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ABSTRACT: In wind power transmission via modular multilevel converter based high voltage direct current (MMC-
HVDC) systems, under traditional control strategies, MMC-HVDC cannot provide inertia support to the receiving-end
grid (REG) during disturbances. Moreover, due to the frequency decoupling between the two ends of the MMC-
HVDC, the sending-end wind farm (SEWF) cannot obtain the frequency variation information of the REG to provide
inertia response. Therefore, this paper proposes a novel coordinated source-network-storage inertia control strategy
based on wind power transmission via MMC-HVDC system. First, the grid-side MMC station (GS-MMC) maps the
frequency variations of the REG to direct current (DC) voltage variations through the frequency mapping control,
and uses submodule capacitor energy to provide inertial power. Then, the wind farm-side MMC station (WF-MMC)
restores the DC voltage variations to frequency variations through the frequency restoration control and power loss
compensation, providing real-time frequency information for the wind farm. Finally, based on real-time frequency
information, the wind farm utilizes the rotor kinetic energy and energy storage to provide fast and lasting power support
through the wind-storage coordinated inertia control strategy. Meanwhile, when the wind turbines withdraw from the
inertia response phase, the energy storage can increase the power output to compensate for the power deficit, preventing
secondary frequency drops. Furthermore, this paper uses small-signal analysis to determine the appropriate values for
the key parameters of the proposed control strategy. A simulation model of the wind power transmission via MMC-
HVDC system is built in MATLAB/Simulink environment to validate and evaluate the proposed method. The results
show that the proposed coordinated control strategy can effectively improve the system inertia level and avoid the
secondary frequency drop under the load sudden increase condition.
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1 Introduction

As renewable energy sources represented by wind power continue to develop, the traditional fossil
energy system is gradually being replaced. At the same time, due to the uneven distribution of energy
resources and power loads, the development of MMC-HVDC has been accelerating. However, large-scale
wind power integration into the grid via MMC-HVDC can negatively impact the frequency stability of
the receiving-end alternating current (AC) systems. First, under traditional control, MMC-HVDC cannot
provide inertia support [1]. Second, the decoupling characteristic of MMC-HVDC at both ends prevents the
SEWF from sensing frequency changes in the REG to provide inertia support [2]. Finally, even if the wind
turbines utilize rotor kinetic energy to participate in the system’s inertia response, they are unable to provide
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long-term power support. Moreover, when the rotor speed of the wind turbines reaches its limit and they
withdraw from the inertia response phase, secondary frequency drops are likely to occur [3].

To address the issue that flexible DC transmission systems with traditional control cannot provide
inertia response, many researchers have conducted studies on using capacitors in flexible DC transmission
systems for inertia support [4-6]. Ref. [1] coupled the AC frequency with the DC voltage and utilized the
energy stored in the DC capacitors of the voltage source converter based high voltage direct current trans-
mission (VSC-HVDC) systems by regulating the DC voltage. However, this method has high requirements
for the configuration of DC capacitors and has not discussed its application to MMC-HVDC. In fact, the
submodule capacitors in MMC stations contain a large amount of electrostatic energy for inertial support [4].
Therefore, Refs. [5,6] proposed an energy-frequency droop control applied to MMC, and the results show
that when the number of levels in MMC stations is sufficiently high, substantial inertial support power can
be provided solely using the energy storage in the submodule capacitors. However, relying solely on the
capacitor energy in the flexible DC transmission systems to increase the system inertia level is not the optimal
choice. Effectively utilizing the rotor kinetic energy of the wind turbines at the SEWF can further enhance
the system’s inertial support capability.

In order to overcome the barrier that the SEWF cannot respond to frequency variations in the REG
due to the decoupling of the MMC-HVDC systems, coordinated control between the SEWF and MMC-
HVDC is required, either through communication-based or non-communication-based methods [7-9].
Ref. [7] proposed a communication-based coordinated control strategy that transmits frequency signal from
the REG to the SEWF through a communication channel. This approach has a simple structure, but as
the transmission distance increases, it leads to higher communication delays, which affect the dynamic
performance and reliability of the control system, as well as increase investment costs [8]. Ref. [9] proposed
a non-communication-based coordinated control strategy. On the grid side, the VSC station establishes a
linear relationship between the REG frequency and the DC voltage through droop control. On the wind
farm side, the VSC station restores the frequency information, enabling the SEWF to obtain frequency
information. This method provides the necessary conditions for coordinating wind farms and MMC-HVDC
to provide inertia support for the REG.

