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Abstract——This paper presents a comprehensive control of 
modular multilevel converter-based high-voltage direct current 
(MMC-HVDC) integrated offshore wind farm (OWF) system, 
which is aimed at enhancing the fast frequency support capabil‐
ity. The comprehensive control consists of the active energy con‐
trol (AEC), the optimized energy control (OEC), and the OWF 
control. The proposed OEC decouples the voltage of MMC sub‐
module (SM) capacitor and the DC-link voltage of the MMC-
HVDC. A mathematical model of the energy release process in 
an MMC and onshore frequency dynamics is developed, and a 
sinusoidal-function-based energy utilization preset curve is de‐
rived to theoretically achieve optimized frequency support, 
while ensuring the constrained energy usage. Upon the occur‐
rence of a frequency event, MMC SMs may adjust their re‐
sponses according to the energy utilization preset curve. The 
MMC then provides onshore frequency support by releasing en‐
ergy. The coordination process with the OWF is also explored 
to further enhance the frequency support performance. Finally, 
case studies are conducted on the PSCAD/EMTDC platform 
through employing actual engineering parameters. The frequen‐
cy support performance of various controls under both load in‐
crease and load decrease conditions are compared, demonstrat‐
ing the effectiveness of the proposed OEC.

Index Terms——Modular multilevel converter-based high-volt‐
age direct current (MMC-HVDC), offshore wind farm (OWF), 
frequency support, active energy control (AEC), optimized ener‐
gy control (OEC).

I. INTRODUCTION 

MODULAR multilevel converter-based high-voltage di‐
rect current (MMC-HVDC) is a long-distance trans‐

mission technology that is suitable for offshore wind proj‐
ects, such as Borwin 1-4, Dolwin 1-6, and Helwin 1-2 in 
Germany and the Dogger Bank in the UK [1] - [3]. The in‐
creasing scale of offshore wind power has resulted in two 
main issues. First, the expansion of offshore wind farms 
(OWFs) reduces the proportion of traditional synchronous 
generators, resulting in a decrease in system inertia. Second, 
because the OWF is connected to the grid through a DC 
transmission line, a decoupling effect occurs between the off‐
shore and onshore frequencies. This prevents OWFs from re‐
sponding to onshore frequency fluctuations [4]. To address 
the issue of frequency stability degradation caused by the 
gradually increasing scale of OWF in the future, it is essen‐
tial to investigate appropriate controls.

Additional controls are required to enable the MMC-
HVDC integrated OWF to provide active frequency support 
to the onshore grid. There are two main types of such addi‐
tional controls, which are implemented in the wind turbine 
(WT) and DC systems. The mechanism of additional control 
designed for an OWF is to utilize the kinetic energy of the 
rotor in the WT to smooth out power imbalances caused by 
sudden load changes [5] - [7]. Another additional control is 
the load-shedding control, where the WT does not initially 
operate at the maximum power point tracking (MPPT) posi‐
tion, thereby retaining a certain amount of energy. The ener‐
gy margin can be used to provide frequency support when 
sudden load increases [8]. However, the output power of the 
WT is inherently stochastic, and its available energy is limit‐
ed at low wind speeds. Therefore, there is an urgent need to 
explore other devices with potential frequency support.

Several studies have investigated the use of DC capacitor 
energy storage in voltage source converter-based high-volt‐
age direct current (VSC-HVDC) transmission systems for 
frequency support. The capacitors can be charged or dis‐
charged to absorb or release energy, enabling short-term 
power regulation. Various strategies for frequency support us‐
ing VSC-HVDC are proposed in [9]-[11]. Reference [9] de‐
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rives the inertia coefficients that emulate the inertia of the 
synchronous generator using capacitive energy. Reference 
[10] provides a detailed explanation of implementing addi‐
tional control based on frequency deviation through a DC-
link voltage reference. Reference [11] discusses the applica‐
tion of frequency-voltage droop control to transmit the fre‐
quency signal to the system on the opposite side of the DC 
transmission line, which enables frequency support between 
two asynchronous grids. References [12] and [13] further ex‐
plore the issue of increasing the energy utilization margin of 
the voltage source converter (VSC) capacitor. The effects of 
the setting of the droop factor on the frequency support re‐
sults are studied in [12]. For a specific frequency deviation, 
a larger capacitor can be used to limit the DC-link voltage 
variation and to provide the required simulated inertia time 
constant [13].

The feasibility of utilizing submodule (SM) energy in 
MMC-HVDC system for frequency support is investigated 
in [14] - [24]. Reference [14] proposes that a portion of the 
bridge-arm capacitors in the converter station can be repur‐
posed as energy storage units. Simulations demonstrate that 
converting only 4% of the bridge-arm capacitors can provide 
support power equivalent to approximately 10% of the sys‐
tem rated power. The factors that influence the equivalent in‐
ertia coefficient of the SM energy are explored in [15]. Ref‐
erence [16] proposes a multimode active inertia support strat‐
egy for MMC-HVDC systems considering the constraint of 
DC-link voltage fluctuations. However, the coupling between 
the DC-link voltage and voltage of MMC SM capacitor lim‐
its the amount of available SM energy. Since the voltage of 
MMC SM capacitor and DC-link voltage can be decoupled, 
the utilization of SM energy becomes more flexible [17] -
[19]. The inertia coefficient of a SM based on the maximum 
allowable frequency deviation in the grid is designed in 
[20]. A method for adjusting droop and inertia coefficients is 
proposed in [21]. In [22], the OWFs and MMC-HVDC sys‐
tems are treated as an integrated unit, efficiently increasing 
the equivalent capacitance of the MMC-HVDC. Although 
[22] achieves the efficient coordination between MMC-
HVDC and OWFs, it does not address the optimized utiliza‐
tion of energy stored in the MMC SMs.

