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he modular multilevel converter (MMC) pre-

sented in Figure 1 found its place within high-

voltage and medium-voltage (MV) applica-

tions owing to the possibility of effortlessly

meeting the imposed voltage requirements by
stacking the so-called submodules (SMs) in a series [1].
Therefore, high-quality voltage waveforms can be syn-
thesized across the MMC ac terminals, while using the
power devices of a lower voltage rating, resulting in a
very modest or even no filtering requirement on the grid
side. Depending on the application, the SMs are mainly
half bridge (HB) or full bridge (FB), not including the
other types of SMs reported in the literature [2]. Accord-
ing to Figure 1, a cluster of SMs in a series connection
with an inductor L. will be referred to as the branch,
whereas two branches comprise the leg.

Increasing
current ratings
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With power being the product of voltage and current, it
might seem that unlimited power ratings can be achieved
by increasing the rated voltage of an MMC through the
installation of a higher number of SMs into its branches.
However, such a claim is only partially correct. Namely,
the applications in which the voltage can be freely selected
exist and, in these cases, high power ratings (e.g., 500 MW)
are indeed achieved by relying on the aforementioned
principle. Typical examples refer to the high-voltage power
transmission, in which several hundred megawatts are
transferred across the power lines operating at several
hundreds of kilovolts. On the other hand, the use of an
MMC has also been investigated in the applications, such
as the MV drives [3], where the operating voltages are well
defined (e.g., 3.3-, 6-, and 11-kV drives). With the standard-
ized application voltages, an increase in the MMC power
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(@) An MMC. (b) As every branch provides the possibility
for high-quality voltage generation, it can be modeled with an
ideal voltage source.
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AD Y% = 10 x {1 kV/1 kA}
OP, # = 15x {1 kV/1 kA}
OP, #% = Unfeasible
OP; % = 15 x {1 kV/2 kA}

The MMC power scalability depending on the available SM
design. The availability of an SM with rated voltage and current
equal to 1 kV and 1 kA was assumed, whereas the normalization
basis for the operating voltage of an observed converter was
adopted as 10 kV. As the OP, cannot be reached unless additional
modifications of the SMs are performed, it was characterized as

the unfeasible operating point (concerning the existing SM design).
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rating implies its current capacity boost, which may not
always be trivial to accomplish.

Let one observe an exemplary case with the MMC being
connected to a 10-kV dc network while employing the SMs
designed to withstand the voltage and current equal to 1 kV
and 1 kA, respectively. This SM design will be referred to as
the available design (AD), while 10 kV represents the nor-
malization basis regarding the converter dc voltage.

In the analyzed case and using simplified calcula-
tion, the number of SMs per branch can be determined as
N =10 kV/1 kV=10. In the power-voltage (P-V) diagram
from Figure 2, such an operating point was labeled with
the yellow star [v* =1 per unit (p.u.) and p* =1 p.u.]. If, for
example, five SMs are added into every branch of the ana-
lyzed MMC, the voltage it can interface at its dc terminals
increases to 15 kV (v"=1.5 p.u.). As the SM current rating
is unchanged, the rated power of the converter gets scaled
linearly. In other words, changing the number of series-con-
nected SMs within a branch causes the converter operating
point (OP) to slide along the green line in Figure 2. Hence,
the point OP; indicates an increased number of series-con-
nected SMs (N =15) with respect to the converter operat-
ing at voltage equal to 1 p.u. (N=10), yet with the same
current rating.

However, to meet the requirements of any application
with an OP residing above the green line, the current han-
dling capabilities of the converter must be increased. If
an application operates at the OP; (15 kV, 1.5 kA), reusing
the available SMs is not possible owing to the current rat-
ing insufficiency, even if the application’s voltage require-
ments are met. A new SM could be designed to meet the
application needs; however, this comes with an additional
research and development cost. Providing that a new SM
with twice the initial current rating is available, the newly
designed system ratings allow OPs to be reached. How-
ever, the system operating voltage remains unchanged, as
indicated in Figure 2.

While the OP: can be served now, the actual MMC has
significantly higher ratings than required and is likely to
be more expensive than needed. A further increase of the
SM current rating (e.g., three times the initial current) gives
another capability line in the P-V plane and provides insight
into the MMC scalability. It is noteworthy that reaching the
power-scaling plot corner points (e.g., OP4 high power-
low voltage or OPs: low power-high voltage) would likely
not be reasonable economy-wise or practical in engineer-
ing terms. In other words, despite many advantages, the
MMC has its own limitations regarding the span of OPs that
can be served with satisfactory economic and technical
efficiency. Moreover, the current, and simultaneously the
power, capacity boost is rather a nontrivial task with sev-
eral technical challenges as described next.