Based on the frequency information, the wind turbines can provide inertial support to the REG via
MMC-HVDC using virtual inertia control strategies. Existing virtual inertia control strategies for wind
turbines mainly include rotor kinetic energy control strategy [10,11] and wind turbine load shedding control
strategy [12]. The rotor kinetic energy control strategy releases or absorbs rotor kinetic energy to provide
inertia support during frequency variations. However, due to the limitations of the wind turbine rotor speed,
this method cannot provide long-term power support, and it may lead to secondary frequency drops when
the wind turbines withdraw from the inertia response phase [13]. The wind turbine load-shedding control
strategy operates the wind turbine in a reduced-load mode by using overspeed control or pitch control,
thereby retaining a certain power reserve to provide inertia response when the frequency changes [14,15].
However, under this control strategy, the wind turbines cannot operate in maximum power point tracking
(MPPT) mode under steady-state conditions, leading to low wind energy utilization efficiency. Relying solely
on the wind turbines can no longer meet the dual requirements of frequency regulation capability and
resource utilization efficiency for the grid. Using energy storage to assist the wind turbines in participating
in frequency regulation to compensate for their shortcomings is a promising approach [16,17]. Ref. [18]
set the inertial response power based on the wind turbine torque limits, enabling the wind turbines to
provide maximum active power output in a short term, with energy storage providing subsequent long-term
power support. However, this approach was prone to causing frequency overshoot. Ref. [19] achieved inertia
support across the full wind speed range by coordinating rotor kinetic energy and superconducting magnetic
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energy storage, while also preventing frequency oscillations and secondary frequency drops. Therefore,
energy storage, with its fast response and flexibility, can effectively compensate for the shortcomings of wind
turbines. It can assist wind turbines in providing sustained inertial power support and help prevent secondary
frequency drops.

Unlike previous studies that used single-type inertia resources for inertia support, this paper proposes a
coordinated source-network-storage inertia control strategy based on wind power transmission via MMC-
HVDC system. The proposed strategy leverages the characteristics and advantages of wind turbines, energy
storage, and MMC-HVDC, to achieve coordinated inertia support from heterogeneous inertia resources
from the source, network, and storage, helping to address frequency variations in the REG. First, the GS-
MMC uses the frequency mapping control strategy to map frequency variations of the REG to DC voltage
variations. The change in DC voltage causes the submodule capacitors to release energy and provide inertial
power. Then, based on the DC voltage variations of MMC-HVDC, the WF-MMC uses the frequency
restoration control strategy and power loss compensation to achieve precise coupling between the REG and
the SEWF frequencies, providing real-time frequency information to the SEWF. Finally, based on real-time
frequency information, wind turbines and energy storage use the wind-storage coordinated inertia control
strategy to simulate the inertia and droop characteristics of synchronous machines. Furthermore, when the
wind turbines exits the inertia response phase and leads to a sudden drop in output power, the energy storage
will increase power output to compensate for the power shortfall, preventing secondary frequency drops.

2 Structure and Control of Wind Farm Transmission via MMC-HVDC System

The structure of the wind power transmission via MMC-HVDC system studied in this paper is shown
in Fig. 1. Its main components include the SEWE, WE-MMC, GS-MMC, and the REG. The SEWF includes
multiple double-fed induction generators (DFIG) and battery energy storage systems (BESS).
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Figure 1: Topology and control strategy of wind power transmission via MMC-HVDC system

Traditional control strategies of this system are shown in the black part of Fig. 1. For DFIG, the rotor-
side converter (RSC) typically operates in the maximum power point tracking (MPPT) control mode, while
the grid-side converter (GSC) adopts DC voltage control to maintain the stability of the wind turbine’s
DC voltage. The BESS is integrated into the grid via the energy storage converter (ESC), and it does not
start when the system is operating normally. For MMC-HVDC, the WE-MMC uses fixed frequency and
fixed AC voltage control to supply a stable network voltage for the wind farm; the GS-MMC uses fixed DC
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voltage and fixed reactive power control to maintain the stability of DC voltage and reactive power of MMC-
HVDC. Wind farm and MMC-HVDC cannot directly provide inertia support to the REG under traditional
control strategies.