Researchers propose new ideas for the optimization of en‐
ergy utilization. An optimized method for WTs to maximize 
the frequency nadir is proposed in [23]. The optimized fre‐
quency trajectory is determined by decoupling the WT re‐
sponse and the frequency dynamics. Subsequently, the opti‐
mal additional power reference for the WT is derived from 
the average system frequency (ASF) model. However, the 
ASF model relies on extensive grid parameter measurements 
for controller design, leading to high communication costs 
and potential errors. An energy release preset curve for con‐
verter stations is proposed in [24]. However, the design of 
this curve lacks a solid theoretical foundation. To achieve 
more effective frequency support, it is crucial to investigate 
controls that maximize the energy utilization of the MMC. 
Although the aforementioned studies have employed the ca‐
pacitive energy of MMC for frequency support, there is no 
existing control focusing on maximizing the energy utiliza‐

tion of the MMC. Moreover, there is a lack of theoretical 
analysis regarding the optimized principles for energy utiliza‐
tion of the MMC.

This study develops a mathematical model of the energy 
release process in an MMC and onshore frequency dynam‐
ics. An optimized energy control (OEC) is proposed to sup‐
port grid frequency in response to sudden onshore load 
changes. The proposed OEC enables more efficient energy 
utilization of the MMC compared with existing controls. The 
effectiveness of the proposed OEC is demonstrated through 
theoretical analysis and simulation verification.

The main contributions of this paper are outlined as fol‐
lows.

1) The boundaries of finite-energy storage for achieving 
optimized frequency support are analyzed from an energy 
perspective. It is found that the optimized frequency support 
requires two key principles. First, the energy is fully utilized 
within the margin. Second, the frequency nadir and energy 
margin are reached simultaneously. This derivation provides 
a theoretical foundation for the further development of the 
proposed OEC.

2) A sinusoidal-function-based energy utilization preset 
curve for the MMC is proposed based on active energy con‐
trol (AEC). The relationship between the available MMC en‐
ergy and the rate of change in frequency (RoCoF) is estab‐
lished.

3) A comprehensive control of MMC-HVDC integrated 
OWF system is designed, which includes AEC, OEC, and 
OWF control. In addition, the proposed OEC of the MMC is 
coordinated with the OWF control to further improve the fre‐
quency modulation performance. The effectiveness of the 
proposed OEC is evaluated through simulations.

The remainder of this study is organized as follows. Sec‐
tion II presents the finite-energy optimized frequency sup‐
port principle. Section III outlines the framework of compre‐
hensive control of MMC-HVDC integrated OWF system. 
The detailed explanation of each step in Section III is provid‐
ed in Section IV. Section V shows the simulation verifica‐
tion. Finally, conclusions are provided in Section VI.

II. FINITE-ENERGY OPTIMIZED FREQUENCY 
SUPPORT PRINCIPLE 

The structure of the comprehensive control of MMC-
HVDC integrated OWF system studied in this paper is de‐
picted in Fig. 1. The definitions of each variable can be 
found in [1]. The available energy from MMCs is relatively 
small compared with that of the dedicated energy storage de‐
vices. Moreover, the time during which energy can support 
frequency regulation is limited. As a result, it is essential to 
explore a control that can maximize the energy utilization to 
achieve optimized frequency regulation performance.

A. Step-wise Inertia Control

To achieve the optimized frequency support for an MMC, 
we first analyze the frequency response of the MMC-HVDC 
integrated OWF system (which is simplified as a single-ma‐
chine system) with limited energy storage. 
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Currently, additional control is commonly used to emulate 
the inertia response and primary frequency regulation of syn‐
chronous generators. In this subsection, the MMC applies 
step-wise inertia control, which effectively decouples the fre‐
quency from the energy released by the MMC.

When integrating a large-scale wind farm into the MMC-
HVDC integrated OWF system, the classical system frequen‐
cy response (SFR) model becomes inadequate. The wind 
power penetration rate ρ must be taken into account. With 
the introduction of ρ, the modified SFR model is proposed. 
The block diagram of modified SFR model for the MMC-
HVDC integrated OWF system is illustrated in Fig. 2, where 
H is the synchronous generator inertia time constant; D is 
the damping factor; Km is the mechanical power gain factor; 
FH is the fraction of the total power generated by the high-
pressure turbine; TR is the reheat time constant; kin is the in‐
ertia coefficient of MMCs; DPmmc is the variation of the out‐
put power of MMCs; DPL is the variation of load; DPm is 
the variation of the output power of the generator; Df is the 
variation of frequency; s is the Laplace operator; and R is 
the regulation factor of the governor.

Clearly, the wind power penetration rate affects the param‐
eters H, D, and Km. To simplify the transfer function, the 
equivalent parameters of H, D, and Km are defined as:

Heq = (1 - ρ)H (1)

Deq = (1 - ρ)D (2)

Kmeq = (1 - ρ)Km (3)

where Heq, Deq, and Kmeq are the equivalent parameters of H, 
D, and Km, respectively.

The transfer function of the modified SFR model can be 
expressed as:

Df (s)=
1

2Heq s +Deq

(DPL (s)-DPm (s)-DPmmc (s)) (4)

DPm (s)=
Kmeq (1 +FHTR s)

R(1 + TR s)
Df (s) (5)

We assume that there is a sudden change in load, which 
sets DPL as a step function, as shown in (6).

DPL (s)=DPL

1
s

(6)

By substituting (4) and (5) into (6), the change in angular 
velocity Dω can be obtained as:

∆f

∆Pm ∆Pm

∆Pmmc

∆PL

∆f

(a)

1� �

� �
++ (1�ρ)(2Hs+D)

R(1+TRs)
Km(1�ρ)(1+FHTRs)

∆PL ++
∆Pmmc

1
(1�ρ)(2Hs+D)

R(1+TRs)
Km(1�ρ)(1+FHTRs)

ρkins

(b)

Fig. 2.　Block diagram of modified SFR model for MMC-HVDC integrat‐
ed OWF system. (a) Step-wise inertia control. (b) Inertia control.
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Fig. 1.　Structure of comprehensive control of MMC-HVDC integrated OWF system.
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where t is the time.
The inverse Laplace transform of (7) provides the frequen‐

cy resolution in the time domain [25], which is given as:

Df (t)= (DPmmc -DPL )r(1 + αe-ζωnt sin(ωrt + ϕ)) (8)
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When the energy storage device releases its energy, the 
frequency support terminates. Therefore, the SFR model un‐
der step-wise inertia control illustrated in Fig. 2(a) must be 
modified. The equivalent power disturbance of the MMC-
HVDC integrated OWF system DPd is shown in (10). We as‐
sume that the frequency support of the MMC starts at the be‐
ginning, and t0 is the support termination time.

