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Abstract—The composition and control of a new type of hybrid
voltage-source converters (H-VSCs) are proposed based on diode
rectifier units (DRUs) and full-bridge modular multilevel converter
(FB-MMC) to reduce the topside volume and weight of offshore
wind farm (OWF) converter stations. The relationship between
FB-MMC dc voltage ratio and its modulation index is presented
to obtain the FB-MMC active power capacity. The equilibrium
point is analyzed using numerical calculations. Then, a controller
derived from proportional-integral controller is adopted to control
FB-MMC dc voltage and a reactive power controller is added
to balance the reactive power of OWF, FB-MMC and DRU, by
which the PCC voltage is established for wind turbine converters
grid access. In addition, the dc short-circuit fault and offshore
short-circuit fault recovery strategy is also presented. Finally, two
specific case parameters are calculated and a simulation model in
RSCAD is developed to validate the effectiveness and feasibility of
the topology as well as the proposed control strategy of the H-VSCs.

Index Terms—Control strategy, dc voltage ratio, diode rectifier
unit (DRU), fault recovery strategy, full-bridge modular multilevel
converter (FB-MMC), hybrid voltage-source converter (H-VSC)
composition, offshore wind power, reactive power balance.

I. INTRODUCTION

IN RECENT years, energy transitions featuring carbon peak-
ing and carbon neutrality have been proposed to achieve

net zero emissions by many countries [1], [2], [3]. By all
means, photovoltaic power and wind power have emerged as
two effective ways of sustainable power generation [4], [5].
However, owing to the mismatch distribution between renewable
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energy resources and power loads in some countries, the high
voltage alternate current (HVAC) and high voltage direct current
(HVDC) transmission technologies have been developed with
numerous projects already in operation or planned for the future.
As a result, offshore wind power has attracted increasing interest
due to its proximity to power load, reduced impact on humans
in terms of acoustics and visuals [6], [7], [8], and the availability
of strong and consistent sea winds, which means offshore wind
turbine converters (WTCs) possess a much larger capacity factor
and are capable of higher power generation compared to onshore
WTCs. However, this imposes greater challenges in integration
and transmission system due to the stringent requirements of the
offshore constraints.

There are two approaches to power integration and transmis-
sion for offshore wind power [6], [7], [8]. In [9], it has been
demonstrated that HVAC is economically more advantageous
for near shore applications, while HVDC is more cost-effective
and technically favorable for long-distance offshore scenarios.
Among various HVDC solutions, modular multilevel converter-
based HVDC (MMC-HVDC) has been the predominant option
due to its well-known merits, such as the supporting capability
of voltage and frequency for WTCs grid access [10], [11],
[12], decoupling of active and reactive power [13], [14], [15],
[16], [17], [18], modularity and scalability, low harmonics [19],
[20], [21], [22], and ease of high voltage infrastructure [23],
[24]. However, the large volume and weight of MMC con-
verters present significant challenges for large-scale offshore
wind power applications, such as in Gigawatt-level projects. The
existing literature indicates that the diode rectifier units-based
HVDC (DRU-HVDC) [9] has been put forward to significantly
reduce the converter volume and weight. Although the DRU
converter offers outstanding advantages in improvement of ef-
ficiency, reliability, and reduction of volume and weight, the
control strategy of WTCs becomes more complicated than that
in offshore wind farms (OWFs) connected by MMC-HVDC. In
[25] and [26], a triple-loop active power control and quad-loop
reactive power control, along with a phase-locked loop-based
frequency control in a synchronous rotating frame, has been
developed to coordinate individual grid side converters (GSCs)
to establish ac collection system voltage and frequency. This
control strategy implements proportional control of reactive
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power and frequency to achieve synchronization and eliminate
circulating current among different GSCs. In [27], a global
positioning system-based synchronization and control strategy
is employed to establish the voltage at the point of common
coupling (PCC) for OWFs, ensuring the commutation of DRUs.
Considering the hazardous offshore environment, the reliability
and accuracy of communication are of concern for practical
offshore wind power projects.

In general, the following functionalities are essential for
OWFs connected by HVDC transmission.

1) Establishment of PCC Voltage and Frequency: In MMC-
HVDC-connected OWFs, the MMC converter is capable
of establishing the PCC voltage for WTCs grid access,
whereas the GSCs are responsible to form the PCC volt-
age distributed and coordinated with the DRU-HVDC-
connected ones.

2) Active Power Regulation: In MMC-HVDC-connected
OWFs, the MMC converter increases its dc current to
transmit more power while maintaining a constant PCC
voltage. However, the PCC voltage needs to be varied
to regulate the dc voltage and current in DRU-HVDC-
connected OWFs.