3 Coordinated Source-Network-Storage Inertia Control Strategy for Wind Power Transmission via
MMC-HVDC System

To address the issues that the SEWF and MMC-HVDC cannot directly provide inertia support to
the disturbed REG, as well as the inability of wind turbines to sustain long-term power support and their
tendency to cause secondary frequency drops, this paper proposes a solution by combining frequency
information transmission with wind-storage coordinated inertia control in a coordinated control strategy.
The wind-storage coordinated inertia control mainly consists of three control loops: Wind Turbine Inertia
Control (WTIC), Energy Storage Droop Control (ESDC), and Energy Storage Power Compensation Control
(ESPC).

3.1 Frequency Information Transmission Based on Frequency Mapping and Restoration

When the system frequency varies, MMC-HVDC can provide inertia support to the REG by absorbing
or releasing energy through the submodule capacitors. If the MMC stations at both ends of the HVDC
link are identically configured, the energy stored in their stations will be the same. The capacitors of all
submodules in the MMC-HVDC system can be represented by an equivalent capacitor C,4, and the following
energy relationship holds:

1 1
6Nn - <§C”” Vf,,,) = Ecqudi 1)

where N is the number of MMC stations, # is the number of submodules in a single bridge arm, Cs,, is

the capacitance value of the submodule, V;,, is the submodule capacitor voltage, V;, is the DC voltage, and

6NC
Vdc = n‘/sm) Ceq = » Sm.

By modulating the charging and discharging of the submodule capacitors’ voltage, the inertia response

of the synchronous machine can be simulated. The derivation process is as follows.

The rotor motion equation of the synchronous machine can be expressed as:

_2Hg df
 fy dt

where Hg is the inertia time constant of the synchronous machine, f and f, are the actual system frequency

APngpm_Pe (2)

and rated frequency, respectively, P,, and P, are the mechanical power and electromagnetic power of the
synchronous machine, respectively, AP, is the power change during the synchronous machine inertia
response process.

The power dynamic response characteristics of MMC-HVDC are:

Ceq Ve dVdc
Smme  dt

Apmmc:Pin_Pout: (3)
where AP, is the inertia power provided by the equivalent capacitance of the submodule, P;, and P,,;

are the input power and output power of the MMC station, respectively, S, is the rated power of the
MMC station.
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By solving Eqs. (2) and (3), the coupling relationship between DC voltage and AC frequency is
established in the GS-MMC, allowing frequency variations to be mapped to DC voltage variations, and the
electrostatic power of the submodule capacitors can provide inertia support.

CqudC dVdc _ 2Hmmc df

— 4
Spme dt fo dt )

where H,,, is the virtual inertia time constant of MMC. Integrate both sides of the above equation to get:

Ce 2H pme
2sz1c (dec - deco) = T (f_fo) (5)

where V; is the rated DC voltage of the MMC-HVDC system. After integration, the % signal is eliminated,
helping to suppress the adverse effects of noise amplification during measurement.

After mapping the frequency variation to the DC voltage variation, the DC voltage value of MMC-
HVDC is as follows:

4SmmCHmmC
Vac,ref = J Vit T Cufo (f = fo) (6)

As shown in Fig. 2, during the simulation of the inertia response, the DC voltage and AC frequency
are coupled and positively correlated. When frequency variations in the REG cause changes in the DC
voltage, the voltage changes cause the submodule capacitors to absorb or release energy accordingly, thereby
providing inertia support.
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Figure 2: MMC-HVDC frequency mapping control strategy

Based on Eq. (6), the coupling relationship between AC frequency and DC voltage can be expressed as:

Ceq fo
f=fo+ e CL
4Smmchmc

For long-distance power transmission, the accuracy of frequency information restoration is ensured
through line power loss compensation. The relationship between the DC voltages measured at both ends is

(dec - deco) (7)
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as follows:

dl.
dt

where AV, is the DC line voltage drop of MMC-HVDC, V;, and V., are the DC voltages of WF-MMC
and GS-MMC ports, respectively, R, and L, are the equivalent resistance and equivalent inductance of the
DC line, respectively, I, is the DC current of MMC-HVDC.

