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Modular Multilevel Converter With Series and
Parallel Module Connectivity: Topology and Control

Stefan M. Goetz, Angel V. Peterchev, and Thomas Weyh

Abstract—This paper introduces a novel modular multilevel se-
ries/parallel converter that allows switching modules dynamically
not only in series, as in the traditional modular multilevel con-
verter (M2C), but also in parallel. As in M2C, the semiconductor
voltages do not exceed the module capacitor voltage for any module
state. While the new topology is a generalization of M2C and could,
therefore, be operated identically to it, the additional states provide
degrees of freedom that the controller can dynamically employ to
achieve several advantages. Whereas in M2C many modules are by-
passed if the instantaneous converter voltage is lower than the sys-
tem’s peak voltage, the parallel connectivity enables these modules
to contribute to the current load, thus reducing conduction losses.
In addition, the parallel configuration of modules can be used for
balancing the modules’ state of charge (SOC). The parallelization
losses are moderate or negligible, dependent on the switching rate.
Since the parallel connection of capacitors can ensure balancing,
it enables stable operation of a multilevel converter without the
need for monitoring the module SOCs. While such economical
control hardware may be appropriate for low-power systems, we
also present more sophisticated control that uses the additional
degrees of freedom to minimize losses. Finally, we point to further
extensions of the circuit topology to multipole module connectivity
that could enable additional functionality and applications.

Index Terms—AC-AC power converters, ac-dc power convert-
ers, battery management systems, converters, dc power systems,
topology.

I. INTRODUCTION

A. Background and Applications of Multilevel Converters

MODERN multilevel converter technology is a product of
the technical requirements for switching very high volt-

age levels. Semiconductor-based power electronics solutions
need balanced portioning of the total voltage to a number of
switches with lower voltage rating [1]. While early two-point
voltage-source converters switched the entire voltage in one
step [2], [3], multilevel approaches were developed to change
the terminal voltage in fractions [4] so that they can approximate
sinusoidal shapes, for instance, with a staircase.

The high power quality of multilevel converters is essen-
tial for many purposes [5], [6]. Presently, most common ap-
plications are high- and ultrahigh voltage facilities, such as for
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high-voltage direct-current (HVDC) transmission lines. Due to
the limitations of conventional systems, multilevel HVDC cur-
rently acts as key application and technology driver. Traditional
line-commutated thyristor-valve technology requires large and
expensive filter facilities for power quality and correct commu-
tation [7], [8]. Substantial progress has been made with self-
commutated voltage-source converters with two-level [3], [9]
and first three-level systems [10]–[13] in the last two decades,
but the power quality and the electromagnetic emissions are
still suboptimal and require filters. Multilevel approaches with
a sufficiently fine resolution of the voltage, in contrast, can fully
omit such filters [14]. A first commercial HVDC line with a
fine voltage quantization provided by a multilevel converter has
been in operation successfully for three years without major fail-
ures [15], [16]. Accurate control over the voltage may also be an
important aspect for dc grids [17]. In addition to transmission-
line converters, multilevel technology plays an important role
in static synchronous compensators (STATCOM) [18], [19].

For drives in the large- and medium-power range, multilevel
converters can provide a higher power quality, including a bet-
ter power factor; lower dielectric stress on the insulation; less
harmonic content with accordingly lower eddy current losses;
and diminished common-mode problems [20], [21]. Most re-
cent applications are solar inverters [22]–[25], wind turbine
converters [26]–[30], as well as marine [31] and automotive
propulsion [32]–[37].

In addition to these examples where it outperformed tradi-
tional electronics, multilevel converter technology can deal with
so far unsolved problems, such as high-frequency, high-power
pulses with freely controllable temporal shape as in noninvasive
magnetic brain stimulation [38], [39]; similar requirements have
to be met in plasma applications which demand high dynamics
and short response times [40]–[47].

In low- and medium-voltage applications, multilevel convert-
ers enable the use of low-cost components with lower voltage
ratings that are produced commercially at higher quantities than
high-voltage components. First, field-effect transistors (FET)
can replace IGBTs [36], [48]. The faster dynamics of FETs can
reduce the switching losses, while the linear current–voltage
relation around zero due to the almost ohmic behavior of FETs
in contrast to the pn forward voltage of IGBTs allows, in prin-
ciple, an almost unlimited reduction of conduction losses by
parallelization. Second, electrolytic and ceramics capacitors can
replace film capacitors and increase the capacitance while re-
ducing the volume [38].

B. State-of-the-Art Modular Multilevel Converter (M2C)

Several multilevel converter topologies have been proposed.
Most discussed among them are the neutral-point-clamped
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topology [49] as well as its active counterpart [50], the flying-
capacitor topology [1], the M2C [51], [52], and several de-
signs for special applications, such as the multilevel modular
capacitor-clamped dc–dc converter [53].