DPd = (DPmmc -DPL )h(t)-DPmmch(t - t0 ) (10)

where h(t) is the Heaviside-step function.
Clearly, the input variables of the MMC-HVDC integrated 

OWF system are not continuous. Since the modified SFR 
model is linear, the overall frequency response can be ex‐
pressed as [26]:

Df (t)= (DPmmc -DPL )h(t)r(1 + αe-ζωnt sin(ωrt + ϕ))-
DPmmcrh(t - t0 )(1 + αe-ζωn (t - t0 ) sin(ωr (t - t0 )+ ϕ)) (11)

Equation (11) in the form of a segmented function yields:

Df (t)=

ì

í

î

ïïïï

ïïïï

(DPmmc -DPL )r(1 + αe-ζωnt sin(ωrt + ϕ))              t < t0

(DPmmc -DPL )r(1 + αe-ζωnt sin(ωrt + ϕ))-

       DPmmcr(1 + αe-ζωn (t - t0 ) sin(ωr (t - t0 )+ ϕ))    t ⩾ t0

  (12)

The energy released by the MMC is related to its output 
power, which is given as:

DPmmc =
DE
t0

(13)

where DE is the variation of the energy released by the 
MMC.

The modified SFR model developed above is validated 
through simulation. Parameters and values of the modified 
SFR model are listed in Table I.

With the same energy margin, Fig. 3 shows the frequency 
and power under different support termination time. It is 
worth mentioning that the frequency response illustrated in 
Fig. 3(b) exhibits that, different support termination time 

leads to varying frequency nadirs. Additionally, the frequen‐
cy shows 1-2 nadirs. This is because the support termination 
time creates an instantaneous power deficit, resulting in a 
secondary frequency drop (SFD). Consequently, it is crucial 
to coordinate the two frequency nadirs and maximize their 
values.

TABLE I
PARAMETERS AND VALUES OF MODIFIED SFR MODEL

Parameter

H

D

Km

FH

TR

R

ρ

Value

4.00 s

1.00 p.u.

0.95 p.u.

0.30 p.u.

8.00 s

0.05 p.u.

0.20 p.u.
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Time (s)

Time (s)

Fig. 3.　Frequency and power under different support termination time. (a) 
Equivalent power disturbance. (b) Frequency response. (c) Output power of 
generator.
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When the finite-energy frequency support terminates be‐
fore the first frequency drop occurs, only a single frequency 
nadir is observed (scenario 1: one frequency nadir exists). 
Conversely, if the finite-energy frequency support continues 
beyond the first frequency drop, a second frequency nadir 
emerges (scenario 2: two frequency nadirs exist). Both sce‐
narios are analyzed below.
1)　Scenario 1: One Frequency Nadir Exists

Because no frequency nadir occurs during t < t0, only the 
frequency response for t ³ t0 is analyzed. The expression of 
Df (t) is given as:

Df (t)= ( )DE
t0

-DPL r(1 + αe-ζωnt sin(ωrt + ϕ))-

DE
t0

r(1 + αe-ζωn (t - t0 ) sin(ωr (t - t0 )+ ϕ)) (14)

Taking the derivative of (14), we can obtain that:

Df ′ (t)= ( )DE
t0

-DPL rαωne-ζωnt sin(ωrt + ϕ′ )-

DE
t0

rαωne-ζωn (t - t0 ) sin(ωr (t - t0 )+ ϕ′ ) (15)

ϕ′= ϕ - arctan ( - 1 - ζ 2

ζ ) (16)

Setting Df ′ (t)= 0, we can obtain:

tan(ωrt+ϕ′ )=
sin(ωrt+ϕ′ )
cos(ωrt+ϕ′ )

=X (t0 )
-
DE
t0

eζωnt0 sin (ωrt0 )

DE
t0

(1-eζωnt0 cos (ωrt0 ))-DPL

(17)

where X (t0 ) is the a  complex algebraic term dependent on 
time t0. 

Defining the time to reach the frequency nadir as tn2, we 
can obtain:

tn2 =
arctan(X (t0 ))- ϕ′

ωr
(18)

Substituting (18) into (14), we can obtain the variation of 
frequency at time tn2:

Dfn2 =-DPLr(1 + αe-ζωntn2 sin(ωrtn2 + ϕ))+
DE
t0

rα(e-ζωntn2 sin(ωrtn2 + ϕ)- e-ζωnDt sin(ωrDt + ϕ)) (19)

Dt = tn2 - t0 (20)

Analyze the monotonicity of (19). It is known that when 
t0 is limited to 0, X (t0 ) increases monotonically. Therefore, it 
can be concluded that tn2 also increases monotonically. Since 
tn2 > t0, αe-ζωnDt sin(ωrDt + ϕ) decreases monotonically. Also, 
because the stored energy of the energy storage device is 
low, it cannot completely eliminate the load disturbance, 
which means DE/t0 <<DPL.

Therefore, it can be concluded that the lowest point of 
Dfn2 monotonically increases with t0. This indicates that for 
the second frequency nadir, the longer t0, the more effective 
the frequency regulation.

2)　Scenario 2: Two Frequency Nadirs Exist
In this scenario, there are two frequency nadirs in frequen‐

cy response, and the factors influencing these two frequency 
nadirs are analyzed. The time to reach the two frequency na‐
dirs are set as tn1 and tn2. It is worth mentioning that tn2 in 
this scenario is the same as that in (18).