By solving Eqs. (7) and (8), the real-time frequency value of the sending-end grid can be expressed as:

CeqfO

4smmc mmc

AVdc = Vi — Vaer = Raclyc + Ly

(8)

Jref =fo+ ((Vdcl_AVdC)z‘ deco) )

As shown in Fig. 3, a frequency restoration control strategy is designed in the WF-MMC to couple
the sending-end and receiving-end grid frequencies, thereby enabling the SEWF to respond to frequency
variations at the receiving end.
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Figure 3: MMC-HVDC frequency restoration control strategy

3.2 Coordinated Inertia Control Strategy of Wind-Storage Based on Real-Time Frequency Information

By using the real-time frequency information transmitted by MMC-HVDC, the wind farm can sense
frequency variations in the REG and perform inertia response. To address the limitations of traditional
inertia control strategies in wind turbines, this section proposes a wind-storage coordinated inertia control
strategy that enhances the wind farm’s ability to provide sustained power support and prevents secondary
frequency drops.

As shown in Figs. 4 and 5, under regular operating conditions, the DFIG operate in MPPT mode; the
switch §; is in state 1, and the switch S, is in state 2. When the system rate of change of frequency (RoCoF)
exceeds the threshold, the DFIGs will enter the inertia response phase A-B-C. At this point, switch S; changes
from state 1 to state 2. As the rotor speed continuously vary, once the wind turbine reaches point C, the
output active power decreases to the maximum power value P4 before the disturbance. At this point, the
wind turbine can no longer provide effective inertial power for system inertia support. Therefore, when the
rotor speed reaches w, s s, the DFIG should promptly exit the inertia response phase, and switch S, changes
from state 2 to state 1, ensuring maximum active power output and entering the rotor speed recovery phase.



Energy Eng. 2026;123(1) 7

The output active power of the wind turbine is:

Kyd
Pyind,ref = Puppr — f—Hd—J: (10)
0

MPPT
Output active power o B
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Figure 4: Wind turbine power-speed change curve
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Figure 5: Wind turbine inertia control strategy

It should be noted that w, sf needs to be discussed in two cases: (1) During the inertia response phase,
the DFIG’s output active power equals the rotor speed at steady state, that is point w¢; (2) To prevent the
DFIG from becoming unstable due to excessively low rotor speed or being cut off due to excessively high
rotor speed, the DFIG has a rotor speed limit [@min, @max |- Therefore, the actual value of w, 7 should be
taken as the larger of the two values, as follows:

Woff =Max (W, Wmin) (11)

According to Eq. (11), the rotor speed at the moment when the DFIG exits the inertia response can be
determined, which is also the moment when energy storage starts power compensation.

The limitation of the DFIG’s rotor kinetic energy in providing long-term support power can be
addressed by using energy storage devices, enabling the wind farm to simulate the droop characteristics of
synchronous generators, thereby providing sustained power support. In addition, when the DFIG exits the
inertia response phase, the output power will drop sharply, the power output of the BESS can be properly
controlled to compensate for this power deficit, effectively preventing secondary frequency drops.

As shown in Fig. 6, during normal steady-state operation, the energy storage output active power is zero
and does not participate in system frequency regulation. When the system frequency deviation exceeds the
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threshold and the state of charge (SOC) of the energy storage is within limit range [10%, 90% ], switch S; is in
state 1. The BESS releases stored energy, working together with the DFIG to participate in system frequency
regulation, allowing the wind turbine to simultaneously exhibit both inertia and droop characteristics. At
this time, the value of the output active power of the BESS is:

K
Pbess,ref = __DAf (12)
0

1
Cx P bess ref
+ —| /[ —
P, AP,

> > 02

) !

