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Abstract—Modular multi-level converter (MMC) has been
recognized as the most prominent topology in building the multi-
terminal direct current (MTDC systems) due to its numerous
advantages over other converter topologies. The primary concern
for the operation of such advanced MTDC grids is to ensure the
reliability and safety of the electrical equipment during dynamic
and transient conditions following standard grid codes. This
research work proposes a combination of different control
strategies developed for MMC based MTDC systems to promote
fault ride-through capability during three-phase transients and
voltage dips. The proposed control architecture contains inner
and outer control loops for MMC stations. Along with the
different control strategies, the inherent energy available in the
capacitors of submodules MMC has also been utilized, which
ensures constant power delivery to the load system during three-
phase transients & voltage dips and provides power oscillation
damping (POD) with quick post fault recovery operation. The
energy dimensions required for capacitors of each MMC station
are calculated. The proposed control strategies have been
validated with an experimental setup of a four-terminal MMC
based MTDC system developed in the simulation environment.
The proposed control strategies envision a robust fault ride-
through capability with reduced oscillations and total harmonic
distortion (THD). Such a method is more reliable for an MTDC
system than the classical solutions, which are based on drawing
increased current from the grid or using additional circuitries.
Moreover, the proposed control strategies can work efficiently for
any MTDC system as compared to previously presented solutions,
which are restricted to two-terminal HVDC systems.

Keywords—Modular Multi-level Converter (MMC), Multi-
terminal direct current (MTDC), Fault ride-through (FRT), Droop
control and Power oscillation damping

I. INTRODUCTION

Word wide integration of renewable energy resources for
electricity generation is increasing day by day [1]. With this
rapid development, the demand for a secure and reliable high
power transmission system is emerging [2]. High voltage direct
current (HVDC) transmission system has been identified as the
most reliable and economical solution to transmit the electric
power [3]. Modular multi-level converter (MMC) has got much
attention in recent years [4] due to its numerous advantages such
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as modularity, scalability, improved efficiency, reduced total
harmonic distortion (THD) and fault blocking capability [5-
7,33]. Today, several MMC based HVDC projects are
commissioned globally, whereas some future projects are also
under consideration [8]. China has started implementing MMC-
based MTDC systems for the interconnection of offshore and
asynchronous power systems [9]. It is expected that soon, China
will emerge as the global leader of the MMC based MTDC
systems.

There has been a long history of research work carried for
AC faults in the power transmission system. For the MTDC
systems, the protection against DC side faults has remained a
significant focus area for researchers [10]. For the AC fault ride-
through capability of the MTDC systems, various researchers,
such as in [11-16], have proposed different control and
protection strategies. The driving force behind these challenges
is the strict requirement of fault ride-through for the safe
operation of the grid during transients with minimum power
outages [17]. However, in case of a fault, the associated risk of
this requirement may be severe, including the power imbalance
and increase of the DC bus voltage which can cause damage to
the DC cable in case of symmetrical and asymmetrical faults
[10]. In such conditions, fast control actions can compensate the
imbalance in the DC voltage and the power [18]. Additionally,
an MTDC system requires a high power quality supply with
reduced THD when passive loads are fed from DC buses using
inverters. A transient voltage dip, either single or three-phase,
may cause severe damage to electrical equipment [19, 20].