3) Dynamic Reactive power Balance: For offshore wind
power, the reactive power of GSCs, rectifier converter,
and/or compensation equipment must be dynamically bal-
anced to accommodate fluctuations in wind speed, i.e.,
wind power.

4) Participation in Frequency Regulation of Onshore Power
System: With the energy pattern transition deploying, a
new type of power system featuring a high penetration
of renewable energy must be capable of implementing
frequency regulation by renewable resources.

5) Blocking DC Short-Circuit Fault Current: For HVDC, the
dc short-circuit fault is an obstacle because the dc current
is not prone to be extinguished like ac current in HVAC.

6) Black start capability: During precharge and maintenance,
the OWFs must be able to be energized by onshore power
system, which indicates the power flow is inverse to nor-
mal operation.

To address the aforementioned functionalities and overcome
the limitations of MMC-HVDC and DRU-HVDC, an alternate
arm MMC is presented in [28], [29], [30], and [31]. However, the
alternate arm still consists of series-connected semiconductor
devices, originated from voltage-source converter-based HVDC
(VSC-HVDC) known as HVDC light [32]. In [33], the concept
of a parallel ac parallel dc hybrid topology is introduced to fully
utilize the voltage supporting capability of MMC-HVDC and
the higher efficiency of DRU-HVDC. However, this approach
leads to a higher requirement of submodular (SM) quantity due
to the MMC dc voltage being equal to the overall dc voltage.
The authors of [34] carried out research to design a parallel
ac series dc hybrid converter. However, the composition of the
hybrid converter is not investigated. Furthermore, [35] presented
a design methodology for a parallel ac series dc hybrid converter
to establish a unidirectional transmission system for onshore
bulk power transmission. However, this hybrid converter oper-
ates in current source mode, and the approach is not feasible

for integrating offshore wind power due to the lack of voltage
supporting capability.

In this article, the topology and control strategy of a new type
of hybrid voltage-source converter (H-VSC) are proposed to
address the limitations of both MMC-HVDC and DRU-HVDC.
A topology with different dc voltage ratios and corresponding
modulation indices is constructed to operate as one unified
topology by parallel connection on ac side and series connection
on dc side of full-bridge MMC (FB-MMC) and DRUs. More-
over, the FB-MMC assumes the responsibility of generating the
PCC voltage, similar to MMC-HVDC. Bound as one converter
via composition and control strategy, the hybrid converter of
this topology exhibits the characteristics of a voltage-source
converter from the perspective of the GSCs. Consequently,
the aforementioned functionalities are obtained by the hybrid
converter of this topology.

The contributions of the proposed article are summarized as
follows.

1) The composition of the new topology is presented. The dc
voltage ratio of FB-MMC is derived in details to make the
hybrid converter to act as a voltage-source converter.

2) The FB-MMC reactive power capacity is proposed to bal-
ance the reactive power of OWFs and DRUs automatically.

3) The FB-MMC control strategy is interpreted to generate
PCC voltage for GSC grid access so that the GSC can
operate in traditional grid-following mode.

4) DC short-circuit fault and offshore short-circuit fault ride-
through performances are validated.

The rest of this article is organized as follows. Section II
depicts the hybrid converter composition from the relationship
between FB-MMC active power ratio (i.e., dc voltage ratio) and
its modulation index, and then the reactive power requirement
is presented, and finally, the number of SMs is proposed. In
Section III, the grid forming capability of the proposed hybrid
converter is analyzed. In Section IV, a proportional-integral (PI)
derivative controller is suggested to control FB-MMC dc voltage
and to establish the PCC voltage, a PI controller is proposed to
balance the reactive power. Also, a control strategy during the
dc short-circuit fault and offshore short-circuit fault recovery
is proposed to avoid reactive power overshoot. In Section V, a
simulation model corresponding to two specific cases is built
in RSCAD, and the results demonstrate the effectiveness and
feasibility of the topology and control strategy. Section VI gives
a comparison with other HVDC schemes and also a discussion
on PCC voltage harmonics. Finally, Section VII concludes this
article.

II. COMPOSITION OF H-VSC TOPOLOGY

The composition and control strategy of the H-VSC is de-
picted in Fig. 1. Each DRU unit consists of two 12-pulse diode
rectifiers, two Y/y/d11 linking transformers, one high pass har-
monic filter (HPF), and one thyristor switch. On the dc side, a
low-capacity three-phase FB-MMC is connected in series with
the DRU, while on the ac side, it is directly connected in parallel
to the PCC bus. The adoption of the FB-MMC enables the
converter to block the dc side pole-to-pole short-circuit current
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Fig. 1. Topology and control strategy of a new type of voltage-source converters for offshore wind farms.

obtained from the offshore side, which allows for a reduced
leakage reactance of the DRU transformers compared to [31].
Meanwhile, the FB-MMC energizes the offshore network and
GSCs dc link capacitors during precharge and maintenance by
switching on the DRU thyristor switches S1 and S2 and switching
OFF their ac side breakers. In this Section, the composition of
the H-VSC is elaborated in details and its control strategy is
analyzed in the following section.