. Sz
PMP/’T
W, = w()/f

Figure 6: Energy storage coordination control strategy

When the DFIG exits the inertia response phase, its operating state drops from point C to point D,
entering the rotor speed recovery phase. During this period, its active power output suddenly decreases,
resulting in a power deficit. The switch S; changes from state 1 to state 2, activating the energy storage power
compensation control to compensate for this power deficit, thereby preventing the occurrence of secondary
frequency drops. This part of the power shortage is the energy storage compensation power AP ,, which can
be expressed as:

AP:p = Py — Pyppr (13)

At this time, the value of the output active power of the BESS is:

Kp
Pbess,ref = _f_Af + APcp (14)
0

The compensation power AP, will gradually decrease adaptively as the wind turbine’s output active
power recovers, effectively mitigating the frequency overshoot caused by the fixed compensation power
output of the energy storage.

3.3 Coordinated Source-Network-Storage Inertia Control Strategy Implementation Process

In summary, as shown in Fig. 7, the coordinated source-network-storage inertia control strategy based
on wind farm transmission via MMC-HVDC system proposed in this paper mainly comprises the following
control processes:

(1) GS-MMC frequency-voltage mapping: Based on the real-time frequency variation information mea-
sured at the grid connection point of the REG, the GS-MMC maps the AC frequency variations to DC
voltage amplitude changes through frequency-voltage mapping. During this process, the submodule
capacitors release their stored electrostatic energy to provide inertia support.

(2) WE-MMC voltage-frequency restoration: Based on the DC voltage variation information of the MMC-
HVDC system, the WE-MMC precisely restores the DC voltage variations to frequency variations
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through voltage-frequency restoration control and power loss compensation, thereby achieving the
frequency coupling between the REG and the SEWE, and providing real-time frequency information
to the wind turbines and energy storage.

(3) Wind-storage coordinated inertia response: Based on real-time frequency information, the wind farm
senses frequency variations in the REG, and the wind turbines release rotor kinetic energy through
WTIC to provide inertia response, thereby suppressing the RoCoF. Meanwhile, energy storage releases
energy through ESDC to provide droop response and sustained power support. When the DFIG exits
the inertia response phase, the BESS switches to ESPC mode and increases active power output to
compensate for the power deficit, thereby preventing secondary frequency drops.

Inertial power source | A
| Sudden load increase

MMC-HVDC i causes frequency drop
Inertial power support !

GS-MMC
Frequency-voltage mapping

Wind turbine
inertia response

Energy storage
power support

WF-MMC
Voltage-frequency restoration

Delivering real-time
reference frequency

1
1 1
1 1
1 1
1 1
1 1
) )
) )
) )
) )
) )
1 1
1 1
1 1
1 1
1 1
1 1
i DC voltage change i
1 1
1 1
1 1
) )
) )
) )
) )
) )
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1

d‘%lt Af

Power shortage

Wind turbine Energy storage
inertia control coordination control

Power compensation

Figure 7: Coordinated inertia control strategy process

4 Parameter Design and Stability Analysis
4.1 Parameter Design Criteria

The existing global frequency safety warning value usually limits the maximum frequency change
rate to within +1 Hz/s [20], while the frequency operation deviation of the power system, considering the
grid operation specifications and under-frequency load reduction protection, needs to be controlled within
+0.02 pu (1 Hz) [21]. For MMC-HVDC, when the submodule capacitor energy is used to provide frequency
support, the capacitor voltage variation range limit is [0.736,1.5pu] [22,23]. According to Eq. (6), it can
be deduced that the simulated inertia time constant H,,,,, must be less than 0.50759. When the system
frequency decreases, the power adjustment is limited to a maximum of 0.1 pu to ensure the stability of the
wind turbines [24]. According to Eq. (10), the value of the wind turbine inertia control coefficient Ky cannot
exceed 5. The energy storage reserve usually accounts for 10% of the wind turbine’s capacity. This reserve is
divided into droop control for continuous power support and power compensation for preventing secondary
frequency drop. Therefore, this paper sets the maximum output power of droop control to 0.5 pu. According
to Eq. (12), the value of the energy storage droop control coefficient K is within 10.

