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Objective

This paper presents a hybrid HVDC-transmission system composed by a Full-
Bridge Modular Multilevel Converter (FB-MMC) and a Line-commutated Con-
verter (LCC) to integrate offshore wind farms into the main grid. The operational
characteristics of a three-terminal hybrid-HVDC system, two LCC stations and
one MMC station, is investigated using PSCAD/EMTDC.

Introduction

In recent literature, the feasibility of grid integration of offshore wind farms using
hybrid HVDC systems composed by voltage source converters (VSC) and line-
commutated converters (LCC), have been investigated. Such a hybrid HVDC sys-
tems are attractive mainly because their low power losses compared to a VSC-based
HVDC systems. However, hybrid HVDC systems have serious limitations when an
ac fault occurs at the LCC inverter.

System description

The proposed configuration is shown in Fig. 1. It consists of two ac grids (AC1 and
AC2) interconnected by a bipolar HVDC system with 12-pulse line-commutated
converters. This HVDC transmission line is interconnected to an FB-MMC by
means of a T-connection. This FB-MMC integrates offshore resources along the
transmission line.

Figure: Proposed Hybrid HVDC for integration of OWF.

Proposed control design

The design of the controllers is divided into four sections: the LCC rectifier, the
LCC inverter, the MMC, and the offshore wind farm.
•The LCC rectifier regulates the power extracted from one grid to another. In
normal operation, the LCC rectifier operates in a constant DC current mode.

•The LCC inverter control objective is to regulate the DC link voltage.
•As power control is performed by the wind turbines, the main responsibility of
the MMC is to establish the offshore ac voltage.

•Generally, a commutation failure (CF) occurs in LCC inverters when there is
a significant voltage drop on the ac side. FB-MMC topologies can clear dc
fault currents since they are build using full-bridge sub-modules which are
able of suppressing the fault current against dc faults as shown as follows.
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Figure: Full bridge MMC DC fault response

Simulation Results

The simulations were conducted under different conditions to investigate the op-
erating characteristics of the proposed system. These conditions include start-up
procedure, and ac and dc faults.
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IV. Numerical results

The HVDC system, shown in Fig. 1, has been implemented
using PSCAD/EMTDC to illustrate its performance of the
proposed topology. The system, which is rated at 1000 MW
and 500 kV, is composed of two 12-pulse LCCs connected
through a long DC cable of 100 km. At the LCC rectifier
side, the ac voltage is 345 kV at 50 Hz with a short circuit
ratio (SCR) of 2.5. At the LCC inverter side, the ac voltage
is 230 kV at 50 Hz with SCR of 2.5. FB-MMC is connected
via a 100 km DC cable at the midpoint of the other cable.
The simulations were conducted under different conditions
to investigate the operating characteristics of the proposed
system. These conditions include start-up procedure, and ac
faults.

A. Start-up

Fig. 8 presents the start-up process which was explained
above. First, all converter are disabled until t = 0.04 s. At
t = 0.4 s, the LCC converters are enabled, the voltage at
the dc link ramps up since is regulated by the LCC inverter
as shown in Fig. 8 (d). The holding current is provided by
the LCC rectifier as shown in Fig. 8 (c). At t = 0.3 s, The
FB-MCC is enabled. So, ac voltage ramps up to the nominal
value as shown in Fig. 8 (a). Once the ac voltage reaches the
nominal value is possible to connect the wind turbines. At t =
1.0 s, each turbine is de-blocked allowing the synchronization
with the recent imposing ac voltage. The power from wind
turbines changes slowly using a ramp function in order to
avoid oscillations in the dc voltage as is shown in Fig. 8 (b).
Fig. 8 shows that as the dc current coming from the turbine
increases the dc rectifier current decreases.

B. Response to Change in the Wind Speed

In order to investigate the response of the hybrid HVDC
system to change in the wind speed, the emulated wind farm
is tested in various conditions as shown in Fig. 9. At the
beginning, from t = 0 s to t = 15 s, there is a low wind
conditions, i.e. vw = 10 m/s. After t = 10 s, a ramp begins
that increases vw at a rate of 4 m/s during 30 s. At t = 15
s, a wind speed gust occurs which decreases vw amplitude
3 m/s with 10 s duration. Finally, the wind speed is set at
vw = 15 m/s which represents a high wind conditions [13].
The nominal wind speed is considered as 12 m/s. During all
the simulations the wind is quite noisy. Noise wind data are
the following: number of noise component 250, random seed
number 50, time interval for random generation 0.35 s and
noise amplitude controlling parameter 10 rad/s [17].

Fig. 10 shows the response to the wind condition described
above in Fig 9. Fig. 10(a) presents the rms voltage at the
LCC rectifier, the LCC inverter, and the MMC, respectively.
All ac voltages are maintained at their nominal values during
wind fluctuation as was expected. Fig. 10(b) shows the active
power at the LCC rectifier, at the LCC inverter and the
MMC, respectively. It can be seen the power fluctuation caused
by the wind in the active power at MMC. Note also that
the power delivered by the LCC rectifier is complementary
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Fig. 8. Start-up of the MMC-LCC hybrid HVDC system. (a) ac voltages
(rms), (b) dc currents, (c) active powers, (d) dc voltages
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Fig. 9. Start-up of the MMC-LCC hybrid HVDC system. (a) ac voltages
(rms), (b) dc currents, (c) active powers, (d) dc voltages

(a) Start-up process
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Fig. 10. Start-up of the MMC-LCC hybrid HVDC system. (a) ac voltages
(rms), (b) dc currents, (c) active powers, (d) dc voltages

with the power from MMC in order to deliver the rated
power at LCC inverter. Fig. 10(d) displays the dc voltages
at the terminals of LCC rectifier, LCC inverter and MMC,
respectively. dc voltages are regulated satisfactorily to their
references. Fig. 10(b) gives the dc currents at the LCC rectifier,
the LCC inverter, and the MMC, respectively. It can be seen
the complementarity between the dc current in the MMC and
the LCC rectifier.