Among other designs, M2C stands out because of its structure,
which consists of cascaded identical modules. The key principle
of M2C is splitting the total voltage into small steps so that the
high total voltage can be handled by N functionally independent
low-voltage modules. Every module consists typically of an H-
bridge connected to a capacitor, forming the microtopology.
Through the H-bridge, the module capacitor is either connected
in series to its neighbors, increasing the total voltage by one
step, or bypassed in the inactive module state. The modules—
each acting as an independent voltage source—are cascaded to
form the arms of a larger H-bridge, the macrotopology [51].
This structure entails a number of unique advantages.

1) Every arm consisting of a number of cascaded H-bridges
forms a dynamically balanced voltage divider. Within a
module, the components (active semiconductor switches,
diodes, and capacitors) can have a relatively low voltage
rating. In addition, balancing the state of charge (SOC)
of the capacitors in the single modules is easier and puts
fewer constraints on the terminal voltages than in other
multilevel topologies.

2) The modular design of practically independent sources
enables scalability of the total voltage rating.

3) The scalability allows incorporating redundancy for
higher reliability by adding additional modules so that
a failure of one module can be seamlessly compensated
by another one.

4) The modularity reduces complexity and allows a quick de-
sign of customized converters based on the same platform
and modules.

5) For changing the total voltage of a converter arm by one
step during operation, only a minimum number of modules
and therefore of semiconductors has to be switched so that
switching losses are relatively low.

6) With the H-bridge module design, multilevel converters
can be made short-circuit proof, e.g., in power line con-
verters, with respect to both ac and dc terminals [54].

7) If pulse-width modulation is applied, switching is usually
performed on a single amplitude quantization step (single
module voltage) and can be sequentially rotated through
all available modules [55]. For a low individual module-
and transistor-switching rate, the effective overall switch-
ing rate as the sum of the latter can overcome dynamical
limitations of semiconductors and easily extend to the ra-
dio frequency range.

The fixed series connection of the M2C modules entails,
however, some limitations. While the total voltage is split into
small units and distributed among the modules, the current is
not. Each module conducts the full current. Thus, in the in-
active bypass mode, the module does not contribute to the
output power but only increases the converter’s parasitic in-
ductance and resistance. At low voltage amplitudes, e.g., in
the periods between the peaks of an alternating sine wave-
form, most modules are in the inactive bypass state and are,

therefore, unused but contribute losses. The highest possi-
ble load factor of f/ (2π)

∫ 2π/f
0 |sin (2πtf)| dt = 2/π < 64%

for a sinusoidal voltage waveform with frequency f is rarely
achieved in real systems, which are typically derated for ro-
bustness and availability. The negative impact of the series con-
nection of the modules is further aggravated when additional
modules are included for redundancy in high-availability sys-
tems, resulting in increased losses.

Recently, a module design was introduced that enables a dy-
namical change between a series and a parallel connection of
distinct capacitors within a single module [56]. However, par-
allelization is not possible across modules. Furthermore, the
design is limited to monopolar, two-quadrant modules so far.

C. Novel Modular Multilevel Series/Parallel
Converter (M2SPC)

We introduce a novel M2SPC topology, which is a generaliza-
tion of the traditional M2C topology as it allows not only series
but also parallel connections among modules. Our motivation is
to use productively inactive modules and particularly their in-
tegrated energy storages instead of bypassing them. While they
cannot contribute to the voltage of an arm, they could take over
some of the current load from active modules and consequently
reduce the total parasitic inductance and resistance. Whereas
a parallel option could be easily incorporated using a matrix
structure of modules, we want to comply with the fundamental
feature of M2C that the highest voltage level for all components
within a module is limited. Thus, the resulting M2SPC topology
is a generalization with the M2C as one subset.

We furthermore propose a novel control scheme that com-
bines the switching modulator and the SOC balancing method.
Existing approaches, in contrast, treat the switching modulation
and balancing as separate functions. The novel combined ap-
proach can also be applied, as an extension, to the traditional
M2C.

Finally, we point to further extensions of the circuit topol-
ogy to multipole module connectivity that could enable dc-dc
conversion and filtering functions between modules, potentially
improving efficiency and inductive energy handling in some
applications.

II. M2SPC TOPOLOGY

A. Microtopology

The integration of a parallel option in M2SPC affects both
the microtopology, i.e., the circuit of a single module, and the
macrotopology, i.e., the circuit comprising all modules. The
constraint that all voltages within a single module must be lim-
ited to the capacitor voltage level for any switching state implies
that the structure has to be a serial one. This means that every
module is still connected only to its immediate neighbors.

