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Abstract: The frequency stability of modern power systems is challenged due to widespread applica-
tion of large-scale renewable energy systems, of which the offshore wind farm (OWF) is one of the
dominant resources. The OWFs are usually integrated into the grid by multi-terminal direct current
(MTDC) transmission systems, which makes the energy flow complicated and the frequency control
design challenging. A frequency support control method of MTDC system integrated OWFs (referred
to as the OWF-MTDC system) is proposed in this paper. First, the wind turbine generation system
(WTGS) is controlled to reserve a certain amount of available power according to the real-time wind
speed for more comprehensive frequency regulation. Then, the frequency support control of OWFs is
designed, and they can release the rotor kinetic energy and reserved power to support the onshore
grid frequency. In addition, the virtual inertia control of a modular multi-level converter (MMC) is
designed, which can also provide frequency support in an emergency by use of the DC capacitor. To
ensure that the frequency control of the OWF-MTDC system does not degrade the stability of the
system, a detailed DC impedance model of the MMC-based MTDC systems is developed, considering
the constant power control and DC voltage control. Based on the impedance model, the impact of the
frequency control coefficients on the DC side stability of the MTDC system is analyzed. Simulation
results validate the stability analysis and verify the proposed frequency control method, which can
effectively provide frequency support to the onshore power grid.

Keywords: offshore wind farm; multi-terminal direct current system; frequency control; virtual
inertia; stability analysis

1. Introduction

Offshore wind farms (OWFs) are developing rapidly and have attracted considerable
attention in the field of renewable energy grid integration research due to their remarkable
advantages, such as small footprint and high annual operating hours [1]. Due to the large
scale of OWFs and the long distance between OWFs and onshore grids, voltage source
converter-based multi-terminal direct current (VSC-MTDC) transmission technology is
considered to be the most suitable option to integrate OWFs into the grid [2,3], making
the OWF-MTDC system widely applied. The increasing penetration of wind power and
other renewable energy sources significantly reduces the grid inertia, but the OWFs do
not respond to grid frequency fluctuation under the conventional control scheme, which
threatens the grid frequency stability [4]. To ensure safe and stable operation of the
power system, research on frequency support control of OWE-MTDC systems is necessary
and urgent.

The research on frequency control usually focuses on microgrids at first. For in-
stance, the authors of [5] proposed a distributed event-triggered secondary control for
frequency/voltage restoration and power sharing in cyber-physical microgrids. However,
this approach may result in zero internal execution time, which leads to an accumulation of
event times, also known as the Zeno phenomenon. In [6], the grid situational awareness
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system is analyzed, and the smart grid situational awareness model and conceptual design
is presented, based on which the event-triggered strategy naturally excludes the Zeno
phenomenon. As for the frequency control of OWFs for large-scale grid support, some
attempts have been made to explore the assistance from the energy storage system (ESS)
with its flexible charge—discharge capability [7], but the ESS will bring in nonnegligible
cost. Moreover, the MTDC system in charge of integrating OWFs into the grid can provide
frequency support as well. In [8], a frequency support strategy was developed for AC
grids connected by an MTDC system, where the frequency of the disturbed grid can be
restored by dispersing the disturbance to all interconnected grids. However, this may lead
to severe frequency drops in other AC grids, and the frequency regulation capabilities of
MMCs have not been fully utilized. Although the above control methods achieve a certain
frequency support performance, they barely explore the potential frequency regulation
capability of OWFs.

The wind turbine generation system (WTGS) typically operates in maximum power
point tracking (MPPT) mode, and its output power is decoupled from the grid frequency.
To realize grid frequency support, the WTGSs can emulate the inertia or frequency damping
characteristics of synchronous generators. To emulate the inertia characteristic, the rate of
change of frequency (RoCoF) signal can be transferred to the rotor side converter (RSC) of
an OWF to release rotor kinetic energy and output required power when frequency events
occur [9-11]. Notably, the rotor kinetic energy that the WTGS can release for frequency
support is determined by the real-time wind speed and rotor speed [12]. A low wind speed
corresponds to a low rotor speed, indicating less kinetic energy stored in the rotor. In this
case, if the WTGS overexploits the kinetic energy of the rotor, it may trigger low-speed
disconnection of the WTGS [13], which would result in serious consequences. On the other
hand, the virtual inertia provided by the rotor kinetic energy mainly supports the grid
during a short period after a fault, while the WTGS may even absorb power from the
grid during the rotor speed recovery period, which will threaten the long-term frequency
stability. To address this issue, power reserve control (PRC) can be employed to operate the
WTGS away from the maximum power point, i.e., to reserve a certain amount of available
output power to provide stable active power support when the frequency drops [14]. Con-
sidering the difference in operating wind speeds among different OWFs, the reserve power
of WTGSs should be reasonably set according to the real-time maximum available power,
and the additional power required for frequency regulation should also be manipulated
fairly based on the operating status of each WIGS. A distributed framework is proposed
in [15] to issue uniform torque and pitch angle instructions of wind turbines for equal
distribution of power reserve requirements. Moreover, a dynamic power reserve strategy
is proposed in [16] to coordinate OWFs under different wind speed zones and analyze
the feasibility of rotor overspeed control to achieve variable virtual inertia. Although the
discussed research can realize frequency support from OWFs, the coordination with MMCs
in the MTDC system has not been discussed.

Notably, the DC capacitors in the MMCs of MTDC systems can also be utilized
to provide virtual inertia, which is realized by releasing electrostatic energy from the
capacitor in emergencies [17]. A simplified approach is to convert frequency changes into a
DC voltage reference value through droop control, thereby controlling the charging and
discharging of the DC capacitor [18,19]. However, the frequency-voltage droop control
alters the control framework of the MMC, which may threaten the stability of the MTDC
system or lead to resonance instability due to the coupling effect between the capacitive
MMC and inductive DC lines [20]. In the literature, the droop coefficient is usually set
directly according to the frequency deviation and voltage deviation thresholds, without
considering the impact of the droop coefficient on system stability. Therefore, to avoid
large-scale stability issues, it is necessary to analyze the resonance stability of the MTDC
system when providing frequency support.

In order to analyze the resonance stability of the MTDC system, the models of MMCs
should first be developed. Among the existing techniques, the impedance analysis method
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has a clear physical meaning and relatively simple calculation, so it is widely used in
the resonance analysis of high-voltage direct current (HVDC) systems [21]. The internal
dynamic characteristics of the MMC are complex, and its impedance model is difficult to
derive. References [22,23] obtain an accurate impedance model of MMCs based on the
harmonic state space and harmonic linearization method, but the order of the model is high,
which is not conducive to the analysis of multi-terminal system stability. References [24-26]
proposed several different DC side impedance models for the flexible DC transmission
system based on the two-level voltage source converter, and these models were used for
DC side resonance analysis. However, although the literature has achieved results on the
modeling of MMCs and OWFs when participating in frequency regulation, the impact of
frequency control coefficients of MMCs on the stability of MTDC systems has not been
measured with a detailed analysis, and the design of the frequency control of OWFs and
MTDC systems lacks supportive instruction.

To address the above issues, this paper proposes the frequency support control of
OWE-MTDC systems considering the coordination of OWFs and MMCs in frequency
regulation. Then, this paper develops the impedance model of the OWF-MTDC system
with frequency support control, based on which the impact of frequency control coefficients
on the stability of the MTDC system is analyzed. It further supports the design of frequency
control coefficients in the OWF-MTDC system. The rest of the paper is organized as follows.
The power reserve control and additional power control for WTGSs as well as the virtual
inertia control of DC capacitors in MMCs are designed in Section 2. Then, the equivalent
impedance model of MMCs and further the model of the MTDC system are developed in
Section 3, based on which the impact of frequency control on the stability of the MTDC
system is analyzed, providing the design basis for the frequency control coefficient of
MMCs proposed in Section 2. Section 4 describes the case study in PSCAD/EMTDC
software, which validates the performance of the control method and the stability analysis
results. Section 5 concludes this paper.