A. Determination of FB-MMC DC Voltage Ratio

From Fig. 1, the dc voltage relationship can be expressed as

U r
dc = U dru

dc + Ummc
dc (1)

and

U dru
dc = Udru1

dc + Udru2
dc (2)

where U r
dc , U mmc

dc and U dru
dc denote nominal dc voltage of

the hybrid converter, FB-MMC, and DRU, respectively. U dru1
dc

and U dru2
dc are nominal dc voltage of DRU 1 and DRU 2,

respectively.
In this topology, it is challenging to predict whether the FB-

MMC is capable to control the PCC voltage or not. Thus, the
relationship between the FB-MMC active power ratio, i.e., FB-
MMC dc voltage ratio, and its control ability of PCC voltage is
interpreted in this section.

It is assumed that the FB-MMC is able to generate the PCC
voltage for GSCs grid access for concise analysis. According to
the modulation theory [36], the PCC line voltage is expressed
by the FB-MMC dc voltage as

Ummc
ac =

Ummc
dc

2
m

1√
2

√
3 (3)

whereU mmc
ac and m are PCC line voltage (RMS) and modulation

index, respectively. Then, the DRU dc voltage can be obtained
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Fig. 2. MMC DC voltage ratio with modulation index m.

as

Udr
dc = Kb

(
3
√
2

π
Ummc

ac Tdr − 3

π
XtIdc

)
(4)

where Kb, Tdr, and Xt are the number of six-pulse diode recti-
fiers, linking transformer turns ratio and leakage reactance. Idc
denotes dc current and it can be expressed by total OWFs active
power Pg as follows:

Idc =
Pg

Ur
dc
. (5)

From (1), the relationship among FB-MMC dc voltage, the
total OWFs active power, and the hybrid converter dc voltage
can be obtained as(

3
√
3

2π
KbTdrm+1

)
Ummc

dc =
3

π
XtKb

Pg

Ur
dc

+ Ur
dc. (6)

Choosing the hybrid converter dc voltage as a reference, the
above equation can be rewritten as(

3
√
3

2π
KbTdrm+1

)
Ummc

dc

Ur
dc

=
3

π
XtKb

Pg

(Ur
dc)

2 + 1. (7)

The factor Pg/(U
r

dc )
2 of the first term on the right-hand side

of equality sign is much less than 1 for the HVDC system.
Therefore, the first term can be omitted and the relationship
between FB-MMC dc voltage ratio δ and its modulation index m
can be acquired. It is apparent that the FB-MMC dc voltage ratio
is predominantly dependent on its modulation index, rather than
on the OWFs active power and overall dc voltage. For a typical
OWF with 66 kV integration cables, the number of 6-pulse diode
rectifiers and linking transformer turn ratio can be designed to be
8 and 21.83 kV/66 kV as shown in Fig. 1 to enhance the hybrid
converter reliability. With the above parameters, the relationship
is illustrated in Fig. 2. Subsequently, when the modulation index
is chosen, the SM number can be calculated as

N1 =

(
Ummc

dc

Ur
dc

)
Ur

dc

USM
(8)

where N1 and USM are the SM number and rated voltage,
respectively.

B. Determination of FB-MMC Reactive Power

The GSCs reactive power can be set to zero to efficiently
utilize the converter capacity for OWFs. However, the GSCs
step-up transformers and collecting cables also contribute to
the overall reactive components. Furthermore, since the active
power generated by the OWFs fluctuates with varying wind
speeds, the reactive power of the DRU will vary correspondingly.
Therefore, it is important to accurately calculate the maximum
reactive power of the integration system through power flow
analysis or electromagnetic simulation. Once the OWFs reac-
tive power is determined, the FB-MMC reactive power can be
obtained as

Qmmc = Qg −Qdr (9)

where Qmmc, Qg, and Qdr are, respectively, reactive power
of FB-MMC, OWFs, and DRU. Considering the power flow
analysis is beyond the scope of this article, the reactive power
will be obtained by RTDS real-time simulations in Section V.