Fig. 1 shows the M2SPC microtopology. In contrast to M2C,
the module is no longer a two-pole element, but provides four
terminals, two for each neighbor. This doubling of terminals
corresponds to a split of each connection between modules into
two connections. Every terminal is connected to the module
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Fig. 1. Module topology (microtopology) of the M2SPC. The module com-
prises a capacitor that can be polarized and four half-bridges connected to it.
Accordingly, each module has four connection terminals.

capacitor via a half-bridge formed by two semiconductor
switches. In consequence, every neighbor of a given module
has access to both sides of the capacitor at the same time for a
parallel mode.

Of the 28 = 256 states allowed by the eight switches, nine
will be of particular interest here. These nine module states
include all states of the traditional M2C microtopology. For the
traditional four M2C module states (i.e., positive series, negative
series, active 0 V, and passive [57]), the two terminals connecting
a module to a neighbor are operated identically to behave like
a single line. In the five new states, the two lines leading to a
neighbor can be split. While one terminal is connected to the
positive pole of the capacitor, the other terminal is connected to
the negative capacitor pole, allowing a parallel connection with
the capacitor in its neighbor.

Fig. 2 illustrates the nine module states of interest applied to
three neighboring modules. The additional states entail a number
of advantages for a strand of modules. In the traditional M2C,
an individual charged module capacitor can only be added in
series to the strand or bypassed without using it. The new states
allow connecting such a bypassed capacitor in parallel to one
or both of its neighbors. Consequently, the current rating of the
strand increases, especially for low voltages, where most of the
module capacitors are not required for achieving the voltage
level, but are available for the parallel mode. In contrast, most
of the module capacitors would be bypassed (unused) in the tra-
ditional M2C topology. In addition, the time-averaged internal
resistance of the strand decreases. The reduction is most con-
siderable in small- and medium-voltage multilevel converters
in which electrolytic capacitors are the bottleneck for the in-
ternal resistance. Applications with high inductive load, where
highest currents occur during low-voltage time intervals, such
as STATCOMs, benefit particularly from the parallel mode.

Importantly, although Fig. 1 features twice as many distinct
switches as a conventional M2C H-bridge, it requires exactly as
many power semiconductors. The reason is that in every state,
the current is distributed between two switches. For the same
resistance, a switch can accordingly be implemented by only
half of the discrete semiconductors, in case a semiconductor
module is used, or by a smaller single device.

As indicated by the list of module states, the traditional M2C
comprises a subclass of these states and is, therefore, a spe-
cial case of the novel M2SPC topology. Thus, if the additional
flexibility is temporarily not wanted, M2SPC converters can
be operated identically to M2C systems. Section V-C further
generalizes the module topology to n-poles.

B. Macrotopology

The macrotopology, i.e., the assembly of single modules to
form an entire converter, can use traditional structures, depen-
dent on the application. For simultaneous bidirectional power
conversion among a number of terminals or phases, the Mar-
quardt topology can be marginally modified [51].

In the Marquardt topology, modules are connected in strands,
called converter arms (see Fig. 3). Two such strands with two
ends and a center tap, in turn, form a so-called phase module
or phase unit [51]. For a converter with p terminals or phases,
(p − 1) phase modules are connected at their ends. Each of the
center taps and the two end points, where all converter arms
meet, form the terminals of the converter. For instance for a
typical HVDC converter, which has to supply three ac terminals
and a dc line with two connections, three phase modules with a
total of six converter arms are sufficient. The three center taps
of the phase modules connect to the ac terminals, while the two
ends where the three phase modules meet feed the dc line.

Similar to the traditional M2C, the single modules of the
M2SPC are strung together in converter arms and phase mod-
ules [see Fig. 3(a)]. In contrast to the M2C, the individual mod-
ules of the M2SPC have the described two interconnections
reaching from one module to the next. At every terminal of
the converter, where at least two converter arms meet, there are
several connection options. While the converter arms—just like
the modules—share two lines, which were introduced to en-
able parallel module connectivity, typical terminals have only
a single connection. The determinant for the preferred solution
is if modules should be able to establish parallel connections
between separate converter arms.

If parallel connections of modules belonging to different con-
verter arms are required, the dual-line connection can be kept.
The terminal is connected to only one of the two lines [see right
configuration in Fig. 3(b)]. The marginal modules terminating
with one side at such a parallel terminal operate with respect to
all their neighbors just like any module within a converter arm
using the nine states shown in Fig. 2. For the traditional module
states [states (a) to (d) in Fig. 2], the voltage of the terminal
and therefore the voltage of a single converter arm is identical
to the traditional M2C. In contrast, for the parallel states [states
(e) to (i) in Fig. 2], the marginal module increases, reduces, or
does not influence the arm voltage presented to the terminal,
depending on which of the two intermodule connections forms
the terminal.

If parallel connections of modules belonging to different con-
verter arms are not necessary, the two lines connecting the two
adjacent converter arms and the terminal can be shorted forming
one terminal [see left configuration in Fig. 3(b)]. Accordingly,
the marginal modules of a converter arm forfeit three states due
to the missing parallel connections on one side, and the single
converter arms can be treated separately to reduce complexity.
Although we will concentrate on this case, several applications
may reasonably benefit from parallel connectivity across con-
verter arm limits.