2. Frequency Support Control of OWF-MTDC Systems
2.1. Configuration of OWF-MTDC System

The typical configuration of an OWF-MTDC system is radial topology [27], as shown
in Figure 1. The power generated by the OWFs is transferred to the wind farm voltage
source converter (WFVSC), then transferred to the grid side voltage source converter
(GSVSCQ) via DC cables, and finally integrated into the onshore power grid. The WFVSC
usually adopts island control to regulate the (OWF side) grid frequency and AC voltage,
forming the AC grid of OWFs. The GSVSC usually adopts DC voltage control and active
power control to maintain the DC voltage and manipulate power supply.

WTGS1 A
:

weet L p-oploo{id Baot®

WTGSn A WFVSC1 GSVSC1  Onshore grid 1

""" OWF1 . |MTDC

WTGS1 -

ol oolo@  Bote

WTGSnzi\ WEVSCn GSVSCn  Onshore grid 2

TOWFn

Figure 1. OWF-MTDC system configuration.
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2.2. Power Reserve Control of WTGS

WTGSs usually operate in MPPT mode to output the maximum available power under
real-time wind speed. The maximum available power of a WTGS is given by [28]

Popt = koptwf 1)

where Popt is the maximum available output power of the WTGS, w; is the rotor speed
of the wind turbine, and kopt is the power tracking curve coefficient of the WTGS when
operating in MPPT mode, which is given by

_ npRS Cg‘ax

kopt -
2230t

@)

where p is the air density, R is the radius of the blade, Cj'** is the maximum wind energy
utilization coefficient, Agpt is the optimal tip speed ratio.

In conventional control, the power reference obtained by the MPPT algorithm is
transferred to the active power control of the RSC of WTGS. This allows the WTGS to
adjust its rotor speed in time to capture the maximum available power, while the grid side
converter (GSC) of the WTGS is responsible for maintaining DC voltage. Obviously, the
WTGS operating in MPPT mode cannot supply excess power to the grid when the grid
is experiencing power shortage, and the underfrequency event will then occur. Thus, for
the WTGS to provide stable and continuous frequency support to the grid, it is necessary
to reserve a certain amount of power in advance, i.e., to adopt PRC (also known as de-
loading control). The PRC methods include overspeed control and pitch angle control. Both
methods can cause the WTGS to deviate from its optimal operating point [29]. By setting
a constant power reserve rate (d%) for all the WTGSs in an OWEF, the WTGSs operating
at high wind speeds will perform more power reserve and primary frequency regulation
tasks. By inputting the power reference obtained from the reserved power curve into the
RSC, the WTGS can operate at the power reserve point. The MPPT curve and d% reserved
power curve of the WTGS at different wind speeds are shown in Figure 2, where v, and o,
are the cut-in wind speed the rated wind speed of the WTGS.

A MPPT curve

d% reserved
power curve

4

Ua wind speed vb
Figure 2. MPPT curve and d% reserved power curve.

2.3. Frequency Support Control of WIT'GS

Since the rotor speed of the WTGS does not respond to the onshore grid frequency,
it is necessary to introduce the frequency signal into the WTGS to artificially couple the
rotor speed to the frequency. Considering that the grid frequency is mainly governed by
the synchronous generator, the most effective frequency support method for the WTGS is
to emulate inertia and frequency damping characteristics.

By introducing the RoCoF signal into the active power controller of the RSC as an
additional droop loop, the rotor kinetic energy of the WTGS can be used to emulate the
inertia response, which is called virtual inertia control. Alternatively, adding a frequency-
power droop control to the active power controller of the RSC can emulate frequency
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damping characteristics for the WTGS. With the virtual inertia control and frequency droop
control, the power reference of the RSC is given by

Pt = Pae —2HSL — Kol — fo) ©

where the second term represents the virtual inertia control and the third term represents
the droop control.

Considering the variability of wind speed, the virtual inertia constant and frequency-
power droop coefficient should be set according to the actual operating condition of the
WTGS, which can be expressed as

2 2
wp — We.:
H 2O m21n - Hy (4)
Wmax ~ Whin

where H is the virtual inertia constant for the WTGS, wmax and wpiy are the maximum
and minimum speed of the WTGS for normal operation, respectively, wy is the rotor speed
before disturbance, and Hj is the initial virtual inertia.

Kp=—"5.Kpp ®)

where Kp is the droop coefficient for the WTGS, Pyes is the power reserve value, P;ateq is the
rated power of the WTGS, and Kpy is the initial droop coefficient.

The active power control diagram of the RSC is shown in Figure 3, where P, is the
power reference with virtual inertia control and droop control, Py, is the power refer-
ence obtained from the reserved power tracking curve, H is the virtual inertia, Kp is the
frequency-power droop coefficient, f is the real-time frequency, fj is the rated frequency.

r

Virtual inertia control

» Pref

A
\4

Reserved power

tracking curve

Figure 3. Diagram of the additional power control with frequency support.

2.4. Virtual Inertia Control of DC Capacitor in MMC

The virtual inertia can also be provided by the DC capacitors in the MMC of MTDC
system. By regulating the charging or discharging of the DC capacitor, the frequency-power
characteristic of the synchronous generator rotor can be emulated, and the virtual inertia

can be provided, i.e.,

CdcVde . dogc _ 2H4, . g (6)
Sbase di f N dt

where Cq. is the DC capacitance, v4. is the DC voltage, Spase is the rated capacity of the
MTDC system, H. is the virtual inertia of the DC capacitor, and fy is the rated frequency.
Integrating both sides of (6) obtains

Cac 2H,,
ZS:ase ’ (Uéc - UﬁcO) = fl\(: ’ (f _fO) (7)
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where v4. and fj are the DC voltage and frequency before disturbance, respectively.
Expressing the voltage and frequency in per unit values, (7) can be written as

C
2 (vécpu - UécOpu) = 2Hj (fpu — fOpu) (8)
where .
o - Cdcie o)
Sbase

Since the DC voltage variation can be neglected with respect to the rated voltage, (8)
can be linearized at v4cqpy as

CvchpuAUdcpu = 2Hchfpu (10)

where Avg. is the DC voltage deviation and Af is the frequency deviation.
According to (10), the virtual inertia control of the MMC of the MTDC system can be
represented as

Vdcref = KpcAf + v4c0 (11)

where vt is the DC voltage reference with virtual inertia control, Kpc is the control
parameter for virtual inertia control of the DC capacitor, also known as the frequency-
voltage droop coefficient.

The diagram of the virtual inertia control of the MMC is shown in Figure 4. Note that
only the MMC with DC voltage control can realize virtual inertia control in this way, where
the output power of the DC capacitor can be manipulated.

Kimax

Vdcref

fo Vded

Figure 4. Virtual inertia control of MMC.

For the MMC, the energy stored in the capacitors of all submodules is equivalent to
the energy stored by an equivalent capacitor. Therefore, C4 in (9) should be replaced by
the equivalent capacitance of the MMC, i.e.,

_ 6nCsub

Ceq = (12)

Nmmc
where Ceq is the equivalent capacitance, 7 is the number of MMCs, and Nypyc is the number
of submodules in a single bridge arm.

