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Abstract

This paper presents the converter configuration acting as a medium voltage DC source. In order to obtain
desired voltage across the DC terminals, two series connected modular multilevel converters are used.
The use of modular multilevel converters results in high degrees of modularity, flexibility, reliability,
current limiting capability during DC faults, as well as the outstanding operational performances. Each
modular multilevel converter is connected to the 3.3 kV AC supply, while ensuring arbitrary voltage
in the range of & 5 kV across its DC terminals. Consequently, series connection of two power units
allows for £10kV to be synthesized across the converter’s DC terminals. Moreover, there is a freedom
of choice with regards to the way that two modular multilevel converters share the output DC voltage
reference. Therefore, studies focusing on converter dynamics and efficiency for various voltage sharing
profiles are conducted. As a result, the most optimal voltage sharing profile is generated, covering the
whole operating range of the converter.

Introduction

High Voltage DC (HVDC) systems are nowadays considered mature and widely accepted technology
for power transmission over the long distances or as means of connecting off-shore wind power plants
with existing on-shore power grids. The driving force for its acceptance is higher efficiency compared
to its AC counterparts, as well as the reduced system costs once the transmission distance exceeds the
so-called break-even distance [1]. The same trend is expected in case of Medium Voltage (MV) and Low
Voltage (LV) distribution grids due to a number of reasons [2]. Owing to the fact that urban areas are
becoming more populated and congested, most of the distribution grids are nowadays realized using AC
underground cables. It is identified that MV underground AC distribution cable link, normally ranging
from 5-20 km in length and being responsible for bulk power delivery to the inner urban city substation,
can benefit the most in terms of both capacity and efficiency enhancement, if the existing infrastructure
is reused and operated under DC voltage [3].
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Fig. 1: Modular Multilevel Converter Fig. 2: Analyzed topology - Flexible and reconfig-
urable DC source

Potential of the MVDC distribution grids has been recognized in the marine applications as well. Namely,
rectification of the ships generators’ voltages removes the need for synchronous operation of the gener-
ators. However, the challenge of handling the DC faults has to be carefully addressed depending on the
way the distribution is ensured [4].

Due to increasing interest in Medium Voltage DC (MVDC) technology, a need for MVDC source, able
to emulate various conditions in MVDC grids also arises. Although still considered irreplaceable in the
ultra High Voltage (HV) domain, conventional rectifiers utilizing diodes or thyristors suffer from sev-
eral drawbacks. In the case of Diode Rectifier (DR), the output DC voltage is exclusively positive and
uncontrollable, whereas in case of Thyristor Rectifier (TR), output DC voltage is controllable and can
take both positive and negative values. However TR dynamics is limited by the line voltages zero cross-
ings. Furthermore, both DR and TR normally require DC voltage filtering, as well as additional AC side
chokes. One way of improving the DC voltage and AC current quality related to the aforementioned rec-
tifiers is by using the Three-Phase (3PH) multiple secondaries transformer, with phase shifted secondary
windings’ voltages, therefore creating the multi-pulse rectifier. Nevertheless, the slow dynamics problem
remains unresolved. An alternative to DR and TR in the MV domain can be found in the Active Front
End (AFE) rectifiers, based on either two-level or multilevel topologies. Consequently, high operational
dynamics is ensured, however with the limitation of providing exclusively positive DC voltage, with the
minimum DC voltage being dependent on the grid voltage.

Modular Multilevel Converter (MMC) [5] utilizing Full-Bridge (FB) submodules (SMs) allows for volt-
age of both polarities to be generated across its DC terminals, with fast operational dynamics seen from
both DC and AC terminals. During the last decade it has gained popularity in the field of HVDC [6],
railway interties [7], [8], MV drives [9] and STATCOM applications [10]. More recent research activities
regarding the MMC converter focus on its employment within the MVDC shipboard systems. The key
driving factors are its increased reliability, as well as fault handling capability [11]. Namely, due to the
fact that the MMC utilizing FB SMs is able to produce an arbitrary voltage of both polarities across its
DC terminals with fast dynamics, it can counteract the DC short-circuit current.