As discussed in Section I, M2C topologies for medium-
voltage high-current applications have particular importance for
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Fig. 2. Switching states of an M2SPC module. The module is shown between its two neighbors in the left column. The right column represents the corresponding
idealized connection scheme. The states are (a) serial connection with positive polarity; (b) serial connection with negative polarity; (c) bypass state enforcing
active zero voltage; (d) passive state, reverse diodes enforce rectification; (e) parallel on the left side, positive polarity; (f) parallel on the left side, negative polarity;
(g) parallel on the right side, positive polarity; (h) parallel on the right side, negative polarity; and (i) parallel on both sides.
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(b) (a) 

Fig. 3. M2SPC uses a Marquardt macrotopology modified to include parallel
connectivity (a). Strands of cascaded modules form converter arms. Two con-
verter arms form a phase module with a converter terminal in between. For p
terminals, a converter requires (p – 1) phase modules. For the parallel module
states, two lines are connecting neighboring modules. In case parallel con-
nections are desirable across converter arms, the two-line scheme can be kept
consistently throughout the macrotopology. In that case the converter terminal
is connected to just one of the two lines; otherwise, the two lines can be shorted
to form a terminal (b).

Fig. 4. Alternative M2SPC macrotopology. For some applications, such as
pulse generation or dc systems, four-quadrant operation is not required simul-
taneously at all converter terminals, while the terminals have to handle signifi-
cantly different voltage levels. The disconnectors QA ,1 and QA ,2 do not have to
be fast nor do they need to have circuit-breaker capabilities. As in the modified
Marquardt topology in Fig. 3, the parallel connectivity between converter arms
can be maintained or terminated as shown in Fig. 3(b).

pulse generation, especially the synthesis of short nonsinusoidal
current or voltage pulses [38], [58], [59]. These applications may
require bidirectional four-quadrant operation for both the power
line and the pulse terminals. However, these terminals are usu-
ally not operated simultaneously so that a simplified topology
can be used (see Fig. 4). The two converter arms combined
with two disconnectors can freely synthesize a wide variety of
pulses for resistive or reactive loads. Recharging from and dis-
charging of energy to the power line can be performed freely
while no pulses are released. The disconnectors QA,1 and QA,2 ,
which can be exclusively operated with zero-current switch-
ing, alternate between terminals A and B. For example, parallel
connections between converter arms are highly favorable for
high-power pulse generation due to the intense peak current
load.

In addition to pulse synthesis, the topology in Fig. 4 qualifies
well for applications that transfer energy between terminals of

very different voltage levels. Specifically, the voltage level of
Terminal B is higher than that of Terminal A by a factor of two.

III. CONTROL AND BALANCE

A. Preliminary Considerations

Although the novel multilevel converter M2SPC does not
require more power semiconductor material compared to an
equivalent traditional M2C, the additional module states add
complexity. Each module has about twice as many states; for an
entire converter with N modules, this leads to (9/4)N -times as
many states as those of an M2C.

A key requirement for the control method is to balance the
SOCs of all modules so that none of them depletes and causes
instabilities or a crash of the converter. In addition, it has to keep
the losses low while providing the specified voltage for every
terminal.

While the traditional M2C has to balance the module SOCs
exclusively by controlling the energy flow into and out of every
module, the M2SPC provides an additional means. It can clear
SOC differences with the parallel mode—although the primary
task of parallelizing is to increase the current rating. Every such
clearing procedure is associated with electrical losses. However,
these losses can be reduced to be notably below the level of
resistive losses, as shown below.

Important for the losses is the imbalance of the SOCs, quan-
tified by the module voltages V

(i)
m , where i = {1,. . ., N}. The

worst case, i.e., the highest voltage difference ΔV between two
modules, develops if one module is bypassed while the other one
is either active positive or negative without any other module in
parallel to it, which would slow the charge/discharge dynamics
down. For a module capacitance C

(i)
m of the active module and

an arm current I , the difference building up within a duration of
dt is proportional to the duration and limited by

ΔV =
∫

I(t)

C
(i)
m

dt ≤ max
[t,t+dt]

I · dt

C
(i)
m

∝ dt. (1)

If N modules with individual capacitance C(i) and module
voltage V

(i)
m are cleared by parallelizing them, their final voltage

Veq is

Veq =
ΣiC

(i)
m V

(i)
m

ΣiC
(i)
m

(2)

while the loss due to that procedure amounts to

ΔE(N ) =
1
2

⎛

⎜
⎝ΣiC

(i)
m

(
V (i)

m

)2
−

(
ΣiC

(i)
m V

(i)
m

)2

ΣiC
(i)
m

⎞

⎟
⎠ . (3)