The flow chart of the proposed frequency control of the OWF-MTDC system is shown
in Figure 5, where the specific steps are demonstrated as follows.

Step 1: Define power reserve requirements for each wind turbine.

Step 2: The WTGS operates in PRC mode and reserve power according to requirements.

Step 3: Judge whether the frequency deviation exceeds the deadband. If so, go to the
next step. If not, return to step 1, and the WTGS keeps the PRC mode.

Step 4: Trigger the virtual inertia control and frequency droop control of the WTGS, as
well as virtual inertia control of the DC capacitor of the MMC.

Step 5: Judge whether the rotor kinetic energy of the WTGS or capacitive electrostatic
energy of the MMC release exceeds the limit. If so, go to the next step. If not, return to
step 4.

Step 6: The control process is finished.
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Define power reserve
requirements

|

Power reserve mode of
WTGS

| P

<%

Frequency deviation
larger than deadband?

v v

Trigger virtual inertia Trigger virtual inertia
control and frequency control of DC capacitor
droop control of WTGS in MMC

A

Rotor kinetic
energy or capacitive
electrostatic energy release
exceeds the limit?

Figure 5. Flow chart of the frequency control of OWE-MTDC system.

3. DC Side Stability Analysis of MTDC System
3.1. MMC-MTDC System Structure

Figure 6 presents a typical four-terminal OWF-MTDC system. MMC1 and MMC2
are connected to the OWFs and are controlled by islanded control. MMC3 and MMC4 are
connected to an AC system, which is a typical IEEE 3-machine and 9-bus system. As the
focus of this section is the DC side stability of the MMC-MTDC system, the description of
the AC grid will be given in a later section.

!
H—O-aD-{13
OWF1 MMC1
DC line impedance Zi

-G Ks

OWEF2 MMC2

i1

MMC4
DC line impedance Zx

2 | 7? i
MMC3 @|2 1 ‘_| g I@

DC line impedance Zx

Limiter Lim  Limiter Lim

Figure 6. Topology of the four-terminal OWF-MTDC system.

In the MMC-MTDC system, MMC3 adopts constant power control and MMC4
adopts DC voltage control with additional virtual inertia control of the DC capacitor.
The impedance Zj, of the DC line between MMC1 and MMC2 consists of the equivalent
resistance Rj, and inductance Lj,. The impedance Z,3 of the DC line between MMC2 and
MMC3 consists of the equivalent resistance Rp3 and inductance Ly3. The impedance Z34
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of the DC line between MMC3 and MMC4 consists of the equivalent resistance R34 and
inductance L34. Ly, is the current limiting reactor on the DC line.

In the following, the DC side impedance of each MMC will be modeled, and then the
total DC side impedance of the MMC-MTDC system will be obtained. Based on the model,
the DC side stability of the MTDC system can be analyzed.

3.2. DC Side Impedance of MMC

The internal dynamic characteristics of the MMC are complex. To accurately describe
its internal dynamic characteristics, high-order differential equations are required, which
greatly increase the difficulty of modeling. When it comes to the external output char-
acteristics of the MMC, the average value model of the MMC can be applied. Then, the
model can ignore the charging and discharging processes of submodule capacitors and
the influence of circulating currents between bridge arms, so the strategies of capacitor
voltage equalization control and phase current circulating current suppression control can
be omitted. This method can effectively reduce the complexity of the model while ensuring
a certain degree of accuracy. The average value model of the MMC is shown in Figure 7,
where Larm and Rarm are the bridge arm inductance and bridge arm resistance, respectively,
and C, is the equivalent DC side capacitance, which can be expressed as

Ce = 6Cgyp/N (13)

where N is the number of submodules and Cgy, is the capacitance of each submodule.

DC-side impedance of MMC

Lsv s R .
B P P N 1

1d 2Larm/3 Liim
M [{ SM |-—| SM ] . A |
Rarm Rarm Rarm : A 2Rarm/3 ideline :
AC Larm Larm Larm : - é :
> ol &Y !
system ) 5 8 + |
Larm Larm Larm A | o % Vde —— Ce |
TOT | - !
Rarm Rarm Rarm O & ]
T E |
SM_| SM | SM | i )
HE HE HE ) Liim :
|—|SM||—|SM||—|SM| l\ v o ,

(a) (b)

Figure 7. Structure and average value model of MMC: (a) structure of MMC; (b) average value model
of MMC.

In Figure 7, Zp and Zy are parallel equivalent impedances of equivalent controlled
current sources (ECCSs) of the MMC with constant power control and voltage control,
respectively. In Figure 6, the ECCS output impedances of MMC1 and MMC2 are Z; and Z,,
v4c and iy, are the voltage and current of the DC side of the ECCS, respectively, and iq jine
is the DC output current of the MMC. The DC side impedance, which is obtained by taking
the positive and negative terminals of a single converter station as ports, includes the ECCS
output impedance, the DC equivalent capacitance, and the bridge arm impedance.

The ECCS output impedance of the MMC can be obtained from the relationship
between DC voltage disturbance Avg. and DC current response Aig.. Specifically, the
output power of the ECCS on the DC side is given by

Pdc = Udcidc (14)

where Pq is the rated DC active power.
Linearizing (14) obtains
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AP, P
Aige = ¢ — 3 Avg (15)
Udco U3¢0

To obtain the ECCS output impedance, which is the relationship between Avy. and
Aige, it is necessary to express APy, in terms of Avg. in (15). The power balance between
the DC side and AC side of ECCS is given by

APy = APy (16)

where P, is the active power on the AC side of the MMC, and its expression is given by

3 ) .
Py = > (ucdld + ucqlq) 17)

After linearization near the steady-state operating point, the expression for the distur-
bance in P, can be obtained as

3 Aig 1 3p . [ Augy
APy = E [”ch ”ch} |: Aiq :| + E [ldO ZqO} |: Auzq ] (18)

where 1, tcqo, 40, and igo are the steady-state values of uy, U, iy, and iy, respectively.
In summary, the key to establishing the ECCS output impedance is to obtain the

relationship between Avg. and AP,.. Based on the ECCS output impedance, the DC side

impedance of the MMC can be easily calculated according to the MMC model in Figure 7.

3.3. DC Side Impedance of MMC with Constant Power Control

The typical vector current control of the MMC is shown in Figure 8, where the DC
voltage control and the constant power control are shown as the outer control loops. In
Figure 8, ug, us, and u. are the voltage at the AC system bus, the point of common coupling
(PCC), and the MMC AC output, respectively, P is the active power output of MMC, i is
the AC current, Lg is the impedance of the AC system, Lt and Ry are the inductance and
resistance of the transformer, respectively, 0 is the phase of the PCC point voltage, wy is
the base frequency of the AC system, and Ky(s) and Kp(s) are the transfer functions of the
PI loop for voltage control and power control, respectively. Moreover, the subscripts d,
g, and abc indicate the variables of the d-axis, g-axis, and abc-frame, respectively, and the
subscripts “ref” and “0” indicate the reference value and rated value of the variable. Since
this paper focuses on the impact of frequency support control on the DC side stability of
the MTDC, which is realized on the DC voltage control loop, the reactive power control
loop is not considered, and the reactive current reference value Iref,q 1S set to 0.