The parallel connection of power modules (PMs), as shown
in Figure 3(a), is widely used for monolithic converters such
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as the neutral point clamped, flying
capacitor, cascaded H-bridge con-
verter, and so on. It can also be used
for the MMC, providing that consider-
ations on different static and dynamic
characteristics of the employed mod-
ules [4], [5] are considered. However,
if a single SM design is to serve an
application with several current rat-
ings (e.g., 100 A, 200 A, and 300 A),
the cooling system, as well as the
overall form factor, are likely deter-
mined for the highest of considered
currents. More importantly, parallel-
ing of the PMs implies a higher SM
capacitance, and implicitly the volumetric requirements,
since the SM energy oscillations increase proportionally to
its current rating [6].

Figure 3(b) illustrates the extension of the MMC cur-
rent capacity through the paralleling of HB (or FB) SMs [7].
There are few downsides to this approach: 1) positive ter-
minals of the SM capacitors should also be connected, with
the aim of equalizing the voltage across all of the SMs and,
as a result, an additional terminal(s) must be provided;
2) small, nevertheless, additional inductances L, must be
installed in a series with every SM considering its voltage
source nature; and 3) since paralleled SMs are normally
switched on/off simultaneously, the synchronization among
the gate signals, or specially designed driver master/slave
structure, must also be provided. Figure 3(c) presents an
obvious choice of an arbitrary number of converters oper-
ating in parallel, which is a well-known and widely used
power-increase method; hence, it is not discussed further
in this article.

The previously presented MMC power-extension options
can be considered to be state of the art. Interestingly,
the existing literature does not consider another power-
extension option, which alleviates many of the mentioned
problems while providing certain advantages. Namely,
the MMC current capacity increase can also be achieved
through the paralleling of the branches [8], as presented
in Figure 3(d). Since the branch represents the topological
feature specific to the MMC, the identical approach can be

efficiency.
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Despite many advan-
tages, the MMC has its
own limitations
regarding the span of

OPs that can be served
with satisfactory eco-
nomic and technical

employed in all MMC-alike circuits
(e.g., matrix MMC, A-STATCOM, and
SO on).

In this case, the existing SMs can
be reused without the need to undergo
any major redesign process and power
scaling of the MMC gets substantial-
ly facilitated, yet with the constraints
are imposed solely by the employed
control platform. To retain the naming
consistency, what has been referred to
as the branch so far, will henceforth
be referred to as the subbranch (SBR).
However, the following two challenges
must be addressed:
= equal current sharing among the SBRs
= equal energy distribution among the SBRs.

Modeling and Control of the MMC Operating

With Parallel SBRs

Figure 4 presents the MMC operating in this configuration.
The number of series-connected SMs within an SBR is
denoted by N, whereas M denotes the number of parallel
SBRs within a branch.

Adopting the modeling approach illustrated in Fig-
ure 1(b) provides the framework for the modeling of a
branch of the MMC depicted in Figure 4(a)—(c). As illus-
trated in Figure 5(a) and (b), a set of parallel SBRs can
be replaced with an equivalent voltage source, in a series
connection with an equivalent impedance. As a result,
the equivalent circuit of an MMC operating with parallel
branches does not differ from the equivalent circuit of a
conventional MMC, as indicated in Figure 5(c). Conse-
quently, identical principles of the terminal currents con-
trol [9] are retained.

Given that simultaneous control of both dc and ac termi-
nal currents needs to be established, every branch produces
the voltage consisting of two components, as illustrated in
Figure 6. Voltage components labeled with vc(ascyz contrib-
ute to the control of the MMC dc current ¢4.. On the other
hand, voltage components vsapciz control the MMC ac
currents sams/cy. Both veqamcy and vsiamcy are provided by
the so-called higher control layers.
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FIG 3 The parallel connection of (a) PMs within an SM, (b) SMs, (c) an arbitrary number of MMCs, and (d) the MMC branches.
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To control the terminal currents, the higher control lay-
ers provide each of the branches with voltage reference
labeled with vy:. Nevertheless, the reference vy, is gener-
ated through the joint action of M parallel connected SBRs,
as presented in Figure 5. Hence, there are M degrees of free-
dom regarding the realization of the component vy,.

At first instance, let one assume that vu.; = vi: holds.
Since a practical realization of the SBR impedances with-
out any deviations from the rated parameters (for instance,
AZy: ==+20%) cannot be avoided, passing the identical volt-
age reference to all of the SBRs causes the unequal current,
and consequently power, sharing among them.