For connecting two modules that do not have equal SOC, this
can be simplified to

ΔE(2) =
1
2

C
(1)
m C

(2)
m

C
(1)
m + C

(2)
m

ΔV 2 ∝ (Idt)2 . (4)

The combination of (1) and (4) for the worst case shows that
the maximum loss is independent from the absolute voltage
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and is directly proportional to dt2 . In consequence, the interval
between leveling by parallelization should be kept short. Par-
ticularly for pulse-width modulation with high switching fre-
quencies, modules are constantly added, i.e., switched into the
positive or negative series mode, and removed, i.e., switched to
the bypass or parallel mode, so that every such state transition
can be used to balance modules. With appropriate control meth-
ods, high overall switching frequencies can be achieved with
low switching frequencies of each individual module [55].

For example, in an IGBT converter with a peak current of
1000 A, two modules with Cm = 10 mF can build up a max-
imum voltage difference of ΔV = 1 V within 10 μs. For a
moderate saturation forward voltage per IGBT of Vce,sat =
1.5 V, the conduction loss of at least 60 mJ dwarfs the bal-
ancing losses of 2.5 mJ by a factor of 24. For a longer interval of
100 μs, the conduction losses still exceed the losses of a poten-
tial parallelization by a factor of 2.4. However, this assumes that
balancing is performed exclusively by parallelization, while real
systems control the balance also by the load of the single mod-
ules. For systems with FET switches, the ratio of conduction
to parallelization losses is further increased due to the higher
switching speed, as demonstrated with simulations in Section
IV.

The nonlinearity in losses (ΔV 2) shows that for balancing a
converter arm exclusively by parallelization, the order in which
the modules with different SOC are parallelized has fundamen-
tal influence on the losses—although their final balanced volt-
age is approximately the same for all sequences. For minimum
losses, those modules with smallest voltage difference should
be parallelized first.

B. Charge Balance

Our preferred control scheme is inspired by the typical bal-
ancing approach for M2C converters [51], [52]. The traditional
M2C strategy controls the SOC of the single modules by ac-
counting of their energy inflows and outflows. The additional
parallel state of the M2SPC changes the strategy in two ways.
First, parallelization can balance modules and does not require a
load current flowing across the entire converter. As shown above,
the losses fall quadratically (ΔV 2) for small voltage differences
and can, therefore, be mastered. Second, units of parallel mod-
ules have a higher effective capacity and slow down the charge
and discharge rate of the involved modules. Consequently, the
charge/discharge rates can be different for each module depen-
dent on the dynamic module configuration, but are slower on
average than in M2C modules for the same module capacitance.

The key task of the control scheme is maintaining balanced
SOCs and an appropriate module scheduling. The voltage reg-
ulation, in contrast, which determines how many modules are
required in a converter arm, is performed separately by the mod-
ulator as in most M2C systems with known methods, e.g., as
staircase in fundamental-frequency switching [51], [60], [61]
or with high-frequency switching modulation [55], [62]–[64].
Further, the control strategy can implement methods to enhance
robustness against typical fault or imbalance conditions in power
systems, such as to suppress zero-sequence components with-

out the need for a transformer [65], or to suppress circulating
currents between different arms [66].

At the beginning of every switching period, the control
scheme checks the following rules for setting the module states
in a converter arm.

Case A: The absolute voltage has to be reduced by one module
step.

1) If energy is flowing into the modules (i.e., the product
of current and voltage from the source perspective is
negative).

a) Search among all modules that are active in series for
the one with the highest SOC, i.e., module voltage;
switch it in parallel to the neighbor that is closest in
voltage.

b) If no independent active modules are found, search
for blocks of parallel modules that act as a series unit;
the block with the highest voltage is merged into a
bigger parallel unit with the neighboring block that
is closest in voltage.

c) If there are no appropriate active neighbors for a par-
allel block, the module is switched to bypass mode.

2) If energy is flowing out of the modules.
a) Follow the same rules as for energy inflow, but pick

the modules or parallel module blocks with the low-
est module voltage for the parallelization process.

Case B: The absolute voltage has to be increased by one
module step.

3) If all modules in the phase module are in bypass mode,
i.e., the current voltage of the converter arm is zero, all
modules are connected to one parallel unit that is switched
in series at its ends.

4) If energy is flowing into the modules, the module with the
lowest SOC is identified among all bypassed and passive
modules.

a) In case it is a bypassed module, it is set to the series
state.

b) In case it is a parallel unit, the unit is separated into
two series units as close to its middle as possible.

5) If energy is flowing out of the modules, follow the same
rules as for energy inflow, but with the module or module
unit with the highest SOC.

Case C: The voltage does not change.
Since intervals with equal voltage are expected to be negli-

gibly short for applications where at least one ac terminal is
involved, the module states from the last switching cycle can be
kept without the risk of a loss of balance.