C. SM Count Requirement for DC Short-Circuit Fault
Ride-Through

The FBSM dc voltage polarity can be inverted by a proper
control. Consequently, in the event of a dc short-circuit fault, the
FB-MMC is utilized to suppress dc current by blocking all SMs
to prevent potential damage of the semiconductor devices and
cables. Additionally, a distributed energy storage system based
on supercapacitors is installed at the WTCs’ dc link to serve
the purpose of absorbing surplus power during dc short-circuit
faults and participating in the onshore frequency regulation.
As a result, the FB-MMC SM count can be determined by
considering the complete transfer of magnetic field energy from
the smoothing reactor and equivalent dc cable reactor into the
electric field energy of the SM capacitors as follows:

2 ∗ 1

2
L∑(Imax

dc )2 =
1

2
CSM(KovUSM)2 ∗ (6N2)

− 1

2
CSM(USM)2 ∗ (6N2) (10)

where L�, CSM, Kov, and I max
dc are total equivalent reactance,

SM capacitance, SM overvoltage index, and dc overcurrent
threshold, respectively. Subsequently, the SM count N2 can be
expressed as

N2 =
L∑(Imax

dc )2

3CSM(USM)2
(
(Kov)

2 − 1
) . (11)

Considering both FB-MMC dc voltage ratio and dc fault ride-
through requirement, the FB-MMC SM count N can be chosen
as the largest one, mathematically given as

N = max (N1, N2) . (12)

III. HYBRID CONVERTER GRID FORMING CAPABILITY

ANALYSIS

To analyze the equilibrium point of the hybrid converter
presented in Section II, the ac side equivalent circuit is obtained
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Fig. 3. Equivalent circuit of OWF AC side.

as shown in Fig. 3, where Xtot denotes the total impedance of
GSC step-up transformer and transmission cable, Ummc, Upcc,
and Uinv denote the voltage magnitude of FB-MMC ac side,
PCC, and the GSC output side, θpcc and θinv denote the voltage
phase angle with respect to FB-MMC ac side voltage, and Iinv
denotes the GSC output current. To simplify the analysis, the
following assumptions are made as follows.

1) The grid-following converter operates at unity power fac-
tor; thus, it is represented by a controlled current source
with only the terminal voltage and current focused in the
equivalent model.

2) The PCC voltage is established by the FB-MMC; thus, the
FB-MMC is represented by a controlled voltage source
with only its terminal voltage (phase voltage) focused
and chosen as a reference. Zmmc= jω0

Larm
2 reflects the

equivalent arm inductance at the power frequency.
From Fig. 3, the complex power of DRU and MMC can be

given as

3Upcce
jθpcc

(
Iinvejθinv −

(
Upccejθpcc − Ummcej0

)
Zmmc

)

= Pdru + jQdru (13)

and

3Upcce
jθpcc

(
Upccejθpcc − Ummcej0

Zmmc

)
= Pmmc + jQmmc (14)

where the bar represents conjugate operation, Pdru and Pmmc

denote the active power of DRU and FB-MMC, respectively,
Qdru and Qmmc denote the reactive power of DRU and FB-
MMC, respectively. Therefore, the active power of DRU and
MMC can be obtained as

3UpccIinv cos (θpcc − θinv)− 3UpccUmmc sin θpcc

|Zmmc| = Pdru (15)

and

3UpccUmmc sin θpcc

|Zmmc| = Pmmc (16)

which leads to

−1 +
|Zmmc| Iinv cos (θpcc − θinv)

Ummc sin θpcc
=

Pdru

Pmmc
. (17)

Fig. 4. Relationship between voltage vectors of GSC and PCC.

It is well known that, for a rectifier, the ac side active power
is equal to its dc side power [37], which means

Pdru = U dru
dc Idc (18)

and

Pmmc = Ummc
dc Idc. (19)

From (18) and (19), the active power ratio can be represented
by a voltage ratio as follows:

U r
dc − Ummc

dc

Ummc
dc

=
Pdru

Pmmc
. (20)

Based on (17) and (20), the following expression can be
obtained:

−1 +
|Zmmc| Iinv cos (θpcc − θinv)

Ummc sin θpcc
=

1− Ummc
dc
Ur

dc

Ummc
dc
Ur

dc

. (21)

It is clear from (21) that the power angle of PCC, θpcc, depends
on the phase difference of voltage of PCC and GSC. The dc
voltage ratio is determined by the composition in Section II.
On the other hand, the following conclusion can be obtained by
adding (15) into (16)

Pg = 3UpccIinv cos (θpcc − θinv) (22)

which indicates that the power angle achieves its maximum value
θpcc,max at the maximum OWF active power, i.e., when the
product of the cosine of the phase difference and GSC current
achieves the maximum value.