There are two possible methods to control the DC bus
voltage, i.e. the centralized DC voltage control and the
distributed droop control. The centralized method requires a fast
communication medium, while the droop control does not [13,
21]. The stability of the DC grid can be quickly achieved by the
droop control because it can maintain the dc voltage at multiple
converter stations [13]. The problems of DC voltage regulation
and power oscillations in transients and voltage dips can be
easily solved using the inherent property of power oscillation
damping (POD) present in MMC converters [20, 22]. The
energy stored in MMC converters can be utilized to mitigate
such oscillations. Each arm of an MMC contains submodules
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connected with capacitors, which are suitable for releasing or
absorbing the fluctuating active power [22]. In literature [23-
27], different methods have been proposed for POD using the
internal energy storage of an MMC. In [22], a detailed analysis
for POD using MMC has been presented and validated. In [20],
a control strategy was proposed to mitigate the transient voltage
dips for a back-to-back MMC based HVDC system. The idea
was to support the passive loads with the constant power using
internal energy of the submodule capacitors of MMC in case of
any transient voltage dip at the grid side. In [28], a VSC based
MTDC system was analyzed to supply the high power demand
with high quality. The idea was to allow higher currents flow
during voltage transient dips. In [29], it was proposed that
allowing two times the nominal current; a VSC based HVDC
network can be protected during transient voltage dips. Several
methods have been proposed in the literature to maintain the DC
bus voltage and the power flow in HVDC systems during faults,
but all those methods require additional circuitries [10, 30]. All
these methods show good performance for power flow control
when the fault occurs after inverter stations. However, they are
slow to compensate the fault when it occurs at the ac side of the
rectifier station. Additionally, there has been very little work
carried out to mitigate the voltage dips for passive loads in
HVDC systems. The solutions provided are usually based on
drawing an increased current from the grid during fault to
maintain the DC bus voltage. This intends to design an overrated
converter, which is not an economical solution. In [20], the
submodule capacitors are designed according to dedicated
energy calculations required to mitigate the voltage dips.
However, such a system is only limited for a back-to-back
HVDC system, and only scenarios for voltage dip are analyzed.

To overcome the above-mentioned issues, in this article, the
overall control architecture for rectifier and inverter stations has
been proposed which is based on the decoupled control strategy.
The proposed control architecture includes various control loops
to provide DC voltage control and power oscillation damping.
To test the reliability of the proposed control architecture, an
MTDC system has been developed in a simulation environment
using the average value model (AVM) of MMC [31]. The
nearest level modulation (NLM) with N+1 level modulation
strategy has been used for each MMC station [32]. The
developed control architecture provides excellent fault ride-
through capability for the MTDC systems. Additionally, it
provides quick post fault recovery, following grid codes in case
of grid side and load side deviations such as three phase
transients and voltage sags. The utilization of inherent energy of
submodules of MMC in the proposed solution reduces the
overall cost and size of MMC as compared to previously
presented classical solutions. In addition, the proposed solution
ensures constant power delivery to the passive loads in an
MTDC system with very low total harmonic distortion (THD),
for output voltage and current of inverter stations.

The rest of the paper is organized as follows: Section II
presents the development of control architecture for the MTDC
system. In Section III, the reliability of the proposed control
system has been tested under various transient conditions.
Finally, section IV concludes the outcomes of the paper.

II. DEVELOPMENT OF THE PROPOSED CONTROL ARCHITECTURE

The developed control architecture contains inner and outer
control loops for the MMC rectifier and inverter stations, which
are working as remote end converters to control and shape
voltages and currents. The block diagrams for the developed
control systems for the rectifier and the inverter stations are
shown in fig. | and fig. 2, respectively.

Fig. 2. Control system for inverter station

A. Vector Current Control

In this research work, a vector current control scheme has
been adopted to provide the independent decoupled control of
active and reactive power. The vector current control is a widely
accepted control scheme for VSC based HVDC systems [37].
The vector current control scheme is simply referred as the
current controller for the MMC. Hence, it finds core importance
in the MMC control system. Following mathematical
relationships are used to implement a vector current control [38]:

P, =rir (1)
0, =V 2

From equations (1) and (2), it is clear that the active power
can be controlled using the d component of the current while the
reactive power can be controlled using the q component of the
current. This provides an independent decoupled control of the
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active and the reactive power in an MMC based MTDC system.
The block diagram for the complete current controller (CC) is

shown in fig. 3.
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Fig. 3. Inner current controller.

B.  Energy Dimensioning of Submodules of MMC

The MMC inhibits the internal submodule capacitors, which
can exchange energy between the rectifier and the inverter
station. The energy of submodule capacitors can be optimized
for a safe discharge during transients to ensure constant power
delivery to the loads. In industries, MMC converter stations are
designed to have a total energy capacity of 30-40 kJ/MVA per
converter station [36]. During the fault period, the converter
should ensure nominal dc bus voltage with constant power
delivery to the load. This can be realized by supplying the
energy available in the capacitors of submodules of MMC. In
this research work, the energy required to maintain the dc bus
voltage is provided by the energy available in submodule
capacitors. Energy dimensioning of submodule capacitors
depends on the appropriate selection of capacitors so that the
converter stations should not undergo over modulation in the
worst case. To ensure the satisfactory operation of the HVDC
system during transients, the submodule capacitance is
increased to maintain the DC bus voltage at 0.8 p.u [45].