This procedure is performed in software at the beginning of
every switching period as often as required to reach the specified
converter-arm voltage and the required module state list. The
final state list is then submitted to the modules and subsequently
commanded to the switches for this switching period.

Above outlined set of rules avoids the bypass state, and aims at
keeping modules in parallel for as long as possible. In addition,
single modules are usually given a higher priority for chang-
ing their state than units of parallel modules. For example, the
method first looks for an appropriate single series module that
can be parallelized with a neighbor and only applies the same to
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Fig. 5. Simulation results for an FET-based M2SPC converter arm as defined
in Fig. 3(a) with eight modules, generating 25.7 kvar reactive power. The voltage
was specified as a harmonic 400 V, 50 Hz phase (red line, top panel), which the
delta–sigma modulator translated into the switching pattern Varm and current

I . The balancing scheme keeps the module voltages V
(i)
m within a narrow band.

The bottom panel shows how the overall internal resistance Rint changes, with
lowest values during low-voltage phases, when the majority of modules are in
parallel. The simulated converter parameters are: MOSFET switches: rds ,on =
3 mΩ, ton = toff = 100 ns, Cgd + Cds = 200 pF; module capacitor: Cm =
10 mF, Resr = 15 mΩ; delta–sigma switching rate: 25 kHz; and balancing with
the method described in Section III.

parallel units if it does not find a single candidate. The motiva-
tion for this approach is that the slower charge/discharge rate of
parallel units due to their higher effective capacitance assures
that they get out of balance slower.

IV. SIMULATION RESULTS AND PERFORMANCE ANALYSIS

We simulated the scheduler for balancing the module SOCs
as described in Section III together with a circuit model of an
M2SPC converter arm with eight modules. The switches are in
FET technology (channel resistance rds,on = 3 mΩ, switching
time ton = toff = 100 ns, parasitic output capacitance Cgd +
Cds = 200 pF). Per module, we use a capacitance of 10 mF
in electrolytic capacitors (equivalent series resistance Resr =
15 mΩ). Pulse-width modulation is performed only on the order
of one step size. Therefore, a delta–sigma modulator processes
only the remainder of the reference voltage command divided
by the module voltage. The scheduler distributes the switching
operations among all modules.

Fig. 5 shows the results for the case of reactive power gener-
ation (400 V, 50 Hz, 25.7 kvar). The overall switching rate of
the delta–sigma modulator is selected as 25 kHz. The module
SOCs, as represented by their voltages V

(i)
m , vary but stay close

to each other in a balanced condition, although the modules re-
lease about a quarter of their energy. As a result of the parallel
mode, which is particularly used during the lower and interme-
diate voltage intervals, the total internal resistance of the arm
falls notably during these intervals. The same system run with

Fig. 6. Simulated losses of the converter arm of Fig. 5 in dependence of the
switching rate. Within typical switching rate ranges the conduction losses are
dominant, while switching losses take over when approaching the MHz range.
Parallelization losses, however, never play a significant role. They fall with
increasing switching rate, confirming the theoretical derivation in Section III-A.

a traditional scheduler [51], i.e., as an M2C, had on average an
by 29% higher internal resistance.

The price for the low internal resistance is potentially higher
losses associated with the parallelization of modules with un-
equal voltages. Fig. 6 shows an analysis of the conduction,
switching, and parallelization loss contributions in the simula-
tion model with respect to the switching rate. The paralleliza-
tion losses are negligible throughout the simulated range down
to relatively low overall switching rates around 10 kHz, which
imply an average switching rate per module of less than 1.2 kHz.
Such switching rates are suitable for IGBT multilevel systems
as well [67]. The parallelization losses for the implemented bal-
ancing method decrease proportionally to r−0.98

switching , which is
smaller than the theoretical optimum of an exponent of −2 and
could indicate further potential for improvements.

In Fig. 6, the switching losses increase proportionally to
the switching rate, as expected. When approaching the MHz
range, switching becomes the dominant loss mechanism. Their
magnitude is dominated by saturation losses during switching
transitions due to the moderate turn-on and turn-off times in
the simulations which deliberately avoided higher performance
characteristics for this initial evaluation. Accordingly, there is
the option for faster switching transitions, which will notably
reduce their loss contribution.

V. EXTENSIONS

A. Simple Control

The SOC balancing method described in Section III-B is rel-
atively complex and requires measurement data from the mod-
ules. The high complexity required for balancing is also an
important issue for the traditional M2C. For many applications
in the medium- and low-power range, this complexity may be
too costly. In that context, it is noteworthy that the control of
M2SPC allows simpler balancing approaches. Both the control
algorithm and the hardware benefit from this simplification.