According to the assumption at the beginning of this section,
the relationship between voltage vectors of GSC and PCC, as
shown in Fig. 4, can be expressed as follows:

Upcce
jθpcc − jXtotIinve

jθinv = Uinve
jθinv (23)

which can be rewritten as{
Upcc − IinvXtot sin (θpcc − θinv) = Uinv cos (θpcc − θinv)

IinvXtot cos (θpcc − θinv) = Uinv sin (θpcc − θinv)
(24)

leading to

Upcc

Iinv cos (θpcc − θinv)Xtot

= tan (θpcc − θinv) +
1

tan (θpcc − θinv)
. (25)

It can be seen from Fig. 4 that the phase difference achieves
its maximum, (θpcc-θinv)max, at the maximum GSC current (1.1
p.u. in this article), which coincide with the maximum OWF
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TABLE I
NUMERICAL CALCULATION RESULTS OF EQUILIBRIUM POINT

TABLE II
SYSTEM PARAMETERS

active power. Meanwhile, the reactive power of DRU and FB-
MMC can be obtained from (13) and (14) as

3UpccIinv sin (θpcc−θinv)− 3Upcc (Upcc−Ummc cos θpcc)

|Zmmc| = Qdru

(26)
and

3Upcc (Upcc − Ummc cos θpcc)

|Zmmc| = Qmmc. (27)

Based on (21), (22), (25), (26), and (27), the voltage magni-
tudes of FB-MMC Ummc and PCC Upcc, GSC output current
Iinv, phase difference (θpcc-θinv), and the power angle θpcc
are obtained by numerical calculations under the conditions
of maximum GSC current (1.1 p.u.) and specific FB-MMC dc
voltage ratios. In this article, two cases with FB-MMC dc voltage
ratios of 0.32 and 0.22 are studied and the results are given in
Table I with system parameters given in Table II. It can be seen
from Table I that the power angle of PCC is relatively small, and
the voltage magnitude of FB-MMC Ummc falls within the range
of the maximum FB-MMC output voltage for both scenarios

(107 kV at dc voltage ratio of 0.33 and 70 kV at dc voltage
ratio of 0.22), which indicates the FB-MMC is capable to form
the offshore grid for the GSC grid access. In other words, there
exists an equilibrium point for the hybrid converter [38].

IV. CONTROL STRATEGY OF THE HYBRID CONVERTER

A. Control Strategy for Normal Operation

In normal operating condition, the hybrid converter is re-
sponsible for transmitting the varying and random OWF power
to onshore. On the other hand, the power balancing regulation
between FB-MMC and DRU is also necessary to avoid long-time
overload of the FB-MMC or DRUs. From the composition
process, it can be concluded that the instantaneous FB-MMC
dc voltage must be controlled in accordance with its dc voltage
ratio. Thus, a proportional and integral controller can be adopted
to control the FB-MMC dc voltage with its reference generated
by multiplying the overall dc voltage and the dc voltage ratio
as shown in Fig. 1, where u r

dc and u mmc
dc are instantaneous dc

voltages of the hybrid converter and FB-MMC, u mmc
dcref is the ref-

erence of dc voltage controller with proportional coefficient Kdc

and integral coefficient Tdc, and md is the d-axis component of
the modulation index. Meanwhile, to balance the OWF reactive
power Qg, DRU reactive power Qdru, and FB-MMC reactive
power Qmmc, a PI controller with proportional coefficient Kq

and integral coefficient Tq can be added to generate the q-axis
component mq of the modulation index. Two second-order low-
pass filters GLPFv and GLPFq are embedded in their respective
loops to filter out the high frequency components of dc voltage
and reactive power. Transformations from Cartesian coordinate
system to polar coordinate system and its inverse are added to
limit the magnitude of modulation index with its upper limit
mmax. ω0 and θref are PCC voltage angular frequency and phase
angle, and Varefpu, Vbrefpu, and Vcrefpu are the three-phase
modulation signals. The PCC voltage upcc,abc, OWF current
ig,abc, DRU current idru,abc, and FB-MMC current immc,abc are
transformed from abc reference frame to dq reference frame
based on the phase angle θref to obtain the reactive power of
OWF, DRU, and FB-MMC. With this control strategy, the active
powers of FB-MMC and DRU are automatically regulated to the
expected values indicated by the dc voltage ratio.

B. Control Strategy of Fault Recovery

During fault recovery, it is vital for the FB-MMC to re-
establish the PCC voltage for resuming the power transmission.
However, excessively rapid recovery may result in a reactive
power overshoot, which could be even larger than FB-MMC
capacity, therefore a proper upper limit of modulation index m
is necessary. Since it is difficult to calculate the transient reactive
power accurately, a trial-and-error approach is taken to obtain
a reasonable modulation index value of 0.4 to avoid overshoot
during fault recovery. With this limitation, the PCC voltage is
slightly lower than the starting voltage, at which the offshore
dc voltage u r

dc begins to exceed the onshore dc voltage u i
dc,

so that the active and reactive power can be recovered without
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Fig. 5. Simulation model of the offshore wind farm integration and transmis-
sion system.

significant overshoot during the period when they are ramping
up to its rated value.

