to llI, switch S, is closed, and the pitch angle control loop is also
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FIGURE 3
Adaptive frequency control strategy for OWF.

TABLE 1 Parameters of simulation system.

Parameters Symbol Value (unit)
DC rated voltage Udco 320 kV

Rated frequency of AC grid fo 50 Hz

VSC capacity Svsc 500 MW

Wind farm capacity Sw 500 MW

Wind farm de-loading rate d% 15%

DC capacitor Cac 0.01F

activated. The power of wind turbines is further decreased by
reducing the pitch angle with the rotor speed keeping at w; qp.

4 Simulation study

To verify the effectiveness and feasibility of the proposed
coordinated control strategy, the simulation model of the VSC-
HVDC integrated OWF system, as shown in Figure 1, was built in
MATLAB/Simulink. In the receiving-end power grid, the total
capacity of SGs is 500 MW, and the total installed capacity of
OWFs is 500 MW. The relevant parameters of the simulation

Frontiers in Energy Research

system are shown in Table 1. The related frequency regulation
parameters of SG are given as follows: the inertia time constant is 6s,
the primary frequency regulation coefficient is 20, the high-pressure
turbine fraction is 0.3, and the reheat time constant is 7s.

4.1 Verification of the coordinated
frequency control strategy for OWF and
VSC-HVDC

To demonstrate the effectiveness of the coordinated control
strategies of WFs and VSC-HVDC, the following four cases are set
up and comparative analysis.

Case 1: None control strategy is adopted with only SG providing
frequency support (Only SG).

Case 2: DC capacitors provide virtual inertial support, based on
Case 1 (VI).

Case 3: OWF adopts inertia and primary frequency regulation,
based on Case 2 (VI+PFR).

Case 4: OWF participates in secondary frequency regulation, based
on Case 3 (VI+PFR+SFR).
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Under steady-state operation, the load of the power grid is
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by 35 MW at t = 10s. The simulation results of the dynamic response
process of the system under different cases are shown in Figures 4, 5.

It can be seen that in Case 1, the frequency nadir of the
receiving-end grid is 49.64 Hz, with a steady-state value of
49.82 Hz (as shown in Figure 4). All unbalanced power is
borne by the SGs in the receiving-end grid, while the power
of GVSC and wind turbine remains unchanged (as shown in
Figures 5A-C). In Case 2, the power of GVSC first increases and
then returns to its initial value, and the power change of SG slows
down correspondingly. Compared with Case 1, the quasi-steady-
state values of frequency in Case 2 are the same as that Case 1,
but the initial frequency change rate is lower. The results
indicate that the DC capacitor can provide short-term inertial
support to in receiving end power grid, effectively suppressing
the frequency change rate in the initial stage after the power
disturbance.

In Case 3, the OWF detects the DC voltage deviation signal
and increases its output by reducing the rotor speed to provide
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Comparision of the simulation results under Cases 1-4: (A) Active power generated by SG; (B) Active power injected by GVSC; (C) Active power

generated by OWF; (D) DC voltage; (E) Rotor speed; (F) Pitch angle.
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inertia and primary frequency regulation support for the
receiving-end  power shown in Figure 5D.
and Case 2, the
reduced, which

grid, as
Simultaneously, compared with Case 1
increase of SG power is indicates the
frequency control of OWF also partly alleviates the frequency
regulation pressure of SG. Although the frequency nadir and
quasi-steady-state value of the frequency in Case 3 are
significantly higher than those of Case 1 and 2, and the
frequency can recover to stability more quickly, there is still a
steady-state frequency deviation in the receiving-end power grid
after primary frequency regulation. In Case 4, the secondary
frequency regulation of OWF starts at t = 50 s, and the output
power is first increased by raising the rotor speed, as shown in
Figure 5E. At 76 s, the rotor speed reaches the maximum limit,
and the wind turbines further increase the power by increasing
the pitch angle (as shown in Figure 5F), gradually eliminating the
frequency deviation and realizing non-difference frequency
regulation of the receiving-end power grid. At the same time,
the output power of the SG in Case 3 gradually returns to the
initial value. The above results show that the proposed control
strategy of OWF and VSC-HVDC can effectively improve the
frequency support ability of the receiving power grid, which can
not only improve the dynamic response performance of
frequency, but also restore the frequency to the steady-state
value Dbefore disturbance

through secondary frequency

modulation, achieving none-difference adjustment.