PCC

R L L
A AC ! . > Uisabc 1 & Ug,abc
L B HOOOH(() — '666?
* DC Ucabe Tabe L I

iq id Usq Usd 4
E dq 0 Outer DC voltage

N \ Usd control loop

Outer active power
control loop

Figure 8. Typical vector current control system of MMC.
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By derivation as shown in Appendix A, Zp can be obtained as

ZP, de = ﬁ?j“ =
T - -1 . 4T -1
—0dco | ideo — 3 —[ Hedo ] < Ge H(Gur + Zr)+ ) (3Kp(s)Gio) + { do } [ Mo ] (19)
‘ ‘ ? Heq0 %KP (S)(GuO - GiOZT) 27 ! 150 |

Based on the average value model of the MMC as shown in Figure 7, in the impedance
model of the MMC on the DC side, the equivalent output impedance of the ECCS is first
connected in parallel with the equivalent capacitance Ce on the DC side, and then connected
in series with the equivalent impedance Larm and Rarm of the bridge arm. Based on the
average value model of the MMC shown in Figure 7, the DC impedance Z4. 3 of the MMC
station with constant active power control can be obtained as

ZdC,3 = 1%»?726&) + %(SLarm + Rarm) (20)

Considering that MMC1 and MMC2, which connect OWF1 and OWF2, adopt island
control, the expressions of the ECCS output impedances Z; and Z, for MMC1 and MMC2
are given by

2 2
v v
A dc0 A dcO 71
1 p 2 b, (21)

where P and P; are the rated power of MMC1 and MMC2, respectively.
Similar to the analysis of the average model for the MMC above, the expressions of
the DC side impedances Z4. 1 and Zg. » for MMC1 and MMC2 can be obtained as

Z
Zyc1 = H'S’ZTleZI + %(SLarm + Rarm) 22)
ZdC_Z = m + %(SLarm + Rarm)

3.4. DC Side Impedance of MMC with DC Voltage Control and Virtual Inertia Control

As shown in Figure 8, the control structure of the MMC with DC voltage control is
the same as that with constant power control, except for the difference in the outer loop
structure. Ky (s) is the PI controller for the voltage outer loop, which can be expressed as

Kv(s) = kvp +kyi/s (23)

where kyp and ky; are the proportional and integral parameters of the PI controller.

Since only the outer loop structure is changed for the MMC with DC voltage control,
the inner loop structure, PWM structure, and AC system structure of the MMC output
impedance model derived previously in the constant power control mode can still be used
in the MMC with DC voltage control.

Based on the relationship between DC voltage disturbance Avg., current disturbance
Aig., and power disturbance APg4. shown in (15), the DC side output impedance of the
MMC station under DC voltage control can be derived. According to the outer loop
structure shown in Figure 8, the expression of the current reference for the current inner
loop can be obtained as

[ Laref ] _ { KV(S) :|(Z)dcref_de) (24)

Laref

Linearizing (24) near the operating point obtains

A' re. \'
{ N } = [ e }(Avdcref ~ Age) (25)
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Gy =3

In order to provide inertia support to the AC system, frequency-voltage droop control
is introduced into the outer control loop of the MMC with DC voltage control. This allows
the reference value of the DC voltage to change with the system frequency, the expression is

Odcref = (f - fref) - Kpc + v4c0 (26)

where f is the real-time frequency of the system, f ¢ is the reference frequency value, and
Kpc is the droop coefficient.
Linearizing (26) near the equilibrium point obtains

Avclcref = Kpc - Af (27)

According to the characteristics of the AC system in Figure 6, the relationship between
frequency and power can be obtained by a genetic algorithm [30], as shown in (28).

AP AP(—0.1499 -5 +32.58 -s2 4+ 12.89 -5+ 1)
Af = Gg(s)— = 28
f = Cr) 5 = 527035 1 2092 2 1 9634 -5 + 19.11) (28)

Introducing (28) into (27) obtains

AP
AVgeret = Kpc - GF(S)T = Gp(s) - AP (29)

where Gp(s) is

_ Kpc - (—0.1499 - s 4+ 32.58 - s +12.89 - s + 1)

G 30
p(s) 5(270.3 - s3 +209.2 - s2 +96.34 - s + 19.11) (30)
Substituting (29) into (25) obtains
Aigref } [ KV(S> :|

. = Gp(s) - AP — Av 31
v AT N @1

By derivation as shown in Appendix B, Zy can be obtained as

Avgc 9dco
= — = — 2
V= A T Gy (32)
where
. . m 3 _ Ky (s .
[0 teqo] - Gy - Guy + [ia0 lq0]> [ me ] * E[”Cdo o] - Gy - GC[ V(0) } e @)
q0

Based on the MMC average value model shown in Figure 7, the DC side impedance
Z4c_4 of the MMC with DC voltage control can be obtained as

Zy

2
ch_4 - m + 5 (SLarm + Rarm) (34)

3.5. Impact of Frequency—Voltage Droop Coefficients on the Stability of MMC-MTDC System

The DC side impedance of each MMC in the MTDC system has been derived above.
Taking the output of MMC2 as the port to evaluate the DC side stability of the MTDC
system, after a simple series—parallel connection, the DC side impedance of the MMC-
MTDC system is obtained as

Zsys = (Zac 1+ Z12)/ / Zac 1 + (Zac.a + Z34) / / Zye 2 + Za3 + Liim (35)
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To quantitatively analyze the DC side impedance of the MMC-MTDC system, a set of
reference system parameters is required. The parameters of the four-terminal MMC-MTDC
system shown in Figure 6 are listed in Tables 1 and 2.

Table 1. Electrical parameters of MMC-MTDC system.

Parameter Value
Transformer load loss 0.006 pu
Transformer leakage reactance 0.18 pu
Number of submodules N 200
Submodule capacitance Cqy 15 mF
Line equivalent resistance Ry, 0250
Line equivalent inductance Lj; 2.5 mH
Line equivalent resistance Ry3 050
Line equivalent inductance Ly3 5 mH
Line equivalent resistance Ra4 04 Q
Line equivalent inductance L4 4mH
Current limiting inductor Ly, 02H
Arm resistance Rarm 0.15 0
Arm inductance Larm 30 mH

Table 2. Control parameters of MMC-MTDC system.

Parameter Value
Frequency droop coefficient Kpc 0.18 pu

PI transfer function of power outer loop Kp(s) 200
PI transfer function of current inner loop Kc(s) 15 mF
PI transfer function of voltage outer loop Ky (s) 0250
Rated DC voltage v4.0 2.5 mH

The expression of the DC side impedance model of the MMC-MTDC system is given
in (35). In order to verify the accuracy of Zsys, a frequency sweep is performed on the
MMC-MTDC system in PSCAD/EMTDC. The comparison between Zsys and the simulation
results of the frequency sweep in the simulation software is shown in Figure 9. As can
be seen from Figure 9, Zsys conforms well to the simulation frequency sweep results, and
further analysis of the system stability can be conducted based on this.

Based on the four-terminal MMC-MTDC system structure as shown in Figure 6,
combined with the DC side impedance expressions (20), (22), (34) of each converter station,
as well as the overall DC side impedance expression (35) of the MMC-MTDC system and
the benchmark system parameters in Tables 1 and 2, the eigenvalue trajectory of Zsys when
the droop coefficient Kpc changes is obtained, and thus the impact of Kpc on the system
stability can be analyzed.

In Figure 10, the system eigenvalue trajectory is shown when the droop coefficient
Kpc changes from 2 to 50. It can be seen from the results that even when the droop
coefficient Kpc increases to an almost exaggerated value, the system eigenvalues only
remain distributed near the imaginary axis and do not cross over to the right half-plane.
Therefore, even when the droop coefficient Kpc is increased to an exaggerated value, the
system does not become unstable, and the impact of Kpc on the system stability is not
significant within this wide range of variation.
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Figure 10. System eigenvalue trajectory when Kpc changes.