V. SIMULATION VERIFICATION

To verify the feasibility of the topology and control strategy,
a complete OWF model with the parameters given in Table II
is built in RTDS real-time platform. Since the offshore grid is
weak, the permanent magnet synchronous generator (PMSG)
and fully rated converter (FRC) are adopted with parameters
referred as sample case“MMC offshore wind” from PSCAD
knowledge base [39]. A dc chopper resistor of 100 Ω is installed
in the FB-MMC dc side to dissipate surplus power to avoid
SM capacitor overvoltage during dc short-circuit fault especially
when the SM number is small. The hysteresis control upper
threshold of cutting in is 1.15 p.u., and lower threshold of
cutting OFF is 0.85 p.u. From the perspective of verifying the
functionality of the hybrid converter, the GSC output currents
are magnified by a factor of 120. In addition, a supercapacitor
rated at 864 V and 27.5 F is installed in the FRC dc link to store
surplus power at fault conditions and participate in the onshore
frequency regulation, as shown in Fig. 5.

Two cases of the FB-MMC capacity are considered. First,
the SM number N2 can be obtained as 13 from (11) with total
equivalent reactance of 0.14 H, SM capacitance of 10 mF, SM
overvoltage index of 1.5, dc overcurrent threshold of 4 kA, and
rated SM capacitor voltage of 2 kV. Second, two modulation
indices of 0.51 and 0.77 are chosen to validate the effectiveness
of the hybrid converter composition. For the former modulation
index, it can be obtained from (7) that the dc voltage ratio is 0.33,
thus FB-MMC dc voltage is 213 kV and DRU transformer ratio
is 87.3 kV/66 kV. Furthermore, the SM number N1 is 107. For the
latter case, the four parameters are 0.22, 140 kV, 102.5 kV/66
kV, and 70, respectively. Accordingly, the HPF parameters of
DRU are 1.19 Ω, 1.56 mH, and 58.49 uF when the dc voltage
ratio is 0.33 and 1.01 Ω, 1.32 mH and 69.13 uF when the dc
voltage ratio is 0.22.

A. Verification of Equilibrium Point

To verify the existence of an equilibrium point for the hybrid
converter, the breaker BRK2 in Fig. 5 is switched OFF and the

TABLE III
EXPERIMENTAL RESULTS OF EQUILIBRIUM POINT

TABLE IV
START-UP PROCEDURE

current magnifying factor is set to be 240 to generate 1200 MW
of OWF active power. The voltage magnitudes of FB-MMC
Ummc and PCC Upcc, GSC output current Iinv, phase difference
(θpcc-θinv), and the power angle θpcc are tested and given in
Table III based on fast Fourier transform. It can be seen that the
voltages and angles agree well with the numerical calculations
results in Table I for both cases, indicating the existence of an
equilibrium point of the hybrid converter.

B. Power Regulation Performance

The system responses to OWF power variation under mod-
ulation indices of 0.51 and 0.77 are illustrated in Fig. 6. The
variables are distinguished from their counterparts with iden-
tifier “_213” and “_140” in their names in the two cases to
validate. The start-up procedure is given in Table IV. After the
OWF power reaches rated level, the motor side converter power
reference is set to be 1.1, 0.9, 0.7, 0.5, 0.3, 0.1, 0.2, 0.4, 0.6,
0.8, and 1.0 p.u. at 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, and 13 s,
respectively. The ac and dc side instantaneous powers of the
DRU and FB-MMC are illustrated in Fig. 6(a), from which it
can be seen that the OWF active power is almost identical in
the two cases and varies with references, but the active power of
FB-MMC is 396 MW for a modulation index of 0.51 and 261
MW for a modulation index of 0.77, and the active powers of
both DRU 1 and DRU 2 are 380 and 450 MW, respectively, in
the two cases. The dc voltage of DRU and FB-MMC is shown in
Fig. 6(b). It can be seen that the dc voltage of FB-MMC is 213
and 140 kV for modulation indices of 0.51 and 0.77 and the dc



5728 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 5, MAY 2024

Fig. 6. Real time simulation power regulation waveforms for modulation
indices of 0.51 and 0.77 for the H-VSC. (a) OWF active power Pg, FB-MMC
active power Pmmc, DRU 1 active power Pdru1, DRU 2 active power Pdru2,
offshore DC power P r

dc and onshore DC power P i
dc. (b) FB-MMC DC voltage

ummc
dc , DRU 1 DC voltage udr1

dc , DRU 2 DC voltage udr2
dc , offshore DC voltage

ur
dc, and onshore DC voltage ui

dc. (c) PCC RMS voltage uRMS
PCC , phase A current

of PCC iaPCC, modulation index, Y (T means top and B means bottom) arm
SM capacitor voltage of phase X (X = A, B, C) uY