Therefore, to establish the equal SBR current sharing,
an SBR voltage should be realized as vur,i =V + AV,
where Aviw,; denotes an individual SBR voltage deviation
from the reference provided by the higher control lay-
ers. However, establishing the equal SBR current sharing
does not lead to the equal energy distribution among the
SBRs. On the contrary, since Vur,1 7# Vbr,2 - 7 Vbr,u, While
Tor,1 =22 == 1or,u holds, the SBR powers differ from
each other, causing the divergence in the SBR energies.
From here, one can conclude that balancing the SBR cur-
rents opposes the balancing of the SBR energies, which can
be graphically presented as in Figure 7.
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Since every SBR generates a high-quality voltage, the modeling approach presented in Figure 1(b) can be relied upon.
According to Thevenin’s theorem, (a) a set of parallel SBRs can be represented by (b) the equivalent consisting of a voltage source
in series connection with an equivalent impedance. (c) Consequently, the model of an MMC operating with parallel SBRs does not

differ from the conventional MMC illustrated in Figure 1(a).
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The simultaneous control of terminal currents requires every branch of the analyzed MMC to synthesize the voltage com-
prising two components, labeled with v ae/c)z (the dc component) and vsae/ciz (the ac component). As can be seen on the right
side of the figure, two circuits, decoupled from each other, can be formed to identify the effect that each of the branch voltage

components has on the control of terminal currents.

Power
Current Sharing Yes No No
Voltage Sharing No Yes No
Power Sharing No No Yes
Voltage Current

Tradeoffs in the current, power, and voltage sharing of
the parallel SBRs set. If a certain side of the triangle is chosen,
equal sharing of the quantities positioned on the other two
sides of the triangle cannot be achieved. For instance, equal
current sharing requires the SBRs to generate different volt-
ages, causing unequal power sharing. Similar reasoning can be
applied to the other two cases.

However, equal energy distribution among the SBRs is
considered the utmost priority of every MMC-based circuit.
Therefore, in the structures containing parallel SBRs, the
energy balancing must be given priority over the balancing
of currents. Since every SBR produces the dc voltage that is
approximately equal to the voltage of the dc grid the MMC
is connected to (Vq.), the SBR power can be expressed as

— p* DC AC
Puoi= P+ APRC + AP )
—— ——
% VaeATuei depends on AZp,

Therefore, balancing of the SBR powers (energies) can
be ensured through the intentional generation of the SBR

M
Identical Voltages [1] b+ 2 AV =0
é Y ibr:igr 1=1§>
ar ar T - -T ar ar = -T
Vor,m Ve C) Vi C) v, C> AV 1 () AVpro () AVor,m C)
= v ibr,2 v ibr,2 ¥ ibr,M + A/br,1 rA/br,Z Y Albr,/V’
br—

Balancing the SBR energies can be done through the intentional unbalances generated in the SBR dc currents. Namely,
M voltage disturbances, the sum of which equals zero, result in M current components that sum to zero at the branch terminals
(the right-most circuit). Consequently, the energy distribution among the SBRs can be affected.
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dc current unbalances, labeled with Al ;. Nonetheless, the
unbalances Al must remain invisible from the terminals
of an observed branch; otherwise, the control of the termi-
nal currents gets corrupted. If vur,; = Vi + Avpe; holds, the
equivalent voltage seen from the terminals of an observed
branch equals

- M M M
Vi = ﬁ;vbr,i = ﬁ;vﬂr + ﬁi;m)br,i . 2

——

Vir must be equal to zero

As the equivalent circuit of a branch is linear, the super-
position principle can be employed as depicted in Figure 8.
According to (2), supported visually by Figure 5, if the sum
of the SBR voltage disturbances >, Avy.; equals zero, the
voltage seen between the branch terminals corresponds
to the reference provided by the higher control layers. To
put it differently, the SBR current/voltage unbalances, used
for the internal branch energy balancing, do not affect the

control of the MMC terminal currents since v = v, (their
effect cannot be observed from the branch terminals), as
one can see from the right-most circuit in Figure 8.