4.2 Applicability of the proposed strategies
with different wind speed scenarios

In order to further verify the applicability of the proposed
control strategy under different wind speeds, Case 5 and Case
6 were set, with wind speeds of 8 m/s and 11 m/s, respectively.
The control strategy in Cases 5 and 6 is the same as Case 4, and
the comparison of the system dynamic processes in different
cases under the same disturbance conditions is shown
in Figure 6.

Figure 6A shows that, in all cases, the steady-state frequency of
the receiving-end power grid can return to 50 Hz, when the
frequency regulation is completed. However, as shown in
Figures 6B, C, the secondary frequency regulation power is
undertaken by both OWF and synchronous units in Case 5.
The reason is that the reserve capacity of OWF is relatively
small with low wind speed, and the maximum power increase
of OWF is not enough to fully offset the unbalanced power. Figures
6D, E indicate that in Case 5, primary and secondary frequency
regulation of OWF can be achieved solely by changing the rotor
speed, while the pitch angle remains unchanged throughout the
entire process because the speed remains within the range of
[@r.opt> @r,max] before and after the frequency regulation process.
In Case 6, the rotor speed does not change during the frequency
regulation process, which is for the reason that the optimal speed
of the wind turbine is the maximum limit of 1.2, with a wind speed
of 11 m/s. Therefore, it is impossible to realize power increase by
reducing the rotor speed even during the primary frequency
regulation process. In order to provide the frequency regulation
power, the pitch angle must be reduced from 2.27° to 1.87° for
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Comparision of the simulation results under Cases 4-6: (A)
Frequency of receiving-end power grid; (B) Active power generated
by SG; (C) Active power generated by OWF; (D) Rotor speed; (E)
Pitch angle.

primary frequency regulation and continue to decrease to 0.85° for
secondary frequency regulation. The above results indicate that the
proposed strategy can enable OWF to participate in frequency
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regulation by automatically coordinating the pitch angle and rotor
speed to adjust the output power, ensuring its applicability to
different wind speed scenarios.

5 Conclusion

For the problems of low inertia and poor frequency regulation
ability of the OWF integrated system, this paper proposed a
coordinated frequency control strategy for OWF and VSC-
HVDC. The proposed strategy used a DC capacitor, DFIG
rotor Kkinetic energy, and frequency regulation reserve to
improve the inertia response, primary and secondary
frequency regulation capability of the receiving-end power
grid. The following conclusions could be obtained through

simulation analysis:

(1) When the receiving-end power grid has a power disturbance,
the proposed control strategy can use the DC capacitor to
provide inertial support for the system and -effectively
suppress the frequency change of the power grid at the
initial stage of disturbance. By establishing a coupling
relationship between DC voltage and the frequency of the
receiving power grid, eliminate the requirement for remote
communication between converter stations and improving
operational reliability.

(2) By adopting additional virtual inertia and droop control to
change the power reference value of the wind turbine, and
coordinating speed and pitch control, OWF can have the
inertia response, primary and secondary frequency regulation
capabilities similar as SGs. The proposed frequency control
strategy can adapt to different wind speed scenarios,
effectively improving the frequency stability of the
receiving-end power grid.

(3) Compared with other control schemes, the proposed wind
power frequency regulation control strategy can achieve the
automatic switch between variable speed and pitch control
according to the rotor speed during the frequency regulation
process. In this strategy, speed control is prioritized, reducing

the mechanical loss caused by pitch angle action.
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