4.2 Small Signal Stability Analysis

This section establishes a small signal model based on the wind power transmission via MMC-HVDC
system shown in Fig. | and performs stability analysis on it. The wind farm consists of multiple DFIGs
equipped with energy storage (using a single-machine equivalent model [19]), which are connected to the
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MMC-HVDC system through a transformer and then connected to the REG via another transformer (the
REG is represented by a synchronous generator). The system parameters can be found in Tables Al-A4
in Appendix A. Detailed modeling can be found in [21,25,26]. The linear state-space model around the
steady-state operating point can be extracted using the Linear Analysis Tool in the MATLAB/Simulink
platform. The linearized small-signal model’s state-space equations can be expressed as:

AX = AAX + BAU (15)

where X is the column vector composed of all state variables of the system, U is a column vector of system
input variables, A is the system state matrix, B is the system input matrix, A represents the change of
small disturbance.

The small-signal model of the wind power transmission via MMC-HVDC system proposed in this
paper is mainly divided into four key modules: DFIG, BESS, MMC-HVDC system, and the REG. The three
key parameters affecting the system’ inertia level, namely the virtual inertia time constant H,,,., the wind
turbine inertia control coeflicient Ky, and the energy storage droop control coeflicient Kp, are used to assess
the system’s stability by observing their eigenvalue trajectories.

As shown in Fig. 8a, when the virtual inertia time constant H,,, . increases from 0.03 to 0.6, the
dominant modes remain within the stable region. Specifically, the eigenvalue pair for A, gradually approaches
the imaginary axis, while the eigenvalue pair for A, moves farther away from it. Therefore, the virtual inertia
time constant H,,,,,. = 0.54 is selected at the point where the real parts of both eigenvalue pairs are equal. As
shown in Fig. 8b, when the value of K increases from 0.025 to 5, the real poles remain in the left half-plane.
To ensure that the wind turbine provides sufficient inertia support without introducing instability risks to
the system, the wind turbine inertia control coeflicient Ky = 4 is selected. As shown in Fig. 8c, the energy
storage droop control coefficient K, gradually increases from 0.5 to 10. Within the given parameter range,
the change in the dominant eigenvalues is minimal. Therefore, a relatively larger value of K = 8 is reasonably
selected to achieve better frequency support.
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5 Case Study
5.1 Simulation Test Scenario Settings

In order to test the performance of the proposed coordinated source-network-storage inertia control
strategy for wind farm transmission via MMC-HVDC system, this paper first establishes a four-machine
two-area system simulation model on the MATLAB/Simulink platform in order to evaluate the performance
of the wind-storage coordinated inertia control strategy in enhancing the inertia support capacity of the
wind farm and preventing secondary frequency drops. Then, a wind farm transmission via MMC-HVDC
system simulation model was developed to validate the proposed coordinated source-network-storage
inertia control strategy in providing inertia support to the REG and improving the overall system inertia level.

5.2 Simulation Verification of Inertia-Coordinated Control Strategy for Wind-Storage System in a Four-
Machine Two-Area System

As shown in Fig. 9, in order to simulate the instantaneous power imbalance during a sudden load
increase in the power system, a switchable load L, = 357 MW is added to the four-machine two-area system,
accounting for 10% of the total system load. At time ¢ = 10, load L, is added to cause a system frequency
drop accident.

DFIG wind farm

1170MW 800MW
"""" gl nonoky
l_l_lBESS 35/230kV

. 230kV
i BESS

G

230/20kV

20/230kV

% -
1970MW ?i‘357 MW ‘L'1600MW 300MW

_______ > L L, :

Figure 9: Simulation test system of four-machine two-area

As shown in Fig. 10, under the sudden load increase condition, traditional wind turbines without
additional control essentially do not respond. After the wind turbines are equipped with WTIC, they
instantaneously increase the inertial power to provide inertia response, suppressing frequency variations
and improving the minimum point of the first frequency drop. However, when the wind turbines exit the
inertia response phase, the wind farm’s output power sharply decreases by 0.067 pu, followed by a secondary
frequency drop in the system.