When t0 £ tn1, by substituting tn1 into (12), the first frequen‐
cy nadir can be derived as:

Dfn1 =Df (tn1 )= r ( DE
t0

-DPL ) (1 + αe-ζωntn1 1 - ζ 2 ) (21)

tn1 =
-ϕ′
ωr

(22)

Since the finite-energy frequency support has not yet ter‐
minated, tn1 is only related to the parameters of MMC-
HVDC integrated OWF system. Therefore, from (21), we 
know that Dfn1 monotonically decreases with respect to t0.

When t0 > tn1, the monotonicity of Dfn2 analyzed in scenar‐
io 1 still holds. Thus, Dfn2 monotonically increases with t0.

In summary, the monotonicities of Dfn1 and Dfn2 with re‐
spect to t0 are opposite. Therefore, there must exist a specif‐
ic t0 that makes Dfn1 =Dfn2, as shown in Fig. 4. If the support 
termination time is t0opt, the two frequency nadirs become 
equal. At this point, the frequency deviation is minimized, 
suggesting that the MMC-HVDC integrated OWF system 
achieves the best frequency support effect. This phenomenon 
is also illustrated in Fig. 3(c). It can be observed that when 
t0 = 4.6 s, the frequency support terminates while Pm reaches 
its maximum value. Therefore, the essence of the frequency 
support is to coordinate the output power of the MMC with 
that of the generator.

B. Inertia Control

If the energy of the MMC is released at a constant power, 
it is likely to cause a severe SFR. Many studies use inertia 
control to simulate the frequency response process of genera‐
tors. Figure 2(b) illustrates the modified SFR model of the 
MMC-HVDC integrated OWF system under inertia control. 
Pmmc has the following relationship with frequency f.

Pmmc = ρkin

df
dt

(23)

Under the inertia control, the output power of the MMC 

3 4 5 6 7 8 9-0.11

-0.10

-0.09

-0.08

-0.07

-0.06

-0.05

Δfn1
Δfn2

t0opt

Δfnmax

Δf
 (H

z)

t0 (s)

Fig. 4.　Frequency nadirs according to different support termination time.
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peaks immediately following a frequency event. When the 
frequency reaches its nadir, RoCoF becomes 0, at which 
point the power output of the MMC Pmmc also drops to 0. In 
contrast to step-wise inertia control, this avoids abrupt pow‐
er reduction, theoretically eliminating SFD.

Figure 5 shows the ideal illustration of frequency devia‐
tion and output power of MMC under inertia control. As il‐
lustrated in Fig. 5, if the inertia coefficient is appropriately 
set, the frequency of the MMC reaches its minimum when 
the energy is fully released. The benefit is that all the avail‐
able energy can be utilized for frequency support, whereas 
the MMC does not diminish the support effect of the genera‐
tors. Therefore, a more effective frequency support is 
achieved.

Assuming an ideal inertia coefficient kin that satisfies the 
above requirements exists and integrating both sides of (23), 
we can obtain that:

DE =-ρkinDPLr(1 + αe-ζωntn 1 - ζ 2 ) (24)

ω2
n =

1
2(Heq + ρkin )RTR

(25)

ζ =
[2(Heq + ρkin )R +FHTR ]ωn

2
(26)

Thus, the ideal inertia coefficient kin can be derived by 
solving (24) by using the parameters of the MMC-HVDC in‐
tegrated OWF system. However, (24) is nonlinear, and the 
actual system is more complex than the modified SFR mod‐
el previously analyzed. As a result, solving for kin is chal‐
lenging. Thus, the same objective can be achieved by using 
more simplified control, rather than the inertia control.

III. FRAMEWORK OF COMPREHENSIVE CONTROL OF MMC-
HVDC INTEGRATED OWF SYSTEM 

This section outlines the framework of the comprehensive 
control of the MMC-HVDC integrated OWF system. As il‐
lustrated in Fig. 1, the comprehensive control of the MMC-
HVDC integrated OWF system comprises three primary con‐
trol segments: AEC, the proposed OEC, and OWF control.

A. AEC

The MMC-HVDC system includes numerous energy stor‐
age components, such as capacitors and inductors [19]. Dur‐
ing a frequency event in the onshore AC grid, the energy 
storage device of the flexible system can actively absorb or 
release energy to support the frequency response. Consider‐
ing the practical projects of the MMC-HVDC integrated 
OWF system, half-bridge MMCs are applied in this paper. 
The MMC-HVDC system contains two types of capacitive 
energy storage device: the capacitance of the offshore or on‐
shore MMC CSM and the equivalent capacitance of DC cable 
line CL. This paper focuses solely on CSM.

Under the inertia control of the MMC-HVDC system, 
which is proposed in [17], the DC-link voltage is maintained 
equal to the sum of the voltage of MMC SM capacitor of 
the bridge arm. The voltage of MMC SM capacitor possess‐
es a higher overvoltage margin than the DC-link voltage 
[27]. However, the coupling between them restricts the 
MMC capacitor from fully utilizing its overvoltage capabili‐
ty.

To overcome this issue, a method is proposed to decouple 
voltage of MMC SM capacitor from the DC-link voltage, 
thereby enhancing the flexibility of AEC [28]. A description 
of AEC for MMC-HVDC system is provided below.
1)　Offshore MMC Control

For the offshore MMC, the rate of change in energy Emmc 
of all its SMs is the difference between AC power and DC 
power, as shown in (27).

dEmmc

dt
=Pac -Pdc =

3
2

Usd Isd -Udc Idc (27)

where Pac and Pdc are the AC power and DC power of off‐
shore MMC, respectively; Usd is the d-axis component of 
MMC AC-side voltage; Isd is the d-axis component of MMC 
AC-side current; Idc is the DC-link current; and Udc is the 
DC-link voltage.

The double-closed-loop DC control can be designed as:

ì

í

î

ïïïï

ïïïï

I *
dc = kp (EWFM -E *

WFM )+ ki∫(EWFM -E *
WFM )dt

Mdc = kp1 (I *
dc - Idc )+ ki1∫(I *

dc - Idc )dt
(28)

where superscript * represents the reference value; EWFM is 
the stored energy of the offshore MMC; Mdc is the DC mod‐
ulation ratio [29]; kp and kp1 are the proportional coefficients 
of the PI controller for I *

dc and Mdc, respectively; and ki and 
ki1 are the integral coefficients of the PI controller for I *

dc 
and Mdc, respectively.