4. Simulation Analysis
4.1. Verification of Impact of Droop Coefficient on MTDC System Stability

To verify the impact of the droop coefficient Kpc on system stability, a simulation
model of the four-terminal MMC-MTDC system as shown in Figure 6 is constructed in
PSCAD/EMTDC. The simulation result is shown in Figure 11. When the droop coefficient
Kpc is increased from 5 to 50 at 31 s, the system quickly regains stability after a short period
of fluctuation and does not become unstable, which validates the stability analysis results.
It can be concluded that even if the droop coefficient Kpc is increased significantly to 50,
the system will not become unstable. Therefore, the impact of droop coefficient Kpc on
MTDC system stability is not significant. When the frequency—voltage droop coefficient
Kpc is adjusted, its impact on the overall stability of the MTDC system can be neglected.

4.2. Validation of Frequency Support Effect of OWF-MTDC

To validate the frequency support effect of the proposed control method under load
disturbance, the MMC-MTDC system integrating OWFs shown in Figure 6 was constructed
in PSCAD/EMTDC. The onshore IEEE 3-machine 9-bus system consists of a hydro genera-
tor G1 with IEEE G3 type speed governing system and steam generators G2, G3 with IEEE
G1 type speed governing systems. The parameters of the WTGS and AC system are shown
in Tables 3 and 4, respectively. From the above impedance analysis, the droop coefficient
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Kpc does not obviously affect the MTDC system stability. Thus, Kpc can be determined
based on the frequency deviation and allowable voltage deviation. Considering the power
grid operation specification, the frequency deviation Af of the power system is generally
controlled within 2% (1 Hz), and the DC voltage deviation Avg, is set within 15% [31].
Therefore, the droop coefficient Kpc in this paper is set to 7.5. A sudden load step of 5%
was set at 50 s, and the simulation results under MPPT without additional control and the
proposed control method are shown in Figure 12.

0.8

e
[oN
T
.

Koc turns to 50
0.2r 1

DC current (kA)
o
=~

0 . . . . .

30 31 32 33 34
Time (s)

Figure 11. Simulation results of the impact of Kpc on MTDC system stability.

Table 3. Main parameters of WTGS.

Parameter Value
Rated power Syt 2 MW
Number of WTGSs in a single OWF 50
Rated frequency fn 50 Hz
Terminal voltage 0.69 kV
Rated rotor speed w 12 pu
Power reserve coefficient d% 10%
Wind speed of OWF1 8m/s
Wind speed of OWF2 13m/s
Virtual inertia of OWF1 H; 5s
Virtual inertia of OWF2 H, 7s
Power droop coefficient of OWF1 Kp; 7
Power droop coefficient of OWEF2 Kp, 15

Table 4. Main parameters of AC system.

Parameter Value
Rated power of G1 Sg; 72 MW
Rated power of G2 5 163 MW
Rated power of G3 Si3 85 MW
Inertia time constant of G1 Hgy 8s
Inertia time constant of G2 Hgp 64s
Inertia time constant of G3 Hgs 3.01s

As shown in Figure 12, the WTGS without additional control always operates at the
maximum power point and does not respond to the onshore grid frequency deviation,
where the frequency nadir is 49.37 Hz and the steady state frequency is 49.84 Hz under
the disturbance. When the MTDC system adopts the proposed control method, the OWFs
reserve 10% of their maximum available power, i.e., OWF1 reserves 4.3 MW and OWEF2
reserves 10 MW. After the load step, the rotor kinetic energy and reserved power of the
WTGSs are quickly released, and the additional output power provides virtual inertia and
damping to the AC system for frequency support. The additional power is correlated
with the reserve power, as shown in Figure 12¢,d. Moreover, the MMC provides virtual
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inertia to the AC system by the DC capacitor, and the DC voltage deviation is positively
correlated with the frequency deviation. Specifically, the maximum DC voltage deviation
does not exceed 10%, as shown in Figure 12b, indicating that the droop coefficient is set
appropriately. With the proposed control method, the frequency nadir is 49.71 Hz, and
the maximum frequency deviation is reduced by 53.97% compared with the case without
frequency support control, and the steady-state frequency is 49.87 Hz, which is 0.03 Hz
higher than the case without frequency support control. In summary, the proposed control
method can effectively provide frequency support to the onshore AC system without
affecting the stability of the WTGSs and the MTDC system.

50.2 T T .
MPPT without additional control | 205f MPPT without additional control |
IN 50 Proposed control z L Proposed control
2 498 j 7 5200
C v -
g =
5 49.87Hz v °
g 496 49.84Hz 5 1950 1
H [a)
49.4 /--» 49.37Hz 1
1901 1
49.2
50 60 70 80 90 100 50 60 70 80 90 100
Time(s) Time(s)
(a) (b)
50 110 T T T T T
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=il £ 100
= i Z
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o] 9]
2 z 90
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35— : * - - 85— * - - -
50 60 70 80 90 100 50 60 70 80 90 100
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(©) (d)

Figure 12. Simulation results of OWF-MTDC system under a 5% sudden load step: (a) frequency
variation of AC system, (b) DC voltage variation of MTDC system, (c) output power of OWF1, and
(d) output power of OWF2.

4.3. Simulation Results with Different Frequency—Voltage Droop Coefficients

In order to verify the impact of the frequency-voltage droop coefficient on the MTDC
system stability as discussed in Section 3, the cases with different Kpc are conducted. The
simulation results of DC voltage and frequency with different Kpc under a 5% sudden load
step at 50 s are shown in Figure 13.

It can be seen in Figure 13 that the increase in frequency—voltage droop coefficient
does not affect the stability of the system, verifying the stability analysis in Section 3. As
Kpc increases, the DC capacitor releases more energy, making the DC voltage drop more
severely, which then raises the frequency nadir. This indicates that the virtual inertia control
of the MMC can effectively provide frequency support to the onshore AC system, of which
the performance is determined by the droop coefficient Kpc. Considering that the voltage
deviation should be kept within 30 kV, the maximum value of Kpc is set to 24. However,
since the voltage deviation is directly related to the frequency deviation, if the power droop
coefficients of WTGSs are increased, the frequency nadir can be significantly increased, and
the maximum value of Kpc can also be correspondingly increased.
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Figure 13. Simulation results of OWF-MTDC system with different frequency-voltage droop coeffi-
cients: (a) DC voltage variation of MTDC system and (b) frequency variation of AC system.

4.4. Simulation Results with Different Power Droop Coefficients

In order to investigate the influence of the wind turbine power droop coefficient Kp
(including droop coefficient of OWF1 Kp; and the droop coefficient of OWF2 Kpy) on the
system, several sets of power droop coefficients were added while keeping the GSVSC
frequency—voltage droop coefficient Kpc fixed at 7.5. The simulation results under each
parameter with a 5% sudden load step at 50 s are shown in Figure 14. It can be seen from
Figure 14 that the WTGS power droop control has a significant frequency raising effect.
As Kp increases, the OWFs output more additional power after the frequency event, and
the frequency nadir of the AC system is raised while the steady-state frequency deviation
is reduced. Since the DC voltage under the virtual inertia control of the DC capacitor
is directly related to the frequency, the DC voltage is also raised. Therefore, under the
premise of increasing the WTGS power droop coefficient, a higher frequency—voltage
droop coefficient can be set within the allowable range of DC voltage deviation, which
can further raise the lowest frequency point of the AC system. At the same time, it can
be seen from the simulation results that changing the WTGS droop coefficient only affects
the frequency support effect and does not affect the system stability. Therefore, the DC
impedance modeling in Section 3 is reasonable for the simplification of MMC1 and MMC2
and does not affect the stability analysis results.