Due to the number of drawbacks of DR and TR on one hand, various advantages of the MMC technology
on the other, and due to the increased interest in application of the MMC in MVDC, this paper provides
analysis of a twelve pulse transformer combined with two MMCs, as suggested in Fig. 2, with the aim
of obtaining a highly flexible DC voltage source, operating with very fast dynamics. Specifically, series
connection of the two MMCs, operated in the Voltage Source Mode (VSM) is subject of this paper
analysis. Although not being essential in this type of converter, twelve pulse transformer with star-delta
secondary windings is used due to its availability inside the laboratory. Such converter aims to serve as
a testbed for various laboratory activities in the MVDC domain.
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Topology operating principles and control

MMC has been subject to various research topics, hence its dynamics and sizing have been well studied
in the literature [12], [13]. Given that an MMC leg consists of two branches, with clusters of SMs being
perceived as controllable voltage sources, a phase leg analysis can be performed through its decoupled
AC and DC equivalent circuits. For the purpose of such analysis, two voltage components are generally
introduced ((1)-(2)).

Vn—Vp
— 2)
The variable v, is also being referred as a leg common voltage, and is coupled with the MMC equivalent
DC circuit. The other voltage component vs, also referred to as differential voltage, is being accounted
for the converter AC analysis. As a consequence of two decoupled voltage components, two current
components are present as well, with their relation to branch currents being presented in (3)-(4). Current
component ic denotes the so-called circulating current, whereas iac denotes the grid current [12]. Owing
to the decoupled nature of the two systems, which can be noticed from Fig. 3, two current components
can be controlled independently from each other.

Ve =Vn+Vp (D) Vg =

.. dAC .. Ac
ip =i+ 75 () h=ic- (4)
Since all the legs of a 3PH MMC share the same DC link, by observing Fig. 3, it is easy to derive the

circuit depicted in Fig. 4, that represents the MMC seen from its DC terminals. This circuit indicates

(i)

that mean value of the voltage across MMC DC terminals matches the v¢’ average (zero) component,
further denoted as v . The inductive voltage drop does not exist in the steady state, due to the nature of
the output current, whereas the branch resistance can be neglected, and consequently its corresponding
voltage drop. Therefore, by controlling the voltage v. o, steady state value of the DC link voltage Vpc is
being adjusted as well.

In the configuration being analyzed, DC links of the two MMCs are connected in series, with the purpose
of realizing Flexible DC Source (FlexDCS). Both converters can be operated either in the VSM or in the
Current Source Mode (CSM) [14], yet the paper is focused exclusively on the VSM. Due to the fact that
FB SMs are used within both MMCs, DC voltage of both polarities can be generated across converter’s
DC terminals, according to (1)-(2). Moreover, voltage components v, o of the two MMCs can be freely
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Fig. 3: Derivation of a leg equivalent circuit; a) MMC leg with the clusters of SMs being presented in the
form of ideal voltage sources. Upper and lower branch voltages and currents are denoted with subscripts

p” and ’n”, respectively; b) Leg current components: circulating current (ic), and AC grid current (iac);
¢) AC and DC equivalent circuits.
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Fig. 4: Equivalent DC representation of a) Single MMC b) FlexDCS

adjusted so as to sum up to the desired output DC voltage, with insignificant delay depending on the
system sampling frequencies, thus providing the basis for excellent dynamic performance.

Control of the output DC voltage can be organized in the closed-loop manner, as suggested in [15], where
two control loops are introduced. The inner control loop takes care of the DC current control, whereas
the outer control loop is added so as to compensate for the inner voltage drop. Nevertheless, this paper
considers the output DC voltage control organized in an open-loop manner, as presented in Fig. 5. Each
MMC is being separately fed with its DC voltage reference V[, whereas the inner voltage drop is
being compensated by the feedforward action. The main reason for this kind of approach lies within
the fact that the expected inner voltage drop is predictable and accounts for less than 1% of the nominal
output DC voltage. Constants k; and k, are determined according to (5)-(6), where variables Vg and R,
refer to the mean values of the IGBT’s and reverse diode’s forward voltage drop and on-state resistance,
respectively. Therefore, the open-loop voltage control, together with feedforward inner voltage drop
compensation is the way to avoid having two control loops, and consequently ensure fast dynamics.

