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Abstract—The branch paralleling represents one of the avail-
able options with regards to the modular multilevel converter
power extension. In such a case, the main technical challenge
resides in the control domain, whereas a new set of possibili-
ties from the voltage modulation standpoint becomes available
along the way. This paper provides a thorough mathematical
analysis of the modular multilevel converter operating with
parallel branches and utilizing phase-shifted carrier modulation
to synthesize the desired voltage references. The influence of
the adjacent branches’ carriers shift on the voltages across the
terminals of the converter leg is presented in a comprehensive
manner. Detailed simulations confirm the derived mathematical
predictions and allow for the performance guided choice of
relevant modulator parameters.

Index Terms—modular multilevel converter, medium voltage
high power conversion, power extension, branch paralleling,
PWM, phase-shifted carriers

I. INTRODUCTION

he effortless fulfillment of an application voltage require-

ments, by means of stacking the so-called submodules
(SMs) in series, paved the way for the Modular Multilevel
Converter (MMC) in the field of High Voltage (HV) and
Medium Voltage (MV) conversion [1]-[3]. Fig. 1a depicts
the MMC phase leg comprising two branches, each consisting
of N series connected SMs, found most commonly in either
Half-Bridge (HB) or Full-Bridge (FB) configuration, and an
inductor Ly,. High-quality AC voltage waveforms can be
obtained, resulting in a very modest or even no additional
filtering requirements of the converter AC currents.

The essential part of any MMC design implies distinctly
defined SM ratings. For a fixed current rating of the SMs,
stacking more of them in series increases the MMC voltage
handling capabilities. As a result, the converter rated power
increase can be achieved as long as the application voltage
is to be freely chosen. Point-to-point UHVDC systems [4],
where substantial power ratings are achieved through rising the
transmission line voltages even above 1MV [5], can be said to
match such a power increase philosophy. However, the power
increase of a converter operating at the strictly defined voltage
class (e.g. 15kV) implies the boost of its current handling
capabilities. Hydro applications [6], where power ratings of
several hundreds of mega-watts are achieved at the voltage
level of approximately 25kV, owing to the generator voltage
limitations, can be considered a good example of such a case.

Fig. 1b demonstrates the change in the converter leg struc-
ture should paralleling of the branches be employed with the
aim of extending the power capacity of the converter [7]. In
order to retain the naming consistency, what has been referred
to as the branch in the conventional MMC will henceforth
be referred to as the Sub-Branch (SBR). A thorough analysis
of the control of the MMC operating in this structure was
conducted in [7]. An advantage of the power extension method
depicted in Fig. 1b refers to the quality of voltage generated
by a set of parallel SBRs as a whole. Compared to the
conventional MMC leg depicted in Fig. 1a, paralleling of the
SBRs introduces an additional degree of freedom from the leg
voltage generation standpoint. In case Phase Shifted Carrier
(PSC) modulation is used to synthesize the branch reference
voltages, introduction of the shift among the SBR carrier sets
affects the converter terminal voltages. This paper provides a
thorough mathematical analysis on this matter and its main
contributions can be summarized as:

o Complete mathematical derivation of the frequency com-
ponents appearing in the spectrum of both AC and
DC voltages of the MMC operating with an arbitrary
number of parallel SBRs is provided. As all the results
are presented in a general form, they are applicable to
any chainlink converter. Moreover, while the existing
literature present the spectral content analysis of the
conventional MMC featuring the open-loop control, this
paper, for the first time, considers the modulation index
generation in a closed-loop manner.

e Analysis of the available degrees of freedom at the
modulator level is conducted explaining the trade-offs
between the quality of voltage seen from the AC and
DC ports of an observed converter leg.

e A set of detailed simulation models confirms and vali-
dates the theoretical developments presented throughout
the paper.