Furthermore, by integrating AC current control with ener‐
gy control, the framework of AEC for the MMC-HVDC sys‐
tem can be established. With the introduction of the DC 
modulation ratio Mdc [29], the nominal DC component of 
the voltage of MMC SM capacitor is defined by Uarmdcn. Tak‐
ing the upper bridge arm as an example, the output voltage 
of the bridge arm ucpj is given as:

ucpj =
Uarmdcn

2
(Mdc -mj cos(ωt + φj )) (29)

where mj is the AC modulation ratio of phase j; ω is the an‐
gular velocity; and φj is the phase angle.

Pmmc
  

t0 t1

0  

Time

Frequency nadir

Inertia 
response

Δf

Δfn

ΔE

Primary 
frequency control

Time

Fig. 5.　Ideal illustration of frequency deviation and output power of MMC 
under inertia control.
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The current of the bridge arm ipj satisfies:

ucpj +R0ipj + L0

dipj

dt
=

Udc

2
-Uconj (30)

where R0 is the equivalent arm resistance; L0 is the equiva‐
lent arm inductance; and Uconj is the common-mode voltage.

Combining (29) and (30) and summing over three phases, 
we can obtain that:

R0 Idc + L0

dIdc

dt
=

3Mdc

2
Uarmdcn -

3Udc

2
(31)

The inner-loop DC current control can be designed as:

Mdc = kp1 (I *
dc - Idc )+ ki1∫(I *

dc - Idc )dt (32)

By combining (31) and (32), a double-closed-loop DC 
control is formed.
2)　Onshore MMC Control

The DC-link voltage and energy controls are designed as:

ì

í

î

ïïïï

ïïïï

I *
dc = kp2 (U *

dc -Udc )+ ki2∫(U *
dc -Udc )dt

I *
d = kp3 (E *

GSM -EGSM )+ ki3∫(E *
GSM -EGSM )dt

(33)

where EGSM is the stored energy of the onshore MMC; kp2 
and kp3 are the proportional coefficients of the PI controller 
for I *

dc and I *
d , respectively; ki2 and ki3 are the integral coeffi‐

cients of the PI controller for I *
dc and I *

d , respectively; and Id 
is the d-axis current.

The energy of the MMC SM capacitor can be designed as 
the outer-loop DC current control of the d-axis current con‐
troller, as shown in (34).

I *
sd = kp3 (E *

W -EW )+ ki3∫(E *
W -EW )dt (34)

where EW is the energy of MMC SM capacitor.
By combining (33) and (34), the AEC for the MMC-

HVDC system is established.
3)　AEC Capability Analysis

Active energy absorbing: the rated energy storage capacity 
of offshore MMC and onshore MMC, considering the capaci‐
tance of MMC SM capacitor CSM, is given as:

Emmc0 =
1
2

CSMU 2
SM × 6N (35)

where USM is the rated energy storage capacity of the MMC 
SM; and N is the total number of MMC SMs in the bridge 
arm.

Generally, to prevent over-voltage in MMC SM capacitor, 
the average individual SM capacitor voltage and the average 
total SM capacitor voltage are limited to 0.7 p.u. and 0.6 
p.u., respectively.  By regulating the voltage of MMC SM ca‐
pacitor and releasing the stored energy, the MMC can com‐
pensate for the surplus power.

In this study, the upper voltage control limit is set as 1.5 
p. u.. As a result, the additional energy that a single MMC 
can store is given as:

DEmmc =
1
2

CSM (1.52 - 1)U 2
SM × 6N = 1.25Emmc0 (36)

Active energy releasing: when a sudden load increase oc‐
curs in an AC system, the energy of the MMC can be active‐
ly released using the AEC to provide short-term frequency 

support.
To further reduce the minimum voltage of the MMC SM 

capacitor and enhance the energy margin, third-harmonic in‐
jection is introduced. According to [24], the relationship be‐
tween the rated voltage of the MMC SM capacitor, the aver‐
age voltage of the MMC SM capacitor, and the DC-link volt‐
age is given by:

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

UCavgpu =
UCavg

UCN

³
1
2 ( )Udcpu +

3
2

Mac =UC min

Udcpu ³
3

2
Mac

(37)

where UCavg is the average voltage of MMC SM capacitor; 
UCavgpu is the per-unit value of UCavg; UCN is the rated voltage 
of the MMC SM capacitor; Udcpu is the per-unit value of Udc; 
Mac is the AC modulation ratio; and UC min is the minimum 
value of the voltage of MMC SM capacitor.

According to (37), UC min is determined by both Mac and  
Udcpu. In this paper, Udcpu is set to be 1 p.u. and Mac is typi‐
cally chosen to be 0.85. Thus, UC min is calculated as:

UC min =
1
2 (1 + 0.85 ´ 3

2 ) » 0.868 p.u. (38)

Thus, the energy that can be released by a single MMC 
during a short period is given as:

DEmmc =
1
2

CSM (1 - 0.8682 )U 2
SM × 6N = 0.25Emmc0 (39)

An energy margin is reserved to avoid instability, and its 
expression is given as:

DEmmc = 0.2Emmc0 (40)

B. Proposed OEC

As illustrated in Fig. 1, the process of the proposed OEC 
includes four stages: fixed-coefficient inertia support (stage 
1), preset curve support (stage 2), energy maintenance (stage 
3), and energy recovery (stage 4). The process of the pro‐
posed OEC enables the MMC to respond quickly to onshore 
frequency changes.
1)　Fixed-coefficient Inertia Support

The purpose of stage 1 is to provide support to the on‐
shore frequency before the maximum value of the RoCoF is 
reached. Because the maximum RoCoF value cannot be mea‐
sured immediately during a frequency event due to measure‐
ment delays, stage 2 becomes unavailable at that moment. 
As a result, stage 1 employs fixed-coefficient inertia support.
2)　Preset Curve Support