_ 2 _
k1 = 4NVF (5) k2 = §(2NRon +Rbr) (6)

Control concept introduced in this paper also features short-circuit protection, implemented in a way
presented in Fig. 5. Namely, once the measured current exceeds the threshold value, CSM is activated,

Voltage drop compensation
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Fig. 5: Output DC voltage control block diagram of a single MMC. Both MMCs are controlled indepen-
dently.
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Table I: Simulated FlexDCS parameters

Number of SMs/branch | SM switching frequency [Hz] | Rated power [kW] | Max. DC voltage [kV]

8 1000 500 £+ 10

with the objective of limiting the output DC current to the maximum permissible value. Only when the
output current drops below the maximum value, does the converter resume into the VSM operation.
Both converters perform their internal control independently from each other, whereas the output DC
voltage reference is supplied from the upper level control to each one of them. In that sense, there is a
freedom of choice with regards to the way that two MMCs share the output DC voltage, which is the
subject of this paper.

It is clear that SMs voltage mean value needs to be maintained at a desired reference, such that AC side
currents can be controlled irrespectively of the DC voltage reference. Although not presented in the
paper, horizontal and vertical balancing of both MMCs are implemented in the o domain, according
to [16], whereas the total energy balancing is obtained through AC currents control, implemented in the
dg domain. With the aim of generating voltages whose average over a chosen period corresponds to the
desired references, Phase-Shifted Carriers (PSC) modulation [17] is selected for the implementation.

Output DC Voltage Sharing Impact on Converter Output Dynamics

FlexDCS configuration was simulated in PLECS with the aim of validating employed control principles.
Simulation parameters can be found in Table I. Converter was loaded with the resistive load, whose
power consumption at maximum attainable DC voltage corresponds to the converter rated power, ac-
cording to Table I. To test the converter operation, different output DC voltage references were set in
different time instants, while the voltage reference was equally shared among the two MMCs. Fig. 6
presents MMC; relevant current and voltage waveforms. Due to the waveforms similarities, MMC,
waveforms were not presented. Please notice that, despite abrupt reference and load power changes, the
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Fig. 6: MMC; relevant waveforms. From top to bottom: v, - AC grid voltages; iy - AC grid currents;

ipc - output DC current; ic - circulating currents; vg;}, - upper branch SMs’ voltages; vg;%, - lower branch

SMs’ voltages; vpc - output DC voltage.
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Fig. 7: Dynamic response of the converter for various voltage sharing profiles

observed MMC stays balanced at all times.

However, owing to the fact that each MMC is able to provide an arbitrary DC voltage in the range of
+5kV, there is a degree of freedom with regards to the way that the two converters share the output DC
voltage reference. At first, the simulation aimed at inspecting the dynamics of the FlexDCS voltage gen-
eration for various voltage sharing profiles was performed (c.f. Fig. 7). The output DC voltage reference
was changed from 2kV to 8 kV and vice versa, with the references being unequally distributed between
the two MMCs. The load considered during this simulation was resistive load, as in the previous simu-
lation. Simulation results show that in terms of the output DC voltage dynamics, observed through the
output DC voltage rise time, there exists no difference between different reference distributions among
the MMCs. Output DC voltage dynamics is solely determined by the delays, attributed to computational
and sampling delays, as well as the time constant of the equivalent circuit presented in Fig. 4. Never-
theless, converter efficiency might vary with different voltage references being shared between the two
MMC s, owing to the fact that single MMC converter might experience different power losses for differ-
ent output DC voltages. Therefore, it is beneficial to perform an analysis that focuses on determining the
voltage sharing profile between the two MMCs, with the aim of minimizing converter power losses.

Output DC Voltage Sharing Impact on Converter Power Losses

In order to map the power losses of a single MMC throughout its complete operating range, its Safe
Operating Area (SOA) needs to be determined. It has already been stated that the output DC voltage of
a single MMC ranges from —5kV to 5kV. Regarding the power ratings, single MMC is sized for the
rated power of 250kW. Converter currently being developed employs IGBTs rated for the maximum
continuous current of 50 A, which is further on being labeled as I;Gg . Current through a single IGBT
is defined with (7), where Iac, Inc, Alpa refer to the grid rms current, DC output current and balancing
current components, respectively. Considering balancing components to be lower than 20 % of the maxi-
mum IGBT current, equalizing equations (8) and (9) yields the maximum permissible output DC current
(Ip&") as a function of the output DC voltage (Vpc) and rated IGBT current (Iig5 1), given in (10).