1) Analysis of transients

The analysis of various voltage dips in an HVDC system is
presented in [19, 20]. Where, the dip severity for the recorded
voltage dips is shown in a histogram with a distribution function,
which is commonly used in statistics for random events and
financial analysis. It is concluded from the data presented in [19,
20] that the most severe transient condition in the electrical grid
is considered as the three-phase dip of 50 percent in voltage
magnitude that lasts for 75 milliseconds. Based on the data
presented for voltage dips in [19, 20, 45], the different voltage
dip scenarios have been analyzed for a back-to-back MMC
based HVDC system. It is suggested that considering the worst
case of voltage dips i.e. 50 per cent dip in voltage magnitude for
a duration of 75 milliseconds, the designed converter stations
can also mitigate the effects of other three-phase transients
located in the upstream network of converter stations. However,
no such analysis has been provided in the results.

Considering the worst case of voltage dips as suggested by
[19, 20] for converter energy dimensions, in this research work
two types of transient conditions are analyzed for an MTDC
system i.e. a three-phase dip at the grid side and a three-phase
short circuit fault at the load side. The proposed energy
dimensions for converter stations along with different control
strategies have been tested for a four-terminal MMC based
MTDC system.

2)  Energy required from submodule capacitors
The product of the magnitude of dip and duration of dip is
called dip severity.

Dip Severity = Vg, X tap 3)
The energy for any electrical system is calculated by
E=pXxt=IXvXt 4

Substituting equation (3) into equation (4) will give the
relationship for missing energy in the system, which must be
compensated by the submodule capacitors of MMC.

Emissing = Idip X Vdip X taip ©)

Using equation (5), the missing energy caused by any
transient can be calculated. Considering the worst-case i.e. a
three-phase dip of 50 percent in magnitude, which lasts for 75
milliseconds, knowing the fact that the rectifier, will draw
nominal current i.e. 1 p.u from the grid during any transient the
missing energy in p.u will be

Enmissing = 1 X 0.5 X 0.075 = 0.0375 p.u 6)

The energy of every submodule is given by

1
— 2
ESupplied by capacitors — E cv (7)

The amount of energy required from capacitors of
submodules of MMC depends upon the safe operation of the
converter without going in over modulation. This is decided by
the steady-state modulation index of the inverter, which is 0.8
p.u. While maintaining a modulation index of 0.8 p.u, the
inverter would allow DC voltage to be dropped up to 0.8 p.u
without disturbing the power quality [20]. Thus, the capacitors
can discharge from 1 p.u to 0.8 p.u to supply the required
amount of energy. From equation (7), it can be concluded that
the energy supplied from 1 p.u to 0.8 p.u of the DC voltage is
36% of the available energy in the capacitors.

Emissing = 0.36 X ESupplied by capacitors (8)

From equation (8), the required amount of energy from
capacitors of submodules can be calculated as:

Esupplied by capacitors — Emissing/0~36= 2-77Emissing )

From equation (9), it is clear that to provide a sufficient
amount of energy, the installed energy capacity must be 2.77
times the missing energy caused by the transient. This requires
that the submodule capacitors of the converter station be
designed to have an energy supply capability of 0.103875p.u
(2.77%x0.0375). With this, the total energy supply required for a

MVA converter station should be 104kJ/MVA [20].
Following this standard, the submodule capacitors inside each
converter station in this research work is designed to have a total
energy supply capability of 22.8 MI/MVA. With this, the total
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energy required from submodule capacitors to provide efficient
energy support for a four-terminal MMC based MTDC system
becomes 91.2 MI/MVA.