To obtain the suitable set of the SBR dc current unbal-
ances (Alui), the controller depicted in Figure 9 can be used.
Namely, the mean energy of every SBR (from an analyzed
branch) is calculated, based on the SMs voltage measure-
ments, to set the individual SBR energy reference as the aver-
age of all of the measured SBR energies. Thereafter, the SBR
energy deviations from the established reference are passed
to the SBR energy-balancing controller, denoted by Haw. The
output of this controller represents the SBR power compo-
nent denoted by APq in (1). Finally, the references Alx.; are
passed to the SBR current-balancing controller. Notice that,
unless the controller part highlighted in green is included,
this controller ensures the equal SBR current sharing, mean-
ing that partial balancing of the SBR currents is always main-
tained, guaranteeing safe operation of the converter.

Itisnoteworthy that the choice of the SBR
current-balancing controller depends on the

SBR Energy nature of the analyzed circuit. In the case

EElEneg| the conventional 3SPH-MMC is observed, the

[M] . ” Intentional balancing of currents comprising dc and ac
Wors, i AVG Haw [ APy Unbalances terms introduces the need for proportional
_ 2V, é (at least) along with the resonant control-

. SBR Current ler parts. Considering that the SBR energy-

Al \ Balancing balancing controller deals with the average

energies, the conventional P (or PI) control-

+ Al ; IM] ler can be used to achieve satisfactory per-

bor i AVG 't/):\ Hy AV i formance. Also, the use of other nonlinear
= control methods is possible, although this

strongly depends on the control designer as

The SBR energy-balancing controller must be superimposed to the SBR cur-
rent-balancing controller to ensure equal energy distribution among the SBRs.

AVG: average.

well as the employed control platform.
Finally, the control block diagram of the

structure depicted in Figure 4 can be pre-

sented as in Figure 10, from which one can

Vv . 0
grid —— . i* . v £ Vi
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Energies i
¢} (;_\BC} Vertical + ¢ Balancing
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Control =
Vi Individual
de SBR Energies
Higher Control Layers

The control layers of the MMC operating with parallel SBRs.
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Table 1. The parameters of the simulated

— converters.
=)
p= g SBR Energy 1 Simulation 1  Simulation 2
a Balancing Off o
-1t i [ I ] Rated power (P") 1MW 1.5 MW
0.28 I ! i 1
= ’ Input voltage (Vac) 5 kv 5 kv
= 0 Number of SMs per SBR (N) 5 5
G —0.28| | | ] SM rated voltage (Vsm) 1kv 1kv
0 0.5 1 1.5 2 2.5 SM capacitance (Csu) 0.83 mF 0.83 mF
Time (ms) Number of SBRs per branch (M) 2 3

. . SBR inductance (L, 5 mH 7.5 mH
FIG 11 The reference power profile used to test the dynamic (L)

operation of simulated converters. In all of the simulated SBR resistance (R 60mQ 60 mQ
cases, the normalization was performed with respect to the PWM carrier frequency (f.) 999 Hz 999 Hz
rated powers provided in Table 1.
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FIG 12 The operation of the converter utilizing two parallel SBRs within a branch.
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FIG 13 The operation of the converter utilizing three parallel SBRs within a branch.

notice that it is mainly occupied by the control blocks already
known in the domain of the conventional MMC control. As
indicated, another, although decoupled, control layer con-
cerning the balancing of the SBR energies must be superim-
posed to the higher control layers. It is important to empha-
size that the presented SBR energy-balancing method does
not depend on the parity of the number of SBRs connected in
parallel and this statement, which is verified shortly.

Simulation Results

The availability of an SM intended to serve the 0.5 MW con-
verter, being connected to the 3-kV ac grid on one side and
5-kV dc grid on the other side is assumed. To demonstrate the
possibilities of increasing the power capacity of the original
converter, cases with two and three SBRs operating in paral-
lel within a branch are simulated in PLECS. Consequently, the
power rating of the original converter is doubled and tripled,
respectively. Simulation parameters can be found in Table 1.

60 1EEE POWER ELECTRONICS MAGAZINE 7 June 2020

To test the dynamic performance of simulated convert-
ers, the reference power profiles defined in Figure 11 were
followed. Furthermore, to demonstrate the importance of
the SBR energy-balancing controller, its actions were dis-
abled during the time interval T%.;, €[1.5s,2.5 s], as high-
lighted in Figure 11. To validate the proposed energy-bal-
ancing method while demonstrating its robustness, +20%
mismatches were randomly included in the SBR induc-
tances as well as the SM capacitances.

Figure 12 presents the operation of the converter, utiliz-
ing two SBRs per branch, whereas Figure 13 illustrates the
identical scenario, but with the converter utilizing three
SBRs per branch. Both converters successfully track the
reference power profile, which can be concluded based on
the presented dc link current shape.