4.5. Simulation Results with Different Wind Speeds

The wind speed exhibits variability during actual operation. To evaluate the effective-
ness of the proposed method across a range of wind speeds, simulation tests are conducted
for OWFs with different wind speeds. WTGSs operating under low wind speeds are un-
suitable for power reserve purposes. Conversely, when the wind speed surpasses the rated
value, the rotor speed and output power remain constant at the rated level. In this case
study, wind speeds of 7 m/s, 8 m/s, 10 m/s, and 13 m/s are selected for all the OWFs.
The frequency—voltage droop coefficient Kpc of the GSVSC is fixed at 7.5, while the virtual
inertia constant H and the frequency—power droop coefficient Kp are determined based on
(4) and (5). Figure 15 illustrates the simulation results under different wind speeds, where
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subfigure (b) represents the additional output power of a single OWF with different wind
speeds. To assess system performance, a sudden 5% load step is applied at 50 s.
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Figure 14. Simulation results with different power droop coefficients: (a) frequency variation of AC

system; (b) DC voltage variation of MTDC system; (c) output power of OWF1; (d) output power
of OWE2.
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As it can be seen from the results, the rotor speed and reserve power increase with
wind speed, thereby the virtual inertia constant and droop coefficient are increased. Then,
with a higher wind speed, the frequency nadir under the same disturbance was raised,
as shown in Figure 15a, and the additional output power of OWF increases, as shown in
Figure 15b. The simulation results prove that the proposed method can flexibly adjust the
control coefficients according to the real-time wind speed, leading to improved frequency
support performance, and the WTGSs can operate stably in the allowed wind speed range.

5. Conclusions

This paper proposes a frequency support control method for an OWF-MTDC system
based on the DC side stability analysis of the MTDC system. For the WTGSs with power
reserve, the rotor virtual inertia control and frequency—power droop control are designed to
enable frequency regulation. For the MTDC system, the frequency—voltage droop control is
designed for the MMC to provide virtual inertia by the use of the DC capacitor. The detailed
DC side impedance of the MTDC system is modeled considering the MMCs under constant
power control and DC voltage control. The effect of frequency—voltage droop coefficient on
the MTDC system stability is then investigated based on the model, of which the results
show that the proposed frequency support control is tolerant of control coefficients in terms
of stability consideration. The proposed control method enables the WTGSs and the MTDC
system to respond to onshore grid frequency fluctuation in a timely manner, providing
additional frequency support to the onshore AC system. Simulation results show that the
proposed method can reduce the maximum frequency deviation of the system by 53.97%
and raises the steady-state frequency by 0.03 Hz under a disturbance. By changing the
frequency—voltage droop coefficient of the MMC and the power droop coefficient of the
WTGSs, the system stability is not affected, verifying the stability analysis results. The
simulation results with different wind speeds prove that the proposed method can flexibly
adjust the control coefficients according to the wind speed, leading to improved frequency
support performance. In summary, the proposed method has a fast response speed and
great frequency support performance, which effectively improves the inertia and damping
coefficient of the power system and further enhances the frequency stability of the onshore
power grid. In future work, we will study the time sharing coordination of virtual inertia
control and droop control to further improve the frequency support performance.
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Appendix A

It can be seen from Figure 8 that the AC side linearization dynamic equation of the
MMC can be represented as

Augy _ Aueg | | sLt+Rr — woLT Nigy (A1)
Ausgg Aueg woLt  sLt+ Rt Aig

Zt

where “A” represents small signal disturbance.
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The internal current control model of the MMC is the same under different outer loop
control methods, and the generated output voltage reference values ety and ueres 4 are

Ucref,d _ KC(S) 0 :| |: iref,d :| - [ KC(S) woLT ] [ id :| [ Ugg :|
|: Ucrefg ] B |: 0 Ke(s) Z‘ref,q —woLt Ke(s) iq + Ugq (A2)
—_——

Ge Grr

where K(s) = kep + kci/8, kep, and ki are the proportional and integral coefficients, respectively.
After small signal perturbations around the steady-state point, (A2) can be expressed as

[ ] _ [ Kele) 0 71 Meaa ][ Kl ke T7 200 ) [ 8t ]

Aicref g 0 Kc(s) Airet g —woLt Kc(s) Aig Ausg

G Grr

The voltage reference values uererg and Uerery Output by the current inner loop are
modulated to obtain the equivalent output voltages u.; and uc; on the AC side of the
converter. After substituting (A1) into (A3), the voltage quantities ug; and us, at the PCC
point can be eliminated, and the direct relationship between the current at the MMC outlet
and its reference value can be obtained as

Ai
} = (Z1 + Grr) [ A } (A4)
q
When the constant active power control is adopted, the active power on the AC side
of the MMC is controlled to a specific value, and the power outer loop of constant power
control can be expressed as

igref = Kp(s)(Pref — P) (A5)

where P, is the power reference value, P is the real-time measured active power value at
the PCC point, and Kj(s) is the transfer function of the PI control loop for the power outer
loop, which can be expressed as

Kp(s) = kpp + kpi /s (A6)

where kpp and kp; are proportional and integral parameters of the PI loop for the outer
power control.

There is a certain difference between the active power measured at the PCC (P) and
the active power on the AC side of the ECCS (Pyc). P is the real-time power at the outlet
of the MMC on the AC side, which can be represented by

P = —(uggiy + usqiq) (A7)

N W

Linearizing (A7) near the steady operating point, the expression for power perturba-
tion can be obtained as

3 Ai 3. . Au
AP = 5 [usdo uqu] { Aij ] + 5 [ldo lqO] |: sd ] (A8)

Augg
Substituting Equations (A7) and (A8) into Equation (A5) can obtain the current ref-
erence values i 4 and it for the current inner loop, and these values can be linearized
around the steady-state point, i.e.,

Airegg | 3 Usgo Usqo || Dig igo g0 || Augg
[Airef,q =350 0 0 ||lag T 00 || Aug (A9)
H—J \W_J
Guo Gio
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A'Ud _
ZP, de = Aldc

: 3
—0dco (ldc() -2 <_ |:

Similarly, by substituting (A1) into (A9), the voltage disturbance quantities Aug; and
Augg at the PCC point can be eliminated as

Airegg | _ 3 ' e Aig | Augg
[Airef,q } = —-Kp(s) - | (Guo — Gio - Z1) Aig + Gio Attgy (A10)

N

By combining (Al) and (A10), the disturbance quantities Aiyery and Aiyef, can be
eliminated. The disturbance quantities Airetg and Aiper,; can be represented by Ay, Auigg,
Aig, and Aig. Therefore, the relationship between the voltage disturbance quantities Ay,
Aug; and current disturbance quantities Aiz, Aiy at the AC outlet of the MMC can be
obtained as

Gia

Aug ] (3 - Gc 1(GLT+ZT)+ Aig
{ Aty } o (2KP(S)G10> ' ( 5Kp(s)(Guo — GioZr) ) . { Aig } (A1)

As mentioned earlier, the key to establishing Zpy is to obtain the relationship between
Av4c and AP,c, and the expression for AP, is shown in (18). To calculate the DC impedance
of the MMC station, (A11) needs to be substituted into (18) to eliminate the electrical
disturbance quantities Aug, Aueq, Aig, and Aiy on the AC side. Therefore, the relationship
between Avg. and AP, can be obtained as

Ga

3 _ . m
APy = E(_ [ucdo ucqo} GiAl + [ldO 1q0]) [ mZg :|Avdc (A12)

where m;o and m,( are the modulation of d-axis and g-axis, respectively, and their expres-
sions are
{ me = quO/deO (A13)
Mg = uch/Uch
According to the power disturbance balance between the DC side and the AC side of
the ECCS, the AP, can be approximately equal to the AP, and the relationship between
the Avg. and the Aig. can be obtained by substituting the AP, of (A12) into (15), i.e.,