II. THE AVAILABLE DEGREES OF FREEDOM

Henceforward, without the loss of generality, the use of HB
SMs will be assumed, whereas the operation relying on the use
of PSC modulation will be considered. At first instance, setting
the phase shift between two carriers modulating two adjacent
SMs within an observed (sub)branch as v. = 2w/N seems to
be natural and popular choice [8], [9]. Since the purpose of
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An interesting fact regarding the terms describing the higher
order harmonics can be observed from (23) and (24). Namely,
the terms in the brackets multiplying the same voltage compo-
nents have the opposite signs. This indicates that cancellation
of a certain harmonic group in the AC voltage doubles the
same frequency component in the DC voltage of an observed
leg and vice versa. Thus, there is a certain trade-off that needs
to be considered and treated accordingly. To commence the
analysis on the possible use of the lower and upper branch
carrier sets displacement (¢), let one expand gn n(w) — gnp(w)
as (25), where § = ar /(M N) was adopted.
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From (25) the dependency Aac = f(p,q,«) is revealed.
Further analysis referring to the minimization of the leg AC
voltage spectrum requires one to assign some discrete values
to indices p and q. According to Fig. 5, the first group of
harmonics observed in the branch voltage spectrum appears
around the apparent switching frequency of the branch. There-
fore, cancellation of this harmonics set clearly contributes to
the reduction of the leg AC voltage THD. Hence, p can be
set as unity. For a fixed p, the Bessel function J, (pM N7ing)
reaches its maximum for ¢ = 0. Consequently, the cancellation
of harmonics for which p = 1 and ¢ = 0, formulated as
Anclip,gy={1,0 = 0, is expected to lead towards meeting
the criteria of the lowest leg AC voltage THD. In order to
satisfy Aac|ip,qy={1,0y = 0, the term a + M N must be odd
and values of the angle § (please, recall that § = an/MN)
allowing for this goal to be obtained are presented in Tab. II.

TABLE II: Values of the angle ¢ leading to the desired cancelation of carrier
harmonics seen from the converter AC terminals
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To check the effects of the AC voltage THD improvement
upon the leg DC voltage component, the term Apc, given in
(26), can be used. Please notice that Apc + Aac = 2 holds.

Apc =1-— (_1)q+p(a+MN) (26)

The cancellation of spectral components centered around the
branch apparent switching frequency can be conducted by
following the already presented logic, which ultimately results
in Tab. III. In order to validate the correctness of the analytic
expressions derived throughout this section, Figs. 7 and 8
present the comparison between the spectral contents of the
leg voltage components obtained in the analytic fashion and
simulations conducted in PLECS. Once again, the converter
with parameters defined in Tab. I was simulated. Fig. 7
presents the spectrum of both AC and DC voltage components
of the observed converter in case § = 0. By comparing the
plots within the figure, one can conclude that an outstanding
matching between the harmonic values obtained by calcula-
tions and simulations tool is achieved. As the functionality of
analytic expressions derived above is confirmed, the analysis
of the effect obtained by setting the angle § (phase-shift
between upper and lower branch carrier sets) to a non-zero
value can be conducted.

From Fig. 8a it can be seen that, when compared with
Fig. 7a, the density of the components centered around the
branch apparent switching frequency gets reduced. In turn,
these get shifted to the DC side as can be seen through the
comparison of Figs. 7b and 8b. To provide a quantitative
comparison between Figs. 7a and 8a, THD was calculated
according to (12) for both cases and results can be found
summarized in Tab. IV. As expected, the leg AC voltage THD
gets reduced with the introduction of non-zero displacement
between the branch carrier sets. The opposite applies to the
leg DC voltage THD. Also, the relative error of both THD
components confirms that excellent matching between the
analytic and simulation results is retained. It is noteworthy
that, although uncommon, THD of the leg DC voltage was
defined as (27) in order to provide the means for comparison
of spectral contents obtained by using different values of J.
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TABLE III: Values of the angle ¢ leading to the desired cancelation of carrier
harmonics seen from the converter DC terminals
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V. CONCLUSION

Apart from allowing for an effortless extension of the
MMC power capacity, paralleling of its branches offers the
outstanding flexibility when it comes to sythetization of its
reference voltages. When compared to the conventional MMC,
additional degrees of freedom from the modulation standpoint
are introduced. Therefore, the MMC utilizing parallel SBRs
features the extended possibilities of shaping the voltage
created across its terminals when compared to its conven-
tional counterpart. Throughout this paper, detailed mathemat-
ical analysis on the possibilities offered by the use of PSC
modulation within the converter operating with an arbitrary
number of SBRs, comprising an arbitrary number of SMs, was
conducted. Moreover, this work incorporates the corrections
of modulation index, characterizing the MMC closed loop
control, into the analysis making it unique and different
compared to the existing references, which focus mainly on the
operation implying the so-called direct modulation. As it was
shown, a suitable choice in the angular displacement between
the sets of carriers modulating two opposite branches of the
same leg, leads to the reduction of THD at either DC or AC
port of the converter. Nevertheless, there is always a trade-
off which one must be aware of. In other words, reduction
of the AC voltage THD implies shifting of a certain part of
its spectral energy (more precisely, the one being related to
the higher frequencies) to the DC side. The conclusion in the
opposite direction, of course, holds as well.
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