WSEAS TRANSACTIONS on POWER SYSTEMS
DOI: 10.37394/232016.2023.18.12

Mohammed Abdeldjalil Djehaf,
Youcef Islam Dijilani Kobibi, Mohamed Khatir

Dynamic Performance of High-Voltage Direct Current Systems for
Offshore Wind Farm Based on Modular Multilevel Converter

MOHAMMED YOUCEF ISLAM DJILANI MOHAMED KHATIR
ABDELDJALIL DJEHAF KOBIBI Department of Automatic
Department of Automatic Department of Electrical Control, Faculty of Electrical
Control, Faculty of Electrical Engineering, Faculty of Engineering,
Engineering, Sciences and Technology, Djillali Liabes University, Sidi
Djillali Liabes University, Sidi Mustapha Stambouli Bel-Abbes, ALGERIA
Bel-Abbes, ALGERIA University, 29000 Mascara,
ALGERIA

Abstract: The modular multilevel converter (MMC), which is the foundation of voltage-source converter (VSC)-high-
voltage direct current (HVDC), has received significant attention over the past ten years. As a result, the MMC has
undergone extensive technical and operational improvements, making it an appealing option for achieving efficient
renewable energy harvesting, particularly for offshore wind farms. This paper discusses the state-of-the-art control
algorithms that are most effective for simulating large HVDC systems, including offshore wind farms. Moreover, a test
system is suggested to show how well the selected techniques perform in practical scenarios. Overall, this work will serve
as a helpful shortcut to relevant material that pertains to this research topic.
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1. Introduction

Due to increased awareness of climate change and falling
technology costs, renewable energies have received
significant attention over the past few decades. As a result,
they have undergone significant improvement. This increase
in adoption has led to new challenges in power system
operation, owing to the intermittent nature of renewable
energy generation, particularly from wind and solar
photovoltaics. A stronger wind velocity profile at offshore
farms helps them produce more electricity, which is another
reason why wind power plants have the greatest growth when
compared to other renewable energies. However, the
deployment of onshore wind farms is constrained by
construction limitations. The doubly fed induction generator
(DFIG), which provides dynamic reactive power regulation,
is most frequently used in modern offshore wind farms to
power wind turbines with changing speeds. This system will
provide independent regulation of active and reactive power
when coupled to voltage source converters (VSCs), and it will
rely on fast-switching transistors to avoid generating
harmonic currents that could significantly impact the voltage
waveform [1].

The future offshore wind farms will get larger and farther
from the onshore grid as the supply of shallow water sites
decreases. This inspires the development of unique and
inventive offshore foundations that provide access to deeper
water and maximize the market for offshore wind energy. The
DolWin2 project, which is connected to an HVDC onshore
station by a 90 km long land cable and an additional 45 km
long DC sea cable system, is a fantastic example of what
offshore wind farms in the future will typically look like. The
320-kV converter station, which has a 916 MW power
transmission capacity, is also located on an offshore platform
[2-4]. However, the above constraints will make HVAC
transmission systems ineffective and problematic, particularly
because of frequency and voltage instability and large
charging currents of submarine cables [5]. This will encourage
one alluring alternative that comes to overcome these
problems: a point to point (P2P) VSC-HVDC system [6-7]
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capable of supplying weak grids or passive networks. For
offshore applications, the VSC-HVDC system's black start
capability and compact substation layout are crucial, in
addition to autonomous, quick control of both active and
reactive power flows.

The modular multilevel converter (MMC) [8] brings the
VSC-HVDC transmission system to a higher level, thanks to
such features as scalable modularity for higher voltages [9],
low switching losses, low transient peak voltages [10], and
lower harmonics content (high-quality AC voltage). This
topology boasts better balancing capability than conventional
voltage-source converters (VSCs), owing to the redundant
combination of module connections for each required AC
level [11]. It enhances imbalanced operation performance,
improves symmetrical AC faults, and considerably lowers the
probability of device and system failure [12].

This study offers a test system for evaluating the
operational and control aspects (hormal operation/dynamic
performance) of a possible offshore wind farm connected to
the onshore grid through a VSC-HVDC link based on 401
level MMC converters. The proposed control system, which
consists of the upper-level control with its inner and outer
control loops and the lower-level control with balancing
control algorithm and modulation, is presented and described
in details. The system is used to connect the offshore DFIG-
based system. Next, various scenarios were simulated to
investigate the effectiveness of the control system in normal
operation and dynamic state through the step change.