On this basis, when ESDC is added to the energy storage, the wind farm can continuously provide
approximately 0.01 pu of power support, which further improves the minimum point of the first frequency
drop and the steady-state frequency deviation. However, it cannot prevent the secondary frequency drop.
Therefore, by additionally adding ESPC to the energy storage, when the wind turbines exit the inertia
response phase, the energy storage increases the power output to compensate for the power deficit, thereby
preventing the secondary frequency drop.

It can be seen that under the wind-storage coordinated inertia control strategy, not only can the

phenomenon of secondary frequency drops be effectively avoided, but the inertia support capacity of the
SEWF system can also be enhanced, while maintaining a fast rotor speed recovery rate for the wind turbines.
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Figure 10: Dynamic response of wind farm system under different control strategies

5.3 Simulation Verification of Inertia-Coordinated Control Strategy for Wind Power Transmission via
MMC-HVDC System
Asshownin Fig. 11, a switchableload Ls = 176.5 MW is added to the wind power transmission via MMC-

HVDC system, accounting for 10% of the total load of the receiving-end AC system. Load Ls is added at time
t = 10 s to simulate the frequency drop accident of the REG under the load sudden increase condition.

DFIG wind farm

1170 MW
i BESS
i BESS

WF-MMC

35/230kV

H-CD—k}

—— G
DC-lines {ﬁ -

——

1000MW

> GS-MMC

Receiving-end grid

230/345kV

1765MW 5:7645MW

L, L.

Figure 11: Simulation test system of wind farm transmission via MMC-HVDC system

As shown in Fig. 12, the accurate coupling of the frequencies at both ends of the MMC-HVDC system
is achieved through frequency information transmission based on frequency mapping and restoration.
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Figure 12: DC voltage and frequency restoration comparison

Under a sudden load increase, a comparative analysis is performed on the dynamic response variations
of the wind farm connected via the MMC-HVDC systems under the following four control strategies:
(1) Traditional control for source, network, and storage, without frequency regulation (Strategy 1); (2)
MMC-HVDC frequency information transmission, with inertia support at the network side and frequency
information transfer (Strategy 2); (3) MMC-HVDC frequency information transmission combined with
wind turbine inertia control strategy, with coordinated inertia support from the source and network (Strategy
3); (4) MMC-HVDC frequency information transmission combined with wind turbine inertia control
strategy and energy storage coordinated control strategy, with coordinated inertia support from the source,
network, and storage (Strategy 4).

As shown in Fig. 13a,b, under the frequency information transmission of the MMC-HVDC system, the
frequencies of the sending and receiving grids can be accurately coupled. Meanwhile, under the coordinated
source-network-storage inertia control strategy, the wind turbines, energy storage devices, and MMC-
HVDC work together to enhance the system’s inertia level, suppress the RoCoF, improve the minimum
frequency point, and reduce the steady-state frequency deviation. As shown in Fig. 13¢,d, the change in the
DC voltage of MMC-HVDC causes the submodule capacitor voltage to change accordingly and releases
energy for frequency support. Fig. 13¢,f shows that the SEWF provides substantial inertial power to the REG
via MMC-HVDC. The additional energy storage device, under the coordinated control strategy, also prevents
the issue of secondary frequency drops caused by sudden power decreases. At the same time, it provides
sustained power support, reducing the steady-state frequency deviation.

Therefore, the coordinated source-network-storage inertia control strategy for wind farm transmission
via MMC-HVDC system proposed in this paper can quickly and sustainably provide power support for
frequency drops of the REG, effectively enhancing the overall inertia level of the system, and avoiding
secondary frequency drops.
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Figure 13: System dynamic response when load increases suddenly

6 Conclusion

This paper proposes a coordinated source-network-storage inertia control strategy based on wind
power transmission via MMC-HVDC systems, leveraging heterogeneous inertia resources across the source,
network, and storage to enhance the overall system inertia level and ensure safe and stable operation.
Compared with traditional methods, this proposed strategy offers the following advantages:
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(1)  Wind turbines possess substantial rotor kinetic energy that can participate in the system inertia
support, Through WTIC, it can be used to simulate the inertia response characteristics of synchronous
generators. Energy storage, characterized by its rapid response and flexibility, employs droop control
to emulate the droop frequency modulation behavior of synchronous generators. The coordination of
the two enables wind farms to rapidly suppress the system frequency change rate and provide sustained
power support.