CX . (d) OWF 1 active power
Pg1 and reactive power Qg1, OWF 2 active power Pg2 and reactive power Qg2,
FB-MMC reactive power Qmmc, OWF reactive power Qg, total DRU reactive
power Qdru, DRU 1 reactive power Qdru1 and DRU 2 reactive power Qdru2.

voltage of the DRU for a modulation index of 0.51 is higher than
that of 0.77. The modulation indices and SM capacitor voltages
are presented in Fig. 6(c). It is observed that the modulation
index is slightly influenced by the OWF active power; that is,
the average modulation index is 0.46 at active power of 1.0
p.u. and 0.44 at active power of 0.1 p.u. when the modulation
index is designed to be 0.51, and 0.8 at active power of 1.0
p.u. and 0.71 at active power of 0.1 p.u. when it is designed
to be 0.77. Meanwhile, all the SM capacitor voltages are well
controlled at a targeted value of 2 kV. The results show that
the hybrid converter is capable of integrating and transmitting
variable OWF power with smooth and rapid responses for power
step changes to the full power range. The PCC voltage harmonics
are given in Table V with and without HPFs installed in the DRU.
It is shown that the PCC voltage harmonics are acceptable in the
full power range for both cases when the HPFs are installed in
the system.

C. Fault Ride-Through Performance

The ride-through performances of a dc short-circuit fault and
an offshore short-circuit fault with modulation indices of 0.51
and 0.77 are illustrated in Fig. 7. The system operates at a rated
state to verify the fault ride-through performances before the dc
short-circuit fault and the offshore short-circuit fault occur.

The dc short-circuit fault is triggered at 5 s and then main-
tained for 200 ms. It can be seen from Fig. 7(e) that after 1.2
ms of fault occurrence (2.2 ms under modulation index of 0.77),
the dc current jumps up to an overcurrent threshold of 4 kA,
and the FB-MMC is blocked immediately. Simultaneously, the
dc chopper is activated to dissipate part of the surplus power to
avoid SM capacitor overvoltages, which can be observed from
Fig. 7(c). For the FRC, the supercapacitor is cut in as long as
the dc voltage is higher than 1.2 p.u. After the dc short-circuit
state disappears, the FB-MMC reestablishes the PCC voltage
for GSCs grid access.

It is observed from Fig. 7(a) and (b) that there exists no severe
overshoot of the active power and voltage during the dc short-
circuit fault under the modulation index limit of 0.4. The results
during dc short-circuit fault demonstrate a good performance of
the hybrid converter.

The offshore short-circuit fault is triggered at 7 s and then
maintained for 100 ms. With the supercapacitor cutting in and
the PMSG deloading, the surplus power is transferred to the
supercapacitor to avoid a WTC dc link overvoltage. After the
offshore short-circuit fault disappears, the GSCs resynchronize
to the PCC voltage to resume the power transmission. It is
observed that the active power and voltage overshoot is very light
during the offshore short-circuit fault, and the hybrid converter
is capable to reestablish the PCC voltage for GSCs grid access
as quickly as possible.

D. Dynamical Reactive Power Balance Performance

The reactive power balance among OWFs, DRUs, and FB-
MMC can be well implemented with the control strategy pro-
posed in Figs. 6(d) and 7(d). Although the GSCs reactive power
reference is set to zero to facilitate the active power output,
the cables’ distributed capacitance and step-up transformers’
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Fig. 7. Fault ride-through waveforms for modulation indices of 0.51 and 0.77 for the H-VSC. (a) OWF active power Pg, FB-MMC active power Pmmc, DRU 1
active power Pdru1, DRU 2 active power Pdru2, offshore DC power P r

dc and onshore DC power P i
dc. (b) FB-MMC DC voltage ummc

dc , DRU 1 DC voltage udru1
dc ,

DRU 2 DC voltage udru2
dc , offshore DC voltage ur

dc, and onshore DC voltage ui
dc. (c) PCC RMS voltage uRMS

PCC , phase A current of PCC iaPCC, modulation index,
Y (T means top and B means bottom) arm SM capacitor voltage of phase X (X = A, B, C) uY