A P
Aldc GA de _ dCO A dc (A14)
Udco Uch

(A14) describes the relationship between voltage and current disturbance on the DC side.
After sorting out, the expression of Zp can be calculated as

T _ -1 i T -1
Uedo ] < Ge 1(GLT+ZT)+ ) (QK (S)G'O) + [ l'dO ] l: mgo :| (A15)
Ueqo 5Kp(5)(Guo — GioZr) A igo Mgo
Appendix B

Substituting (31) into (A4) obtains

o [<6 o or-smron[ 1] o
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According to the expression of AP in (A8), it can be obtained that

Ky(s) _ 3 Usio Usqo || Aig iqo igo || Augg
{ 0 ] AP=3KE 0 0 | aip [T 0 0 || Auy (A7)
Guw Gio

Introducing (A17) into (A16) obtains
3 Ai Au Ky (s Ai
5Ke(s) - Gp(s) - Ge- (Guo{ Ai‘; } +Gio[ Auz; D :GC{ V(o) } ~Avdc+(ZT+GLT)[ Ai‘; } (A18)

Substituting (A1) into (A18), the voltage quantities ugy and ug; at the PCC can be
eliminated as

Ai Au
3Ky(s) - Gp(s) - Ge - {(Guo —Gjo - Z1) { Aij } +Gi0{ Auzg } }

. (A19)
K A
=G vis) | Avge + (Zr +Grr) |
0 Aig
Let 3
Gk = 5K(s) - Gr(s) - Ge (A20)
It can be obtained that
Al Au K
(GK'GuO_GK'GiO'ZT_ZT_GLT){ Aid } = (_GK'GiO>[ A o ] +Gc|: V(g) } AR (A21)
q N—— qu
Giv GHV

The balance of power disturbance between AC and DC sides can be expressed as

. . 3 Ai 3. . Au
04c0Dige + Avgcigeo = > [tedo ticqo] { Aij } +t5 lid0 iq0] { Auzz } (A22)

Introducing (A21) into (18) obtains

. . 3 _ Au Ky (s 3. . Au
04c0Dige + AV4clige0 = 5 [Uedo teqo] - Gy - (Guv[ AMCZ } + Gc|: V(O) } 'Avdc) + E[ldo iq0] [ AMCI; ] (A23)
C Ci

Further processing can result in

Z)chAidc
_ . A _ Ky .
- %([%do teg] - Gy, - Guv + [iao lqOD [ AZZZ ] " (g [tedo teqo] - Gy 'GC{ (5) ] B ldco) Avg,
3 _ . 3 _ K , (A24)
= {2([“010 tiego] -+ Gy Guy + [iao lqo]) [ ng ] + E[ucdo tego] - Gy ~GC[ V(OS) } - ldco}Avdc
Gy

The essence of Zy is the relationship between the small signal disturbance Avg. of DC
voltage and the response Aiy. of DC current, so the expression of Zy can be obtained from
(A24) as

Avqc  Udeo
Iy = —— = —— A25
V= A Gy (A25)



Electronics 2023, 12, 3029 22 of 23

References

1.  Wang, W.Y,; Li, Y.; Cao, YJ.; Hager, U.; Rehtanz, C. Adaptive droop control of VSC-MTDC system for frequency support and
power sharing. IEEE Trans. Power Syst. 2018, 33, 1264-1274. [CrossRef]

2. Peng, Q. Liu, T.Q.; Wang, S.L.; Qiu, Y.F; Li, X.Y; Li, B.H. Determination of droop control coefficient of multi-terminal VSC-HVDC
with system stability consideration. IET Renew. Power Gener. 2018, 12, 1508-1515. [CrossRef]

3. Sun, K; Yao, W,; Fang, ] K,; Ai, XM.; Wen, ].Y,; Cheng, S.J. Impedance modeling and stability analysis of grid-connected
DFIG-based wind farm with a VSC-HVDC. IEEE |. Emerg. Sel. Top. Power Electron. 2020, 8, 1375-1390. [CrossRef]

4. Xiong, Y.X.; Yao, W.; Wen, ].E; Lin, S.Q.; Ai, XM.,; Fang, ].K.; Wen, ].Y.; Cheng, S.J. Two-level combined control scheme of
VSC-MTDC integrated offshore wind farms for onshore system frequency support. IEEE Trans. Power Syst. 2021, 36, 781-792.
[CrossRef]

5. Wang, Y.; Nguyen, T.L.; Xu, Y,; Li, ZM,; Tran, Q.-T.; Caire, R. Cyber-physical design and implementation of distributed
event-triggered secondary control in islanded microgrids. IEEE Trans. Ind. Appl. 2019, 55, 5631-5642. [CrossRef]

6. Li YS,; Zhang, H.G.; Liang, X.D.; Huang, B.N. Event-triggered-based distributed cooperative energy management for multienergy
systems. IEEE Trans. Ind. Inform. 2019, 15, 2008-2022. [CrossRef]

7. Guan, M.Y. Scheduled power control and autonomous energy control of grid-connected energy storage system (ESS) with virtual
synchronous generator and primary frequency regulation capabilities. IEEE Trans. Power Syst. 2022, 37, 942-954. [CrossRef]

8. Li, Z;Wei, Z.A,; Zhan, R.P; Li, Y.Z.; Tang, Y.; Zhang, X.-P. Frequency support control method for interconnected power systems
using VSC-MTDC. IEEE Trans. Power Syst. 2021, 36, 2304-2313. [CrossRef]

9. Xu, B;; Zhang, LW.; Yao, Y,; Yu, X.D.; Yang, Y.X,; Li, D.D. Virtual inertia coordinated allocation method considering inertia
demand and wind turbine inertia response capability. Energies 2021, 14, 5002. [CrossRef]

10. Jiang, Q.; Zeng, X.Y.; Li, B.H.; Wang, S.L.; Liu, T.Q.; Chen, Z.; Wang, T.X.; Zhang, M. Time-sharing frequency coordinated control
strategy for PMSG-based wind turbine. IEEE |. Emerg. Sel. Topics Circuits Syst. 2022, 12, 268-278. [CrossRef]

11.  Zeng, X.Y,; Liu, T.Q.; Wang, S.L.; Dong, Y.Q.; Li, B.H.; Chen, Z. Coordinated control of MMC-HVDC system with offshore wind
farm for providing emulated inertia support. IET Renew. Power Gener. 2020, 14, 673-683. [CrossRef]

12. Xiong, Y.X.; Yao, W.; Yao, Y.H.; Fang, ] K.; Ai, X.M.; Wen, ].Y.; Cheng, S.J. Distributed cooperative control of offshore wind farms
integrated via MTDC system for fast frequency support. IEEE Trans. Ind. Electron. 2023, 70, 4693—4704. [CrossRef]

13.  Kheshti, M.; Lin, S.Y.; Zhao, X.W.; Ding, L.; Yin, M.H.; Terzija, V. Gaussian distribution-based inertial control of wind turbine
generators for fast frequency response in low inertia systems. IEEE Trans. Sustain. Energy 2022, 13, 1641-1653. [CrossRef]

14. Tu, G.G,; Li, YJ; Xiang, J. Coordinated rotor speed and pitch angle control of wind turbines for accurate and efficient frequency
response. IEEE Trans. Power Syst. 2022, 37, 3566-3576. [CrossRef]