(2) For energy storage, additional power compensation control is introduced. When energy storage
participates in system frequency regulation, its active power output mode is adjusted to compensate
for the power shortage caused by the wind turbines exiting the inertia response, effectively avoiding
secondary frequency drops.

(3) In GS-MMC, frequency-voltage mapping control is employed to map frequency variations of the
receiving power grid to DC voltage variations, thereby utilizing the submodule capacitor energy to
provide inertia support; in WE-MMC, voltage-frequency restoration control and power loss compen-
sation are implemented to accurately restore voltage changes to frequency changes, so that the wind
farm can obtain real-time frequency information and provide inertia support for the REG.

With the large-scale development of renewable energy and power electronic devices in the future, the
demand for system inertia support will further increase. Research on inertia support capabilities should
not be limited to single-type devices alone. Coordinated control using all available inertia resources within
the system to enhance inertia support capability will be the future trend. The control strategy proposed in
this paper leverages the characteristics and advantages of source-network-storage heterogeneous resources.
Through MMC-HVDC, frequency information is transmitted, allowing the wind farm to sense frequency
variations in the REG, and enables the submodule capacitors inside the MMC station to release energy to
provide inertia support. By coordinating the use of wind turbine rotor kinetic energy and energy storage, the
strategy provides rapid and sustained power support while effectively avoiding secondary frequency drops. It
thus shows great potential for enhancing the overall inertia level of the power system and ensuring frequency
stability in power systems.
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Appendix A

Table Al: Parameters for the MMC-HVDC system

Parameters Numerical value
MMC-HVDC rated capacity S, 1000 MW
Rated DC voltage V.o +420 kV
Rated AC voltage V. 230 kV
Rated frequency f, 50 Hz
Number of submodules per bridge arm n 420 units
Submodule capacitance Cs,, 1.758 x 1072 F
Bridge arm resistance R, 0.0529 Q
Bridge arm inductance L, 0.1663 H
DC cable equivalent resistance Rqc 0.5Q
DC cable equivalent inductance Lgc 0.015H
Simulated inertia time constant H,,,,. 0.54

Table A2: Parameters for the wind farm system

Parameters Numerical value
Rated capacity of wind turbine S,,;,,4 2.6 MW
Rated DC voltage of wind turbine Vyyina 1.2kV
Rated AC voltage of wind turbine V. n4 0.69 kV
Rated wind speed 1.5m-s!
DC bus capacitor C,,;,,4 0.08 F
Filter resistor R,,;,4 20x107% Q
Filter Inductor L,,;,.4 483 x10°°H
Number of wind turbines 450 units
Wind farm rated capacity S, 1170 MW
Rotor speed limit [ @min, @Wmax ] [0.7, 1.2 pu]
Frequency change rate threshold 0.05 Hz/s
Wind turbine inertia coeflicient Ky 4

Table A3: Parameters for the battery energy storage system

Parameters Numerical
value
Rated capacity Sp,ss 0.26 MW
Initial state of charge SOC 71.5%
Rated DC voltage Vj pess 1.2kV
Rated AC voltage V, pess 0.69 kV
DC Capacitor Cpeg;s 15 mF
Filter resistor Ry, 20x107° Q
Filter Inductor Ly, 600 x 107% Q

(Continued)

Energy Eng. 2026;123(1)
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Table A3 (continued)

Parameters Numerical
value
Frequency deviation threshold 0.033 Hz
Energy storage droop coefficient 8
Kp

Table A4: Parameters for the synchronous machine system

Parameters Numerical value
Rated power generation S;, 800 MW
Generator terminal voltage Vi, 20kV
Synchronous machine inertia time constant H, 6.4s
Xy X3 X 0.8958, 0.1198, 0.089
XgXg> Xy 0.8645, 0.8645, 0.089
Fps byt by 6.0, 0.033, 0.54, 0.078
Stator resistance R; 2.8544 x 1073 Q
Speed governor adjustment factor R, 0.006
Excitation system gain K, 200
Excitation system time constant T, 0.001s
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