When the MMC senses the maximum value of RoCoF, 
i.e., RoCoFm, it moves into stage 2. The purpose of stage 2 
is to maximize the energy utilization of the MMC for opti‐
mized frequency support. The analysis in Section II demon‐
strates that two key principles must be met to achieve the op‐
timized frequency support: ① the energy support must last 
until the frequency reaches its nadir, and ② the available en‐
ergy should be used as much as possible within the energy 
margin. To achieve these principles, the relationship between 
the variation in MMC energy (which corresponds to the ener‐
gy of the MMC SM capacitor) and the onshore RoCoF is es‐
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tablished. Based on the principles proposed above, a sinusoi‐
dal-function-based energy utilization preset curve is con‐
structed, which differs from the frequency-regulation control 
typically used in most studies.
3)　Energy Maintenance

When the MMC energy reaches its limit, the energy level 
is maintained for a certain period to ensure the frequency sta‐
bility.
4)　Energy Recovery

Once the energy maintenance stage is completed, the 
MMC energy should be restored after a certain period to pre‐
pare for the next frequency event. It is important to ensure 
that the energy recovery moment is not too close to the mo‐
ment of the frequency nadir to avoid causing a significant 
SFD.

C. OWF Control

In this study, the OWF control is designed to work in co‐
ordination with the MMC for the joint support of the on‐
shore grid frequency. The OWF is equipped with convention‐
al droop control and inertia control. When a communication-
free control is employed, the transmission of the frequency 
signal from the onshore AC grid to the offshore MMC intro‐
duces a significant time delay [30]. Several studies explore 
OWFs under communication-free control [31]. In [32], a DC 
line carrier communication method is implemented to trans‐
mit the frequency signal over the DC-link voltage, reducing 
the transmission time. The DC line carrier communication 
method allows both the OWF and offshore MMC to sense 
the frequency, enabling cooperative frequency support be‐
tween the MMC-HVDC system and OWF.

IV. SPECIFIC PROCESS OF PROPOSED OEC AND 
OWF CONTROL

A. Specific Process of Proposed OEC

With the establishment of the principles for the frequency 
support of MMC, the enhanced support can be achieved 
through inertia response emulation [33]. This subsection out‐
lines the specific process of proposed OEC for onshore 
MMC control and offshore MMC control.
1)　Onshore MMC Control

As stated earlier, two principles must be met to achieve 
the optimized frequency support. The energy margin is deter‐
mined by the limit of the voltage of MMC SM capacitor. 
Clearly, the support of the MMC involves the process of Ro‐
CoF from RoCoFm to 0. It is evident that establishing the re‐
lationship between RoCoF and DE can satisfy the principles, 
which can be expressed as:

DE = {0             RoCoF =RoCoFm

DEmax    RoCoF = 0
(41)

where DEmax is the maximum value of DE.
It is known that the energy release process can simulate 

inertia control. From (14) and (24), it can be observed that 
the energy released by the MMC under the assumption of 
conventional control in [17] can be expressed as:

DE(t)= kin (DPmmc -DPL )r(1 + αe-ξωnt sin(ωrt + ϕ)) (42)

The calculation of RoCoF(t) is given as:

RoCoF(t)=
αωnr(DPmmc -DPL )

DR +Km

e-ζωnt sin(ωrt + ϕ′ ) (43)

Because the typical value of ζωn is small, and only the 
first oscillation range is considered, (42) and (43) can be 
simplified as:

DE(t)=C1 +C2 sin(ωrt + ϕ) (44)

RoCoF(t)=C3 cos(ωrt + ϕ′ ) (45)

where C1, C2, and C3 are the unknown constants.
To establish the relationship of (44) and (45), we note that 

both equations are trigonometrically related to t. Therefore, 
we assume that the following relationship exists.

DE(t)=A sin(B ×RoCoF(t))=A sin(BC3 cos(ωrt + ϕ′ )) (46)

where A and B are the amplitude coefficient and frequency 
scaling factor, respectively.

The Maclaurin expansions in (46) in the range (0, π) re‐
veal that the result approximates the form of the cosine func‐
tion. This indicates that using (46) allows the frequency re‐
sponse to closely resemble the inertia response. Assume that 
DE(t) can be described as:

DE(t)= k1 + k2 sin(k3 ×RoCoF(t)+ ϕ) (47)

where k1, k2, and k3 are the unknown constants.
Based on the two principles, the start and the end of the 

energy utilization preset curve can be determined as:

ì
í
î

DE(tnadir )=DEmax

DE(RoCoFm )= 0
(48)

where tnadir is the time instant when DE reaches its minimum 
value.

By combining (47) and (48), a specific expression for the 
energy utilization preset curve is derived, as shown in Fig. 6.

DE(RoCoF)=DEmax cos ( π
2

RoCoF
RoCoFm ) (49)

RoCoF detection requires a first-order inertia loop to pre‐
vent relay misbehavior. This introduces a delay of approxi‐
mately 200-500 ms during RoCoF detection [34]. Therefore, 
it is not feasible to measure RoCoFm at the instant of the fre‐
quency event. To enhance the applicability of the RoCoF, 
the proposed OEC is designed.

1) Stage 1: fixed-coefficient inertia support
When a frequency event occurs, a signal is triggered when 

0  

 

{

RoCoF

RoCoFRoCoFm�RoCoFmΔf

ΔE

ΔE

ΔEmax

�ΔEmax

Stage 3

Stage 3

Stage 4

Stage 4

Stage 1

Stage 2

Stage 2

Proposed OEC

Fig. 6.　Illustration of proposed OEC.
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the frequency exceeds the limit value. The limit value is set 
as ±0.02 Hz [31], [35], [36]. At this point, the frequency sup‐
port control of the MMC begins with fixed-coefficient iner‐
tia support. The proposed OEC cannot be utilized until 
RoCoFm is measured. Therefore, a conventional inertia sup‐
port is applied at this stage. The fixed coefficient kfix is set 
as:

kfix =

ì

í

î

ï
ïï
ï

ï
ïï
ï

-
DEmax

Dfmax

      Df < 0

DEmax

Dfmax

          Df⩾0
(50)

where Dfmax is the maximum value of Df.
Consider the example of a sudden increase in load. fmin 

corresponding to Dfmax is the lower frequency limit for the 
frequency support control by the MMC. This implies that 
fmin is the support frequency limit corresponding to the full 
energy released by the MMC, making full use of the energy 
in the MMC. fmin is set to be the lowest frequency allowed 
by the grid, thereby setting kfix = 0.2/0.1 = 2.