Broadly speaking, this paper can be divided into three
complementary sections: The first section briefly describes
the DFIG and MMC systems. The second section gives an
overview of the modular multi-level converter. The third
section presents the simulated system and simulation results.
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2. Literature Review
2.1 DFIG

The DFIG wind turbine has dominated the market for
variable speed technology for models over 1.5 MW [13, 40-
45]. The stator windings are coupled directly to the AC grid
across the turbine transformer, whereas the rotor windings are
connected to the grid via slip rings and a back-to-back (BtoB)
voltage source converter (Figure 1).
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Fig. 1. Schematic diagram of a DFIG wind turbine

In comparison to fixed speed wind turbines, variable speed
operation, made possible by the B2B converter and rotor blade
pitch control, results in improved efficiency and higher energy
yields. The B2B converter enables the wind turbine to operate
at varied speeds by partially separating the mechanical and
electrical frequencies of the rotor. Manwell et al. [14] and
Nelson [15] described the main components of a DFIG wind
turbine.

The rotor-side converter (RSC) and grid-side converter
(GSC), which are connected by a shared DC bus, make up the
two VSCs that constitute the B2B converter. While the GSC
primarily maintains a constant DC voltage level on the B2B
DC bus and offers, to some extent, reactive power support to
the AC grid, the RSC controls the wind turbine speed and
reactive power consumption by altering the rotor currents. The
B2B converter is a rotor slip-power recovery device because
the architecture of both converters permits bidirectional power
transfer [25-29].

2.2 DFIGControl System

The primary variables that need to be managed in DFIG
are the rotor speed, reactive power of the DFIG, DC voltage
of the B2B converter, and reactive power of the grid side
converter. Figure 2 displays a schematic diagram of the DFIG
wind turbine's control loops.
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Fig. 2. DFIG models and control loop interaction

Both converter controllers [16] employ a feed-forward
decoupled current control, the same as the receiving end
converter (REC) of the VSC-HVDC. The pitch control pitches
the rotor blades to minimize mechanical torque and restore the
generator's rated speed when the wind speed exceeds its
nominal value. The DIFG control system is fully described in
previous literature [17-20].

3. Control Strategy

Three stages of a modular (n+1) level converter with n
cells in each arm are depicted in Figure 3. In order to produce
a multilayer voltage waveform at the converter terminal, this
converter depends on the cell capacitors. Hundreds of cells are
often required to build a single valve for DC transmission
requirements. As the level count increases, the quality of the
AC voltage waveform and the harmonic content both declines.
Low dv/dt switching times and less voltage stress on the
insulation of the interface transformers are produced by small
voltage steps and a large number of SMs. As a result, it is not
necessary to tolerate the DC link voltage or harmonic currents
when using ordinary transformers. Further, switching losses
and harmonic distortion are reduced as a consequence of the
low effective switching frequency per device [29-33].

Because it is of the VSC type, the MMC topology requires
an upper-level control more so than that of the preceding
generation. Additional controllers are needed to govern
internal variables (lower-level control): Now, the phase arms
of the converter have series reactors built into them that
regulate power flow and circulating currents, and each SM
contains DC capacitors. Controlling these variables and
injecting the modulation calls for the use of a balancing
control algorithm (BCA) [21]. Figure 4 [22] depicts a high-
level representation of the control structure.
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Fig. 3. (a) MMC converter topology, (b) Submodule configuration

The upper-level control block typically employs power
angle and vector current controls. Power-angle control, also
known as V/F control, is utilized when the VSC converter is
linked to an AC system with a passive load or for wind turbine
applications [22]. While the reactive power is regulated by
modifying the VSC voltage magnitude, the active power is
controlled by adjusting the phase angle shift between the VSC
and the AC system [23].
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Fig. 4. Control hierarchy for the MMC station

The upper-level control block typically employs power
angle and vector current controls. Power-angle control, also
known as V/F control, is utilized when the VSC converter is
linked to an AC system with a passive load or for wind turbine
applications [22]. While the reactive power is regulated by
modifying the VSC voltage magnitude, the active power is
controlled by adjusting the phase angle shift between the VSC
and the AC system [23].

Vector current control is a current control-based
technology. When it notices disruptions, this control
technique can immediately limit the current coming into the
converter. Figure 4 illustrates the basic concept of vector-
current control, which is to independently manage the
instantaneous active and reactive power using a quick inner
current control loop. Vector-current control for grid-
connected VSCs has largely taken the place of alternative
control schemes in practically all applications, owing to the
successful implementation of the HVDC transmission system
[23, 35-39, 42-45].
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4. System Description

Figure 5 depicts a simplified single-line diagram of an
offshore system. Up to 1,000 MW of offshore wind energy
can be integrated by the MMC-HVDC system using a single
core, 100 km undersea cable, which is modeled by a frequency
dependent (wideband) model at 320 kV voltage. The onshore
MMC is connected to a Thevenin comparable 400 kV, 50 Hz
AC grid.
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Fig. 5. MMC-HVDC 401 level HVDC connection of offshore wind farms
to the transmission system

The EMTP-rv environment was selected to simulate the
HVDC system of Figure 5, which is based on the switching
function model and the nearest level control strategy. The
simulated test cases assess the dynamic performance of the
overall system of Figure 5 under various scenarios, including
power flow operation and control strategy.