15. Wang, X; He, Y.G.; Gao, D.W.; Wang, Z.Y.; Muljadi, E. Cooperative output regulation of large-scale wind turbines for power
reserve control. IEEE Trans. Energy Convers. 2023, 38, 1166-1177. [CrossRef]

16. Ge, X.L.; Zhu, X.H,; Fu, Y.; Xu, Y.S.; Huang, L.L. Optimization of reserve with different time scales for wind-thermal power
optimal scheduling considering dynamic deloading of wind turbines. IEEE Trans. Sustain. Energy 2022, 13, 2041-2050. [CrossRef]

17.  Peng, Q.; Jiang, Q.; Yang, Y.H.; Liu, T.Q.; Wang, H.; Blaabjerg, F. On the stability of power electronics-dominated systems:
Challenges and potential solutions. IEEE Trans. Ind. Appl. 2019, 55, 7657-7670. [CrossRef]

18. Kou, P; Liang, D.L.; Wu, Z.H.; Ze, Q.]J.; Gao, L. Frequency support from a DC-grid offshore wind farm connected through an
HVDC link: A communication-free approach. IEEE Trans. Energy Convers. 2018, 33, 1297-1310. [CrossRef]

19. Peng, Q.; Fang, ].Y,; Yang, Y.H.; Liu, T.Q.; Blaabjerg, F. Maximum virtual inertia from DC-link capacitors considering system
stability at voltage control timescale. IEEE |. Emerg. Sel. Topics Circuits Syst. 2021, 11, 79-89. [CrossRef]

20. Xu, Z.G.; Li, B.B;; Han, L.J.; Hu, ]J.L.; Wang, S.B.; Zhang, S.G.; Xu, D.G. A complete HSS-based impedance model of MMC
considering grid impedance coupling. IEEE Trans. Power Electron. 2020, 35, 12929-12948. [CrossRef]

21. Hu, ].B; Zhu, ].H.; Wan, M. Modeling and analysis of modular multilevel converter in DC voltage control timescale. IEEE Trans.
Ind. Electron. 2019, 66, 6449-6459. [CrossRef]

22. Lyu,]; Zhang, X,; Cai, X.; Molinas, M. Harmonic state-space based small-signal impedance modeling of a modular multilevel
converter with consideration of internal harmonic dynamics. IEEE Trans. Power Electron. 2019, 34, 2134-2148. [CrossRef]

23. Lyu,].; Zhang, X.; Huang, ].J.; Zhang, J.W.; Cai, X. Comparison of harmonic linearization and harmonic state space methods for
impedance modeling of modular multilevel converter. In Proceedings of the 2018 International Power Electronics Conference
(IPEC), Niigata, Japan, 20-24 May 2018; pp. 1004-1009.

24. Li, C,;Cao, Y]; Yang, Y.Q.; Wang, L.; Blaabjerg, F.; Dragicevic, T. Impedance-based method for DC stability of VSC-HVDC system
with VSG control. Int. J. Electr. Power Energy Syst. 2021, 130, 106975. [CrossRef]

25. Agbemuko, A.].; Dominguez-Garcia, J.L.; Prieto-Araujo, E.; Gomis-Bellmunt, O. Impedance modelling and parametric sensitivity
of a VSC-HVDC system: New insights on resonances and interactions. Energies 2018, 11, 845. [CrossRef]

26. Amin, M.; Molinas, M.; Lyu, J.; Cai, X. Impact of power flow direction on the stability of VSC-HVDC seen from the impedance
nyquist plot. IEEE Trans. Power Electron. 2017, 32, 8204-8217. [CrossRef]

27. Paul, S.; Rather, Z.H. A novel approach for optimal cabling and determination of suitable topology of MTDC connected offshore
wind farm cluster. Electr. Power Syst. Res. 2022, 208, 107877. [CrossRef]

28. Li, YJ].;Xu, Z,; Zhang, ].L.; Yang, H.M.; Wong, K.P. Variable utilization-level scheme for load-sharing control of wind farm. IEEE

Trans. Energy Convers. 2018, 33, 856-868. [CrossRef]


https://doi.org/10.1109/TPWRS.2017.2719002
https://doi.org/10.1049/iet-rpg.2017.0621
https://doi.org/10.1109/JESTPE.2019.2901747
https://doi.org/10.1109/TPWRS.2020.2998579
https://doi.org/10.1109/TIA.2019.2936179
https://doi.org/10.1109/TII.2018.2862436
https://doi.org/10.1109/TPWRS.2021.3105940
https://doi.org/10.1109/TPWRS.2020.3026035
https://doi.org/10.3390/en14165002
https://doi.org/10.1109/JETCAS.2022.3152796
https://doi.org/10.1049/iet-rpg.2019.0505
https://doi.org/10.1109/TIE.2022.3183355
https://doi.org/10.1109/TSTE.2022.3168778
https://doi.org/10.1109/TPWRS.2021.3136822
https://doi.org/10.1109/TEC.2022.3221619
https://doi.org/10.1109/TSTE.2022.3179635
https://doi.org/10.1109/TIA.2019.2936788
https://doi.org/10.1109/TEC.2018.2814604
https://doi.org/10.1109/JETCAS.2021.3049686
https://doi.org/10.1109/TPEL.2020.2996714
https://doi.org/10.1109/TIE.2018.2875640
https://doi.org/10.1109/TPEL.2018.2842682
https://doi.org/10.1016/j.ijepes.2021.106975
https://doi.org/10.3390/en11040845
https://doi.org/10.1109/TPEL.2016.2608278
https://doi.org/10.1016/j.epsr.2022.107877
https://doi.org/10.1109/TEC.2017.2765399

Electronics 2023, 12, 3029 23 of 23

29. Dreidy, M.; Mokhlis, H.; Mekhilef, S. Inertia response and frequency control techniques for renewable energy sources: A review.
Renew. Sust. Energ. Rev. 2017, 69, 144-155. [CrossRef]

30. Huang, H.; Ju, P; Jin, Y,; Yuan, X.; Qin, C.; Pan, X.; Zang, X. Generic system frequency response model for power grids with
different generations. IEEE Access 2020, 8, 14314-14321. [CrossRef]

31. Zhu,].B.; Hu, ].B.; Huang, W.,; Wang, C.S.; Zhang, X.; Bu, S.Q.; Li, Q.; Urdal, H.; Booth, C.D. Synthetic inertia control strategy for
doubly fed induction generator wind turbine generators using lithium-ion supercapacitors. IEEE Trans. Energy Convers. 2018, 33,
773-783. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.rser.2016.11.170
https://doi.org/10.1109/ACCESS.2020.2965591
https://doi.org/10.1109/TEC.2017.2764089

	Introduction 
	Frequency Support Control of OWF-MTDC Systems 
	Configuration of OWF-MTDC System 
	Power Reserve Control of WTGS 
	Frequency Support Control of WTGS 
	Virtual Inertia Control of DC Capacitor in MMC 

	DC Side Stability Analysis of MTDC System 
	MMC-MTDC System Structure 
	DC Side Impedance of MMC 
	DC Side Impedance of MMC with Constant Power Control 
	DC Side Impedance of MMC with DC Voltage Control and Virtual Inertia Control 
	Impact of Frequency–Voltage Droop Coefficients on the Stability of MMC-MTDC System 

	Simulation Analysis 
	Verification of Impact of Droop Coefficient on MTDC System Stability 
	Validation of Frequency Support Effect of OWF-MTDC 
	Simulation Results with Different Frequency–Voltage Droop Coefficients 
	Simulation Results with Different Power Droop Coefficients 
	Simulation Results with Different Wind Speeds 

	Conclusions 
	Appendix A
	Appendix B
	References