While the traditional M2C has to monitor the energy inflow
and outflow of the modules to ensure the dynamical balance,
the M2SPC has additional means based on parallelization that
can clear voltage differences of modules. Therefore, M2SPC
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module balancing can be performed by an open-loop control.1

On the hardware side, this simplification obviates the elaborate
module monitoring means, which have to be relatively fast and
accurate in the traditional M2C. Especially for small multilevel
converters, e.g., FET-based systems, the cost of the sensing
elements in every module and the data traffic that has to be
processed by the controller is substantial.

Balanced operation can be ensured if every module is paral-
lelized to its neighbors on a regular basis, i.e., every intercon-
nection between two modules is periodically in a parallel state.
For highest efficiency, the duration between two parallelization
procedures should be kept as small as possible; the maximum
is given by the time τ in which the maximum expected current
Imax could charge or discharge the module capacitors Cm to
the limits of the specified tolerance range Vm ± Vtol around the
balanced module voltage Vm

τ ≤ CmVtol

Imax
. (5)

Condition (5) can be met without difficulty, because every
voltage level can be generated by a number of alternative mod-
ule configurations, with different modules in parallel in each
configuration, and pulse-width modulation provides frequent
state transitions.

To achieve condition (5) practically, the controller can cycle
through a list of predefined states that contains states with ev-
ery intermodule connection being parallel at least once. More
elegantly, the controller can maintain a list with the time of the
last parallel state for every intermodule connection and pick for
the next step the module configuration that switches those mod-
ules with the longest time into parallel operation. If the time-out
τ [see (5)] for an intermodule connection is reached without
having parallelized it automatically, a parallelization becomes
compulsory, even if the reference voltage condition cannot be
satisfied any more.

With this strategy, a converter can be balanced in an open-loop
system without the risk that the converter becomes unstable or
crashes. As with the closed-loop balancing strategy, the losses
can be reduced to an insignificant level with appropriate switch-
ing rates. A simple and inexpensive control may be a pivotal
aspect for the economic feasibility of small multilevel systems.

B. Advanced Control

The balancing and control schemes described earlier are prac-
ticable and may perform well, but leave space for improvements
and cannot claim being optimal. There are two main starting
points for improvements. First, the rules presented earlier could
be called “ad hoc” since they do not systematically control the
available degrees of freedom to improve the performance, as
is also the case for the most common rules for the traditional

1Open-loop strategies for traditional M2C modules, which use predefined
switching patterns and switch roles between two power-line half-cycles [62] do
not support quickly changing load and should still be monitored because small
biases can lead to discharging or overcharging of some modules over time.
Commercial M2C systems, therefore, implement a relatively fast sampling of
the module voltage around 10 kHz [68].

M2C. For M2C, this led, for instance, to approaches that sys-
tematically optimize features such as circulating currents during
operation [69], [70]. Second, the three key objectives of the con-
verter control system—1) accurate voltage output; 2) efficient
module balancing; and 3) low losses—are handled separately
although in reality they are strongly interrelated. In the afore-
mentioned approaches, the accurate generation of the specified
voltage output is given the highest priority. The specified volt-
age over time, which is a product of the modulation scheme and
includes also spectral properties and harmonic content of the
voltage, is a fixed constraint for the balancer and does not allow
modifications. While balancing has the second-highest priority,
the losses are usually not controlled directly but are rather a
consequence of parameters such as the pulse-width modulation
timing.

While these considerations apply to the traditional M2C as
well, the additional states of the M2SPC render it obvious that
the decision how to arrange the modules in the next step actively
controls all three objectives. For example, due to the parallel
mode in M2SPC there are alternatives which lead to the same
output voltage, but some alternatives using the parallel mode can
either reduce the losses because of a lower internal resistance, or
increase the losses because of high voltage differences between
the modules. The three objectives can accordingly be controlled
over a wide range, and all three can be in conflict which each
other.

The following strategy, outlined briefly, addresses both by
introducing more systematic rules and by uniting all parts of a
control system to allow a coordination of the three objectives.
First, it aims to improve all three objectives more systematically
by predicting the different switching alternatives’ impact on the
objectives instead of using ad hoc rules. Second, it aims to enable
more flexibility concerning the priorities of the three objectives.

The optimization for a switching period is performed at the
beginning of that period. This approach is inspired by, but
not limited to, delta–sigma modulation and reduces complexity
since it has to predict only one step ahead.