The lower-most plots present voltages of the lower
SBRs, whereas zoomed-in parts tend to showcase the
contributions of the additional SBR energy-balancing
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FIG 14 The (a) leg A upper and lower SBR currents and the (b) leg A upper branch voltages. In spite of the SBR currents being bal-
anced, the SBR voltages tend to diverge in case the SBR energy-balancing controller is deactivated (middle part of the plot). The

number of parallel SBRs per branch was set as M = 2.
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FIG 15 The (a) leg A upper and lower SBR currents and the (b) leg A upper branch voltages. In spite of the SBR currents being bal-
anced, the SBR voltages tend to diverge in case the SBR energy-balancing controller is deactivated (middle part of the plot). The

number of parallel SBRs per branch was set as M = 3.

controller. It can be observed that, before this controller
was disabled, the SBR voltages remained perfectly bal-
anced (the left-most zooms in on the bottom-most plots).
However, upon its deactivation at ¢t =1.5 s, the SM voltages
of all of the SBRs start to diverge (the middle zoomed-
in images). At the time instant ¢t=2.5s, the SBR energy-
balancing controller was reactivated, resulting in the bal-
anced SBR voltages in both of the presented cases (the
right-most zoomed images).

Figure 14 presents the leg A lower and upper branch
currents, along with the upper branch voltages, during the
zoomed-in subintervals in Figure 12. SBR currents remain
balanced, owing to the actions of the SBR currents-balanc-
ing controller presented in Figure 9. However, notwithstand-
ing the SBR currents balance, SBR voltage divergence can
be observed in the middle plot, which corresponds to the
period at which the SBR energy-balancing controller was
still deactivated.

Similar to Figure 14, the importance of the SBR energies-
balancing controller, in case M =3, can be observed from
Figure 15. Conclusions identical to the ones already pro-
vided in the previous paragraph can be made.

Conclusions

This article presents the method of extending the power
capacity of the MMC by paralleling its SBRs. The pro-
posed control method enables the balancing of energies
among the converter SBRs while keeping their currents
partially balanced at all times. For an available SM design,
the rated power of the converter can be effortlessly multi-
plied without the need for a major redesign of the existing
converter parts. Consequently, the realization of cost-effec-
tive solutions that require minimal engineering efforts is
enabled. Also, the proposed SBR energy-balancing method
does not depend on the number of parallel SBRs. Hence,
the scalability of the MMC depends exclusively on the
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MMC Research Platform

Currently, the Power Electronics Laboratory, Ecole Polytechnique  1.2-kV insulated-gate bipolar transistors. The SM incorporates a
Fédérale de Lausanne, Switzerland, is finalizing its modular multilevel  flyback-based auxiliary power supply, DSP-based controller, protection
converter (MMC) platform, which will be used to support research  logic, and circuitry involving fast temporary thyristor bypass and
activities like the ones presented in this article. The MMC submodule  permanent relay bypass, as well as the fiber-optical communication
(SM) shown in Figure S1 is the full-bridge type and is based on the link to the upper-layer controller. A complete cabinet system that will

<
T3
+5V  +3.3V = 9 . .
Y Y @ =] T - o o
"ot I JCEL 357
+33 Vsl i L 2SS 8oy O5a
GND y it PYVIY THYG Yt P4
Upper Level | Tx =— [EEEEOAN
Control { Rx — CTRL | — PROT
15 REL,
GND N GNDprot
IGBT Module
VSMj“_ C +15 VGD1HB1 HBZ +15 VGD3
Flyback SM Y i
fault i faul
|' Hybrid v - UtGDS| | |
Balancing GNDgp1 Jl »é GNDgp3 Vit SE:ES ,%_4\
+ -
=
Discharge N +15 VGD2 +15 VGD4 _l{VHB2 l T [ T I B o o
X ¥ J J I
| Ee—— |
T 1 _—f iz gp _J L_ ~—SWgp4 E g 3.5
A>> aullepz : faultgp, = =
0o = 1 l n n
+oo Q
+9 ==
GND
o (a)
+

FIG S1 The MMC FB SM (a) principal layout and (b) implementation.
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FIG S2 The MMC platform (in the assembly phase

employed control platform, removing the SM hardware-
design constraints from the list of possible factors limiting
the amount of power reached with an existing SM design.
The effectiveness of the proposed control method was val-
idated under realistic conditions, implying the mismatches
randomly distributed among the branch inductances as
well as the SM capacitances. By means of the simple, well-
known, and easily tuned linear controllers, the converter
energy balance was ensured, indicating that extremely
robust operation can be guaranteed. Upcoming research is
discussed in “MMC Research Platform.”
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