C. AC faults

Fig. 11 illustrates the performance of the system during
single-phase-to-ground fault. The fault was applied on the ac
side of the LCC inverter at 2.5 s and was cleared after 100 ms.
Fig. 11(a) shows that the rms voltage at the LCC inverter
drops about 0.3 pu during the fault. As a result, a commutation
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Fig. 11. System response during single-phase to ground fault at LCC inverter.
(a) ac voltages (rms), (b) dc currents, (c) active powers, (d) dc voltages

failure occurs that causes an abrupt decrease in the dc voltage
as shown in Fig. 11(d). This condition causes that the dc
currents rise rapidly as shown in Fig. 11(c). During the fault,
all IGBTs in FB-MMC are blocked, so there is available one
current path through the series connected capacitors of the
MMC submodules. Consequently, the current is limited and
the hybrid HVDC is able to recover after the fault is clear as
shown in Fig. 11.

D. DC faults

Fig. 12 illustrates the performance of the system during
pole-to-ground dc fault. The fault was applied at the midpoint
between line commuted converter at 2.5 s and was cleared
after 100 ms. Fig. 12(a) shows that the rms voltage at the
MMC drops to zero during the fault. This happens because

(b) Response to the wind condition
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Fig. 10. Start-up of the MMC-LCC hybrid HVDC system. (a) ac voltages
(rms), (b) dc currents, (c) active powers, (d) dc voltages

with the power from MMC in order to deliver the rated
power at LCC inverter. Fig. 10(d) displays the dc voltages
at the terminals of LCC rectifier, LCC inverter and MMC,
respectively. dc voltages are regulated satisfactorily to their
references. Fig. 10(b) gives the dc currents at the LCC rectifier,
the LCC inverter, and the MMC, respectively. It can be seen
the complementarity between the dc current in the MMC and
the LCC rectifier.

C. AC faults

Fig. 11 illustrates the performance of the system during
single-phase-to-ground fault. The fault was applied on the ac
side of the LCC inverter at 2.5 s and was cleared after 100 ms.
Fig. 11(a) shows that the rms voltage at the LCC inverter
drops about 0.3 pu during the fault. As a result, a commutation
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Fig. 11. System response during single-phase to ground fault at LCC inverter.
(a) ac voltages (rms), (b) dc currents, (c) active powers, (d) dc voltages

failure occurs that causes an abrupt decrease in the dc voltage
as shown in Fig. 11(d). This condition causes that the dc
currents rise rapidly as shown in Fig. 11(c). During the fault,
all IGBTs in FB-MMC are blocked, so there is available one
current path through the series connected capacitors of the
MMC submodules. Consequently, the current is limited and
the hybrid HVDC is able to recover after the fault is clear as
shown in Fig. 11.

D. DC faults

Fig. 12 illustrates the performance of the system during
pole-to-ground dc fault. The fault was applied at the midpoint
between line commuted converter at 2.5 s and was cleared
after 100 ms. Fig. 12(a) shows that the rms voltage at the
MMC drops to zero during the fault. This happens because

(c) Response to ac fault (inverter side)
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Fig. 12. System response during pole to ground fault at DC line. (a) ac
voltages (rms), (b) dc currents, (c) active powers, (d) dc voltages

all-IGBT’s of FB-MMC are blocked during fault. However,
the abrupt disturbance in dc current affects the voltage that is
regulated by the LCC inverter, which falls to zero at seen in
Fig. 12(d). However, MMC struggles to keep its DC voltage
and this one falls just to 0.5 pu as seen in Fig. 12(d). One more
time, since the dc current is limited, seen in Fig. 12(c),the
hybrid HVDC is able to recover after the fault is clear as
shown in Fig. 12.

V. Conclusions

This paper studies the feasibility of a hybrid configuration
that combines the traditional LCC HVDC with a FB-MMC
for the integration of offshore wind farm. The performance
of the system using the proposed controller has been tested
under various conditions using PSCAD/EMTDC simulations.

The cases include the start-up and the response of the system
to ac faults at the LCC inverter. AC fault is a very serious
condition in hybrid configuration, because the commutation
failure in line-commutated converters is translated into a dc
fault in the voltage source converters. This kind of converters
are quite vulnerable to dc fault since they need a free-wheeling
diode for a proper operation which is a free path to feed the
fault when the fault occurs. Full bridge MMC can provide
a solution to this problem, since they provides an available
current path through the series connected capacitors of each
MMC sub-modules. So, an MMC-LCC hybrid is able to clear
an ac temporary faults at inverter LCC using the H-bridge cells
of the MMC to handle the induced dc fault. Start-up procedure
has been discussed in detail and more relevant scenarios such
as wind speed variations, and temporary dc fault are also
included. The simulation also reveals that hybrid is able to
ride through temporary dc faults.

(d) Response to dc fault
Figure: [Top to bottom] (a) ac voltages (rms), (b) dc currents, (c) active powers, (d) dc voltages

Conclusions

AC fault is a very serious condition in a hybrid configuration because the
commutation failure in line-commutated converters is translated into a dc fault
in the voltage source converters. Full bridge MMC can provide a solution to
this problem since they provide an available current path through the series
connected capacitors of each MMC sub-modules.
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