5. Performance Analysis

Several simulations were carried out to understand the
operations of the previously discussed MMC converter-based
wind power evacuation system. The dynamic performance of
the transmission system was verified by simulating the normal
operation of the HVDC connection of offshore wind farms to
the transmission system, and by simulating the dynamic
responses to step change applied to the reactive power
regulator and DC voltage regulator at MMC 2.

5.1 Case A

The active power produced by wind farms—666 1.5
MW-—and exported from MMCL1 (an offshore station) to
MMC2 (an onshore station) are shown in Figure 6. During the
3s simulation interval, the power reference at MMCL is set to
-1 p.u. The DC voltage is adjusted to 640 kV (320 KV), and
the MMC2 operates at unity power factor. The simulation
adopts the constant active power and constant reactive power
mode. The active power setting for MMC1 (rectifier) is 1,000
MW, and for MMC2 is -1000 MW. The MMC 1 operates in
VAC/F control and continuous AC voltage mode (inverter).
The reactive power is maintained at 0 MVAr in MMC 2.

Initial settings for the offshore converter are for it to
operate at maximum active power and absorb 150 MVAr.
Figures 6 demonstrates that the converter can meet the
required reactive power demands specified in the grid code
and that the MMC-HVDC link can respond to the power
demands of the wind farm (leading and lagging power factor
of 0.95). Only the average capacitor voltage of each arm is
presented for clarity in Figure 7, aiming to illustrate the
capacitor voltages of the phase-a sub-modules of MMC 1 and
MMC 2, which are kept balanced at their nominal values. The
voltage imbalances within the converter's arm phases (upper
and lower arm) lead to circulating currents with a second
harmonic component. Thus, the phase voltages at the PCC for
the onshore network (VAC1la) and the offshore network
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(VAC1a) are shown to be almost sinusoidal and as such have
a small harmonic content. This causes the SM capacitor
voltages to ripple more and distorts the arm currents as well.
Circulating currents can be stopped by placing a parallel
capacitor (resonant filter) between the midpoints of the upper
and lower arm inductances on each phase or by actively
controlling the ac voltage reference. Smooth and stable DC
voltages are therefore present.
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Fig. 6. Active and reactive power of HVDC connection and the offshore
wind farms in normal operation
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Fig. 7. Capacitor voltages of the phase-a sub-modules of MMC 1 and MMC
2 in normal operation

5.2 Case B

Two test cases were examined to assess the dynamic
responses of MMC regulators. The reactive power order of
MMC station 2 rose from 0 p.u. to 0.1 p.u. att = 2 s. (onshore
station), a sign of good tracking accuracy. The decoupling of
the actual and reactive power control loops is confirmed by
the fact that it is accomplished in 80 ms without compromising
real power, as illustrated in Figure 8. Reactive power flow in
each AC network can typically be separately controlled, and
real power control is also independent. Figure 9 describes the
response of the onshore MMC to a sudden drop in DC voltage
order from 1 p.uto 0.9 p.u att=2 s. It is accomplished without
impacting reactive power in 50 ms. The active power
experienced a transient due to this step change. It can also be
observed from Figure 8 that the capacities of the arm remained
balanced despite the decrease in the reference value to 0.9, by
virtue of the direct relationship between the active power and
the DC voltage.
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Fig. 8. HVDC system responses for reactive power step changes at MMC2
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To evaluate the performance of the control system in both
normal and dynamic operation, the two scenarios were tested
through simulation. In the normal scenario, the offshore wind
turbines’ generated power will be efficiently transported to the
onshore via the HVDC link. The step change simulation of the
dynamic state helps to reveal the tracking accuracy, and assess
the decoupled control of the active and reactive power and the
DC voltage.
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Fig. 9. HVDC system responses for DC voltage step changes at MMC2

6. Conclusions

This study carries out various simulations to evaluate the
steady-state and dynamic performance of the MMC-HVDC
link models, and presents the MMC control system and the
components of the MMC-based HVDC. The simulation
results are consistent with the control theory outlined above.
The links' capacity to react to reactive power demand was
examined using the proposed models. The outcomes
demonstrate that the models might satisfy the reactive power
requirements.
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With the aid of the EMTP-rv simulation environment, the
simulations were carried out in the time domain. The research
results show that, for HVDC system applications under
balanced grid conditions, the MMC, based on well-designed
controllers, gives the needed dynamic response. The
simulation results further demonstrate that the balancing
capacity algorithm (BCA) approach can balance the voltage
of the MMC capacitors for both steady-state and dynamic
operational conditions.

Likewise, compared to the multi-level and multi-module
VSC arrangements, the MMC's inherent scalability makes it a
considerably more intriguing option for HVDC system
applications. The performance in unbalanced grid conditions,
as well as under single and three phase faults, will be the
subject of further study.
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