The energy used by the MMC SMs in stage 1 DEmax1 is 
given as:

DEmax1 = kfixDfmax (51)

2) Stage 2: preset curve support
Once RoCoFm is measured, a energy utilization preset 

curve can be used to support the frequency. However, the en‐
ergy of the MMC SM is partially released in stage 1. There‐
fore, it is important to calculate the amount of energy that 
can be used in stage 2 DEmax2, which is given as:

DEmax2 =DEmax -DEmax1 (52)

Substituting DEmax2 into (49), we can perform the frequen‐
cy support using preset curve support. As the RoCoF chang‐
es, the MMC automatically adjusts the amount of energy 
used to achieve the optimized frequency support.

3) Stage 3: energy maintenance
When the available energy in the MMC is released to the 

limit, it is maintained at that point for a certain period. Dur‐
ing this time, the frequency slowly begins to rise back up. 
Energy is not restored immediately after the support under 
the proposed OEC, as preventing SFD near the nadir is im‐
portant. This helps avoid further reduction in the frequency 
at the nadir.

4) Stage 4: energy recovery
Considering that the voltage of MMC SM capacitor must 

not operate at a non-rated value for an extended period, an 
energy recovery strategy is designed. Based on the typical 
timescale, the frequency recovers to a near-steady state with‐
in 10 s after the event. The energy recovery strategy is ex‐
pressed as:

DE = kre (DEmax1 +DEmax2 ) (53)

The energy recovery factor kre is:

kre =

ì

í

î

ï
ïï
ï

ï
ïï
ï

1                                t < tsp2 + 10 s

-
t - tsp2 - 15

5
       tsp2 + 10 s £ t £ tsp2 + 15 s

0                                t > tsp2 + 15 s

(54)

where tsp2 is the time when stage 2 ends.

Overall, the proposed OEC of the MMC changes as the 
frequency changes, as illustrated in Fig. 7, where tsp1 is the 
time when stage 1 ends; and tre is the time when stage 4 
ends.

2)　Offshore MMC Control
The energy utilization of the offshore MMC is the same 

as that of the onshore MMC. However, due to the decou‐
pling effect of the DC transmission line, the offshore MMC 
cannot respond to frequency changes in the system immedi‐
ately at the onset of a frequency event. To enable an instanta‐
neous response from the offshore MMC, we implement a 
communication-free control that encodes an onshore frequen‐
cy-variation signal into the DC-link voltage. The communica‐
tion-free control for onshore and offshore MMCs is illustrat‐
ed in Fig. 8, where subscripts 1 and 2 represent the onshore 
and offshore MMCs, respectively; DUdc is the deviation of 
Udc; kdrv is the  droop response coefficient; Ldc and Rdc are the 
DC inductance and resistance, respectively; and Dfs is the 
variation of frequency of MMC.
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Fig. 8.　Communication-free control for onshore and offshore MMCs. (a) 
Onshore MMC. (b) Offshore MMC.

Udc1-fs1 droop control is implemented using an onshore 
MMC. When the onshore frequency decreases, the onshore 
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Fig. 7.　Illustration of Df, RoCoF, and DE with proposed OEC.
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DC-link voltage also decreases. According to Kirchhoff’s 
law, the offshore DC-link voltage also decreases. The off‐
shore MMC then uses Udc2-fs2 droop control to minimize 
the reference frequency of the offshore grid. The DC-link 
voltage drop is accounted for by obtaining the manufactur‐
ing data Rdc and Ldc. The droop coefficient should be appro‐
priately set to ensure the accuracy of the frequency signal 
sent to the offshore MMC. To further enhance the accuracy 
of communication-free control, [31] proposes an offshore 
communication-free DC-link voltage estimator. This estima‐
tor uses the offshore DC-link voltage to estimate the onshore 

DC-link voltage for frequency support, thereby minimizing 
the influence of distortion.

B. Specific Process of OWF Control

An OWF employs both conventional inertia control and 
droop control. The rotor speed recovers within 10 s after the 
occurrence of frequency events. The OWF frequency is de‐
tected using the communication-free control. The limit value 
for OWF control is set as ±0.02 Hz.

The flow chart of the proposed OEC and the OWF con‐
trol is illustrated in Fig. 9.

V. SIMULATION VERIFICATION 

To verify the effectiveness of the comprehensive control 
of the MMC-HVDC integrated OWF system, the PSCAD/
EMTDC platform is used to model the MMC-HVDC inte‐
grated OWF system. The onshore AC grid is represented by 
a synchronous generator. The transmission line is modeled 
using a π-section equivalent circuit. The rated capability of 
the onshore AC grid is 1500 MW, while the OWF power 
transmitted to the onshore AC grid is 1200 MW. Detailed pa‐
rameters are provided in Supplementary Material A Table 
SAI. In this section, five kinds of control for MMC and 
OWF are implemented, and the frequency support effects un‐
der these controls are compared. The descriptions of differ‐
ent controls are provided in Table II.

A. Load Increase Event 

1)　90 MW Load Increase Event
This part sets a 90 MW load increase event occurring at 

30 s on the onshore MMC. The frequency responses under 
various kinds of control are provided in Fig. 10. The fre‐
quency under OWF control + proposed OEC is higher than 

those of the other kinds of control, suggesting that the pro‐
posed OEC enhances the frequency support effect. The per‐
formance of the OWF control + inertia control [20] is better 
than that of the OWF control, demonstrating that the energy 
released by the MMC compensates for the instantaneous on‐
shore power shortage. The performance of OWF control + 
OEU2 [24] exceeds that of OWF control + inertia control 
[20], implying that the control of establishing an energy utili‐
zation preset curve allows for better utilization of the fre‐
quency support capacity of MMC. This highlights that this 
study further enhances the shape of the energy utilization 
preset curve, which further increases the frequency nadir.