III. RESULTS AND DISCUSSIONS

A. Experimental Setup

In this research work, a four-terminal MMC based MTDC
system based on parallel connection is simulated as an
experimental case to analyze the performance of the developed
control architecture. The parallel connection is the most popular
one due to its simplicity, reliability and expandability [35]. The
simulated system consists four MMC converter stations
connected with two AC grids and two passive load centers. The
single line diagram of the developed system is shown in fig. 4,
where the passive loads are simulated using linear and non-
linear loads. Parameters of the MTDC system are shown in table
L

TABLE I. PARAMETERS OF MTDC SYSTEM

Quantity Value
Arm Inductance 0.15 p.u
Arm Resistance 0.03 ohm
Submodule Capacitance 10.4 mF
DC Bus Voltage 135 kV
Frequency 50 Hz
X/R Ratio of Grid 14.28
Transformer 1 & 3 (Y-Y) 220 MVA
Transformer 2 & 4 (Y-D) 220 MVA
MMC Stations 220 MVA
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Fig. 4. Layout for proposed experimental setup.
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Fig. 5. Results for THD (a) Output voltage (b) Output current.

In the developed control architecture, all controllers are
designed so that the MTDC system reaches in steady-state
condition by 1 second approximately. In this research work, the
simulation results are discussed in detail for the two cases, (I)
three-phase dip applied at the grid side converter and (II) three-

phase fault applied at the load side converter. However, the
behaviour of the developed system for the steady-state condition
can be observed in the simulation results presented in section B
before applying the fault condition. After reaching steady-state
condition, the active power and the DC bus voltages for all
converter stations are set to 1 p.u with a modulation index of 0.8
p.u. The THD for output voltage and current for MMC stations
working as inverters is measured as 0.25% and 1.40 %,
respectively, which is shown in fig. 5, ensuring IEEE standards.

B.  Case I: Simulation Results for Three Phase Dip at AC Grid
2 Connected to MMC 3
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Fig. 6. Sinusoidal voltages and currents for all MMC stations (a) MMC 1 and
MMC 2 (b) MMC 3 and MMC 4.

In this section, a three-phase voltage dip has been applied at
the AC grid 2 to analyze the performance of developed control
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architecture. The three-phase dip is switched at t = 1.4 seconds
and it lasts over 75 milliseconds with a magnitude of dip = 0.5
p-u. Fig. 6 shows the simulation results for the sinusoidal
voltages and the currents for all MMC stations. It can be
observed that only MMC 3, which is connected to the AC grid
2, is affected with a 50 percent decrease in its voltage magnitude
and a slight increase of 0.05 p.u in its current. Such slight
increment can be easily handled by the converter station. The
sinusoidal voltages and currents of MMC 1, MMC2 and MMC
4 are not affected by the presence of dip at MMC 3.
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Fig. 7. Power and DC bus voltages for all MMC stations (a) MMC 1 (b) MMC
2 (c) MMC 3 (d) MMC 4

Fig. 7 shows simulation results for the active & reactive
power and DC bus voltages for all MMC stations. It can be
observed that during the dip, the active power delivered by
MMC 3 is reduced to half, which causes a small drop of 0.2 p.u

in the DC bus voltages of all MMC stations. This ensures that
converters are dimensioned properly maintaining a DC bus
voltage of 0.8 p.u during the dip. During this period, the energy
available in the capacitors of MMC:s is discharged to maintain
the constant power delivery to both load systems, which are
connected to MMC 2 and MMC 4.

Fig. 8 shows the simulation results for the modulation index
of all MMC stations. It can be observed that the modulation
index for MMC 3 is reduced during the dip, which ensures that
the MMC station is trying to draw the nominal current from grid
during dip. While other converter stations have a small increase
of 0.1 p.u in their modulation index, which does not contribute
significantly in the submodule voltages and currents. However,
in post fault recovery operation, all converter stations achieve
the modulation index of 0.8 p.u.
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Fig. 8. Modulation index for all MMC stations (a) MMC 1 and MMC 2 (b)
MMC 3 and MMC 4.

Fig. 9 shows the results for the voltages and currents for all
MMC stations transformed into dq quantities. Fig. 9 (b) and (d)
show simulation results for the voltages and currents for MMC
2 and MMC 4 respectively. It can be observed that they are not
affected by the presence of dip and ensure smooth delivery of
power to the connected load systems. From fig. 9 (a) and (c) it
can be observed that during dip converters extract maximum
energy from both grids to charge their submodules and maintain
DC bus voltages to 1 p.u in post fault recovery operation, which
can be witnessed in fig. 7.
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C. Case II: Simulation Results for Three-Phase Fault at Load
System 2 Connected to MMC 4