CX . (d) OWF 1 active power Pg1 and reactive power Qg1, OWF
2 active power Pg2 and reactive power Qg2, FB-MMC reactive power Qmmc, OWF reactive power Qg, total DRU reactive power Qdru, DRU 1 reactive power
Qdru1 and DRU2 reactive power Qdru2. (e) Offshore DC current i r

dc and onshore DC current i i
dc during the DC short-circuit fault.
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TABLE V
PCC VOLTAGE HARMONICS OF OFFSHORE WIND FARMS WITH AND WITHOUT HPF

reactance are also reactive components. It can be seen that the
OWF reactive power is around −92 and −113 Mvar, the DRU
reactive power is around 160 and 150 Mvar, and the FB-MMC
reactive power is−282 and−274 Mvar for modulation indices of
0.51 and 0.77 in the rated active power operating state. During
the dc short-circuit recovery, the OWFs reactive power peaks
are 246 and 367 Mvar, and the FB-MMC reactive power peaks
are also 246 and 367 Mvar for the modulation indices of 0.51
and 0.77. During the offshore short-circuit recovery, the OWFs
reactive power peaks are 263 and 323 Mvar, and the FB-MMC
reactive power peaks are 142 and 312 Mvar for modulation
indices of 0.51 and 0.77. The above waveforms prove a good
dynamical reactive power balance performance of the hybrid
converter.

VI. DISCUSSION

A. Comparisons With Other HVDC Schemes

According to [35], the loss in a converter station is primarily
attributed to the semiconductors in the converter, transformers,
converter reactors, dc reactors, and auxiliary supplies. Addition-
ally, [35] provides a detailed breakdown of the different losses,
revealing that the total loss in a FB-MMC amounts to 1.08%.
With the DRU loss of 0.5% [35], the H-VSC loss ε at rated
operation can be given as

ε = 1.08% × δ + 0.5% × (1− δ) = 0.58% × δ + 0.5%

which demonstrates that the H-VSC has a higher efficiency than
the FB-MMC but a lower efficiency than the DRU, and the
efficiency decreases in proportion to the FB-MMC dc voltage
ratio δ.

On the other hand, the commonly adopted metrics for the
evaluation of power electronic systems encompass reliability,
failure rate, mean time to failure, mean time to repair, and
availability [40], [41]. The CIGRE conducts statistical works
on HVDC project reliability [42], [43], [44]. The base failure
rate of a FB-MMC module, including insulated gate bipolar
transistor, capacitor, SM control, SM power supply, cooling,
sensing subsystem, thyristor, bypass switch and its control, is
developed in details in [45], [46], [47], [48], and [49] and it
can be obtained as 2700/109 hours. What’s more, a reliable
communication subsystem is necessary for MMC converter.
However, the base failure rate of DRU can be referred to as
1020/109 hours at most for its well-known simplicity [50], [51].
Therefore, the H-VSC has a lower failure rate than the FB-MMC,
but a higher failure rate than the DRU without consideration
of the redundancy level, which is similar to the efficiency.

Meanwhile, the control strategy of GSCs can be completely
identical for the OWFs connected by HVDC based on H-VSC
(H-VSC-HVDC) and MMC-HVDC, whereas the control strat-
egy of DRU-HVDC connected GSCs is more complicated than
that of H-VSC-HVDC and MMC-HVDC connected ones. In
a future work, the reliability analysis of DRU-HVDC, MMC-
HVDC, and H-VSC-HVDC connected OWF systems, including
GSCs and transmission link with different redundancy level, will
be quantitatively developed to provide a guide for future OWF
projects [52].

Additionally, the H-VSC-HVDC possesses the same fre-
quency supporting capability as MMC-HVDC, which is of great
importance for a new type power system dominated by high
penetration renewable energy.

B. PCC Voltage Harmonics

The highest PCC voltage harmonic is 8.41%, which is higher
than the allowable limit (5% in IEEE Std. 519-2022 [53]),
but not too much higher, if a HPF is not installed near DRU.
However, the simulation results prove that the OWF integra-
tion and transmission system can operate smoothly. Therefore,
H-VSC-HVDC in absence of a HPF is a viable way out for
the operating mode of OWFs in addition to MMC-HVDC and
DRU-HVDC, thanks to the isolation function of the dc link
compared with HVAC solutions; and it is thus proposed in this
article.

VII. CONCLUSION

The composition and control strategy of a new type of H-VSC
for OWF integration and transmission have been proposed in this
article. By series connection of FB-MMC and DRU on the dc
side and parallel connection on the ac side, the composition of
the hybrid converter is constructed. The relationship between
FB-MMC dc voltage ratio and its modulation index is discussed
to acquire the FB-MMC active power capacity, and the reactive
power capacity is obtained by simulation. The equilibrium point
of the hybrid converter is given by numerical calculations. A
simple and effective control strategy based on PI controller is
able to automatically dispatch the designed ratio of the active
power to the FB-MMC. Two groups of specific case parameters
are calculated and time-domain simulations in the RSCAD
real-time platform demonstrate that the hybrid converter can
operate as expected during normal operating conditions and fault
conditions. Thus, the composition and control of the H-VSC for
OWF integration, transmission are verified and is an alternative
to the conventional MMC-HVDC.
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