Simulation results (90 MW load increase event) are illus‐
trated in Fig. 11. The MMC samples the frequency informa‐
tion in real time at defined intervals. When RoCoFm is mea‐
sured, RoCoF is collected and input to the OEC controller to 
build the energy utilization preset curve. Following the 90 
MW load increase event, stage 1 is triggered. Stage 2 is acti‐
vated when RoCoFm is measured. The sum of the energy of 
the two stages can reach the upper limit of the energy re‐
leased by MMC of 0.2 p.u..

Frequency event occurs

Droop and inertia frequency support

Y

N

Proposed OEC: onshore MMC control

OWF control

Proposed OEC: offshore MMC control

Obtain reference of fs,2

End

Y

Start

f<49.98 Hz or f >50.02 Hz?

Communication-free
 control

Sense onshore frequency fs,1

Udc,1-fs,1 and Udc,2-fs,2 droop control
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NIs
RoCoFm measured?

Y

N

Stage 2: preset curve support

Does energy reach limit?

Stage 3: energy maintenance

Stage 4: energy recovery

Stage 1: fixed-coefficient inertial support

Y
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Y

N
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Y
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Fig. 9.　Flow chart of proposed OEC and OWF control.
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Figure 12 presents the energy utilization of the onshore 
MMC under three controls: OWF control + inertia control 
[20], OWF control + OEU2 [24], and OWF control + pro‐
posed OEC. The OWF control + inertia control [20] cannot 
adjust the inertia coefficient adaptively, resulting in incom‐
plete energy release, and a less pronounced frequency regula‐
tion effect.

Apparently, energy is released exactly at the same time as 
the frequency reaches its nadir under OWF control + pro‐
posed OEC. The DC-link voltage, which conveys the on‐
shore frequency information, is depicted in Fig. 13.
2)　300 MW Load Increase Event

This part simulates a 300 MW load increase event occur‐
ring at 30 s. The corresponding simulation results are pre‐
sented in Fig. 14(a). It is evident that the frequency nadir of 
OWF control + proposed OEC is higher than that observed 
with the other kinds of control. The effectiveness of OWF 
control + proposed OEC under large load disturbances is ver‐
ified. The OWF control + inertia control [20] lacks the abili‐
ty to adaptively adjust the inertia coefficient, resulting in ear‐
ly termination of energy release. As established in theoretical 
analysis, such premature interruption reduces the effective‐
ness of frequency support. This suggests that the proposed 
OEC delivers superior frequency support across various load 
increase events.

B. 450 MW Load Decrease Event

A 450 MW load decrease event is simulated onshore at 30 
s. The simulation results are presented in Fig. 14(b). The 
OWF control + proposed OEC maintains the highest frequen‐
cy nadir, demonstrating that the proposed OEC provides the 
most effective support effect.

TABLE II
DESCRIPTIONS OF DIFFERENT CONTROLS

Control

No control

OWF control

OWF control + inertia 
control [20]

OWF control + OEU2 
[24]

OWF control + proposed 
OEC

Description

Without any frequency control

OWF control including droop control and 
inertia control

OWF control and MMC SM inertia control

OWF control and MMC optimized energy 
utilization control (quadratic correlation 
between DE and RoCoF) [24]

OWF control and proposed OEC (sinusoidal 
correlation between DE and RoCoF)
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Fig. 10.　Frequency responses under various kinds of control (90 MW load 
increase event).
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Fig. 12.　Energy utilization of onshore MMC under various kinds of con‐
trol (90 MW load increase event).
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Fig. 11.　 Simulation results (90 MW load increase event). (a) Onshore 
MMC. (b) Offshore MMC.
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According to Fig. 14 (b), as soon as RoCoFm is measured, 
it is placed in the controller to construct the energy utiliza‐
tion preset curve. After the load decrease event, stage 1 is 
entered, and stage 2 is triggered when RoCoFm is measured. 
The sum of the two stages can reach an upper limit of ener‐
gy absorption of 1.25 p. u.. As presented in Fig. 14(b), the 
OWF control + inertia control [20] could not adjust the iner‐
tia coefficient adaptively, leading to an inability to absorb en‐
ergy up to the upper limit. As a result, the frequency modula‐
tion effect is not as noticeable.
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Fig. 14.　Simulation results when frequency events occur. (a) 300 MW load increase event. (b) 450 MW load decrease event.

Figure 15 presents the frequency nadirs under different 
various kinds of events and controls. With a higher energy 
margin, the downward frequency support capability of the 
MMC is proven significantly more effective than its upward 
frequency support. Therefore, when a small sudden load de‐
crease event occurs, activating only the frequency-support 
control of the MMC ensures both safety and stability. In this 
scenario, the offshore WTs operates at the MPPT point.

VI. CONCLUSION

This study analyzes the principle of optimized frequency 
support and proposes a comprehensive control of the MMC-
HVDC integrated OWF system. The comprehensive control 
optimizes the energy utilization preset curve to maximize the 
frequency support capability of the MMC. Initially, the modi‐
fied SFR model is utilized to analyze the finite-energy opti‐
mized frequency support principle. 
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It is found that when the frequency reaches the frequency 
nadir, the energy released by the MMC has the most signifi‐
cant impact on frequency support. Based on this, an OEC is 
proposed, where a energy utilization preset curve is designed 
using a sinusoidal function. 

Additionally, the procedures for frequency support by the 
MMC in collaboration with the OWF are outlined. Case 
study demonstrates that the proposed OEC provides the best 
frequency support effect compared with the other kinds of 
control. The maximum frequency deviation is significantly 
reduced.

The proposed OEC is poised for wider application in the 
future. MMC offers greater energy storage in the MMC 
SMs, suggesting better frequency support potential. How‐
ever, the energy released by the MMCs must be restricted to 
avoid frequency changes. Moreover, coordinating all the sta‐
tions within the DC grid must be taken into account.
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