Iac | Inc
hepr = =~ + =~ + Ak (7) Poc = Voelpe (8) Pac =V3Vaclae  (9)
1 VDC -1
frax — (0.81max ) <7 + 7) (10)
DC IGBT 3 2\/§VAC
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Simulations aiming to map the power losses of a single MMC throughout the whole SOA are performed
in PLECS. SOA is divided into the mesh covering 21 different output DC voltages and 21 different output
DC currents, and each of these operating points was simulated. Each MMC SM [18] consists of a single
H-bridge IGBT module [19], as well as the bank of electrolytic capacitors [20]. Converter power losses
of interest are the switching, conduction and reverse recovery losses within the H-bridge IGBT modules,
as well as the power losses within electrolytic capacitors. Other types of losses, such as the conduction
losses within the branch air-core inductances are neglected in this analysis.

Simulation results are collected, processed and the power losses of a single MMC, as a function of the
output DC voltage and the output DC current, are presented in Fig. 8. Each of the intersections represents
the power losses in a given operating point, and such 3-D matrix can be used as an input to the algorithm
that determines the most efficient voltage sharing profile. Algorithms of this kind can be implemented as
part of the converter control software, with real time execution, or offline, with the result being generated
in a form of a look-up table.

Offline algorithm for calculation of the most efficient voltage reference distribution among the MMCs
is implemented in MATLAB, and the results are presented in Fig. 9. The final result of the algorithm
is the look-up table, with input variables being the converter output DC voltage and output DC current.
Output value of the look-up table is the optimal voltage reference for a single MMC converter, whereas
the voltage reference of another MMC complements to the total output DC voltage reference. Fig. 9
is the graphical representation of the generated look-up table. Generated look-up table contains only
positive values of the output DC voltage reference, but it can be applied for the negative references as
well, due to the symmetry. In addition, SOA of the FlexDCS is restricted to 50 A, due to the fact that
the maximum permissible output DC current of a single MMC differs throughout the voltage range (c.f.
Fig. 8). Therefore, choice of the 50 A represents the maximum common value of the DC current for two
MMCs, throughout the whole output DC voltage range.

Inspection of the look-up table shows that the voltage reference of a single MMC that ensures minimum
power losses, closely corresponds to the case when the reference is shared equally among the two MMCs.
Therefore, it is beneficial to determine to what extent do the power losses of the FlexDCS with the
optimal DC voltage reference distribution, differ from the power losses in case when the MMCs are
equally loaded. Fig. 10 shows the difference between the power losses in case of optimal and equal
DC voltage reference distribution. It can be observed that the difference in terms of power losses exists,
however it is not significant. This leads to the conclusion that the FlexDCS can operate with equal voltage
reference sharing, without significantly compromising efficiency. Given that both MMCs operate with
equal voltage reference sharing, both MMCs can handle the same current at a given DC voltage, therefore
the SOA of the FlexDCS can be extended as presented in Fig. 11.
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Fig. 8: Power losses distribution throughout Fig. 9: Graphical representation of the gener-
the whole SOA of a single MMC ated look-up table
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Conclusion

This paper presents MMC-based topology intended to operate as a flexible MVDC source. The use
of the MMC employing FB SMs enables realization of both positive and negative voltage across the
converter’s DC terminals, which is a useful property in handling DC short circuit currents. Control of
such converter is presented, together with application dedicated open-loop output DC voltage control.
Converter is simulated for various output DC voltage reference profiles, and shows excellent operating
dynamics, while keeping all the energy states within the MMCs around their references.

Due to the freedom of choice of the output DC voltage reference distribution, studies aimed at inspecting
the converter dynamics for different output DC voltage sharing profiles were conducted, showing that
the output DC voltage dynamics is not affected by an arbitrary voltage sharing. Safe operating area of
a single MMC is defined, and power losses are assessed by means of PLECS simulations and proper
tools developed in MATLAB. The results are further used to determine the most efficient voltage sharing
profile between the converters. As a result, a look-up table with the optimal voltage reference distribution
is generated and presented. Results demonstrate that the optimal voltage distribution is to great extent
close to the case when the references are shared equally. In addition, power losses in case of the optimal
and equal voltage reference distribution are compared and presented, showing that the difference is not
significant, and thus FlexDCS can operate equally sharing the output voltage references between the two
MMCs without compromising efficiency.
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