To analyze the performance of the developed system w.r.t
the load side deviations, a three phase symmetrical fault has
been simulated at the load system 2 in this section. The duration
of the simulated fault is 50 milli seconds. As compared to
previously simulated dip at the grid side converter, the scenario
for the load side fault is bit different. Fig. 10 show the simulation
results for the sinusoidal voltages and currents for all MMC
stations, where the available voltage at MMC 4 reduces with an
increment in its sinusoidal current. However, MMC 2 ensures
smooth power delivery to the load system 1 with no dip in its
sinusoidal voltage and current. The sinusoidal voltages and
currents for MMC 1 and MMC 3 ensures smooth delivery of
power from both grids irrespective of the fault present at MMC
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Fig. 10. Sinusoidal voltages and currents for all MMC stations (a) MMC 1 and
MMC 2 (b) MMC 3 and MMC 4

Fig. 11 shows the simulation results for the active & the
reactive power and the DC bus voltages for all MMC stations.
It can be observed that the DC bus voltages for all MMC stations
doesn’t have any significant effect during the load side fault and
contain a small deviation of 0.05 p.u. Moreover, the power
delivered to the load system 1 through MMC 2 remains constant
irrespective of the fault present at the MMC 4. During the fault
period, the active power supplied by AC grid 1 and AC grid 2
through MMC 1 and MMC 3 slightly increases which in turn
helps to maintain the DC bus voltage to 1 p.u in post fault
recovery operation.
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Fig. 11. Power and DC bus voltages for all MMC stations (a) MMC 1 and MMC
2 (b) MMC 3 and MMC 4.

The modulation index for all MMC stations as shown in fig.
12 ensures the safe operation of MMC 1, MMC 2 and MMC 3
during the fault condition, maintaining a modulation index of
0.8. However, the modulation index of MMC 4 slightly
decreases adopting the fault and retains to its normal value in
post fault recovery operation.
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Fig. 12. Modulation index for all MMC stations (a) MMC 1 and MMC 2 (b)

MMC 3 and MMC 4.

As discussed in section 3, each load system contains linear
and non-linear loads. The simulation results for active and
reactive power of the loads connected to MMC 2 and MMC 4
are shown in fig. 13.

It can be observed from fig. 13 (a) that the active and reactive
power delivery to the load connected to MMC 2 remains
constant irrespective of the fault present at MMC 4. However,
due to the presence of the fault, the active and reactive power
delivery to the load connected to the MMC 4 is affected as seen
in fig. 13 (b). During the fault period, MMC 1 and MMC 3 tries
to extract maximum energy from both grids. This in turn
recovers the system in stable condition in post fault operation
and maintains the active and reactive power delivery to both
load systems as per their requirement.
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Fig. 13. Results for active and reactive power for load (a) P & Q for load
connected to MMC 2 (b) P & Q for load connected to MMC 4.

From the above-detailed discussions, it is clear that the
developed system possesses excellent fault ride -through
capability, maintaining a dc bus voltage of 0.8 p.u using droop
control. The proposed solution ensures constant power delivery
to the loads in case of transients, without taking any excessive
current from the grid. This leads to designing MMC stations as
per normal operating conditions without using additional
circuitry. The proposed solution envision robust performance by
maintaining the lowest THD values. The classical solutions
based on energy utilization of submodule capacitors of MMC
are only limited to a particular number of terminals in an HVDC
system. However, the proposed control strategies can
effectively work for any MTDC system maintaining a
modulation index of 0.8 p.u for all converter stations.

IV. CONCLUSION

This research work develops a decoupled control strategy to
address the reliability and safety concerns of the MMC based
MTDC systems. The performance of the developed control
strategies has been tested in a four-terminal MTDC system
under various operating scenarios such as three-phase transients
and voltage dips. More specifically, the simulation results show
that the developed control strategies can effectively control the
DC bus voltage, ensuring constant power delivery to the
connected loads during AC side faults. Moreover, the paper
explores the possibility of utilization of internal energy of
submodules of MMC to reduce the power oscillations to the
connected AC grids in case of transients & voltage dips and
ensures quick post fault recovery operation. In future studies,
such system will be extended and tested with the integration of
renewable energy resources. In the future, the performance of
proposed control strategies will be analyzed in hardware in loop
setup.
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