The first control objective is that the actual voltage of a con-
verter arm Vact(t) should follow the specified reference Vref (t).
The translation is traditionally the task of a separate modula-
tor. For a concurrent optimization, however, the modulator can
no longer make fixed decisions, but should assign quantitative
ratings to all options given by all switching alternatives of the
modules si for the next switching period i. For a simple stair-
case approximation, Objective 1 can be written as

min
si

∣
∣
∣
∣
∣
V

(si )
act

Vref
− 1

∣
∣
∣
∣
∣

(6)

while we will prefer a delta–sigma-inspired modulation accord-
ing to

min
si

∣
∣
∣
∣

∫ ti

−∞
Vact(si, t) − Vref (t) dt

∣
∣
∣
∣ . (7)

For the second objective, the total losses Eloss,total of the
modules in the converter arm have to be split into their com-
ponents, i.e., conduction losses Eloss,cond , switching losses
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Eloss,switch , and parallelization losses Eloss,parall

min
si

Eloss, total

= min
si

(Eloss, cond + Eloss, switch + Eloss, parall) . (8)

These terms can be expanded [71]

Eloss, cond = Rint, tot(si)I2Δt
︸ ︷︷ ︸
internal resistance

+
∑

j

Vce

(
I(j )

)
I(j )

︸ ︷︷ ︸
forward−voltage drop

Eloss, switch =
∑

j∈Δsi

1
2
I(j )V (j )

m (ton + toff )
︸ ︷︷ ︸

saturation losses

+
1
2

(Cgd + Cds)
(
V (j )

m

)2

︸ ︷︷ ︸
junction−capacitances

Eloss, parall =
1
2

∑

κ∈Ps i

(
∑

Cm

(
V (k)

m

)2

−

(∑
Cm

(
V

(k)
m

)2)2

∑
Ck

)

(9)

where Rint,tot denotes the resistance in dependence of the mod-
ule switching state si , I is the total current, Vce(I(j )) is the for-
ward voltage of the jth semiconductor switch, which depends
on the respective current I(j ) , V

(k)
m denotes the module voltage

of module k, ton and toff are, respectively, the turn-on and turn-
off times of the switches, Cgd and Cds are the gate–drain and
drain–source capacitances, and Cm is the module capacitance.

Balancing is the third objective and has the purpose to avoid
modules from being overcharged until components are damaged
or drained until the module power supply, which is usually fed
by the module capacitor, collapses. In contrast to the traditional
M2C, the M2SPC can be easily balanced at all times with the
parallel state if it risks exceeding the voltage tolerance range.
However, this process may be associated with losses. Since
imbalance can be expressed in the form of costs, Objective 3
can be incorporated into Objective 2 by adding the expected
losses for the case that all modules would be parallelized at the
end of the next switching cycle i

min
si

Eloss, total

+
1
2

n∑

q=1

⎛

⎜
⎜
⎜
⎝

∑
C(q)

m

(
V (q)

m

)2
−

(
∑

n
r=1C

(r)
m

(
V

(r)
m

)2
)2

∑
n
r=1C

(r)
m

⎞

⎟
⎟
⎟
⎠

︸ ︷︷ ︸
E f o r c e d b a la n c e

.

(10)

This penalty term impedes the modules’ SOCs from drifting
apart. In addition, a rule is required that enforces a short paral-
lelization in case a module voltage leaves a predefined range.

Fig. 7. Block diagram illustrating an advanced control scheme that optimizes
the output voltage (performed by the modulator unit), losses, and balancing
of the modules. The control output is a switching vector, si , that describes
the module states. The depicted optimization is performed at the beginning
of every time step, i, of the controller to determine the states the converter
will use during that time step. A delta–sigma-type (δ-Σ) modulation scheme
fits naturally into such an optimization framework because it assigns a numeric
rating to any possible control alternative, allowing tradeoffs with other objectives
in a numeric optimization. The modulation can, in principle, be performed by
other schemes as well. The hypothetical forced parallelization of the entire arm
at the end of the prediction period enforces balancing by accounting for the
losses associated by an imbalanced state.

The integration of balancing into the losses reduces the num-
ber of objectives to two. While the two modified objectives
from (7) and (10) could undergo a Pareto-front extraction first,
we combine them as a traditional weighted sum in a single
objective

min
si

(

wl (Eloss, total + Eforced balance − Epro jected)

+ wυ

∣
∣
∣
∣

∫ ti

−∞
V si

act(t) − Vspecdt

∣
∣
∣
∣

)

. (11)

The weights wl and wv match the different orders of losses
and the integrated voltage deviation. They can be assigned based
on expected development of both terms. For example, the maxi-
mum tolerable voltage error may be one module step so that the
growth of the integral is ≤ Vm t. The losses, on the other hand,
were estimated as the conduction loss plus an additional margin
for switching. Epro jected specifies the tolerated losses. For our
example, it was set to an average expected resistive loss with
a predefined expected equivalent resistance Rexp according to
Epro jected ≡ Rexp I2t. Accordingly, at the beginning of every
switching cycle, the combined objective in (11) is predicted for
the end of that switching cycle for all possible configurations of
the converter arm, represented by the module switching states
si . The configuration with the smallest value of the objective
function is then assigned to the system. The block diagram in
Fig. 7 gives an overview of the optimization, which is performed
for every time step when the controller reconsiders the module
states.

It should be noted that the actual switching rate of the modules
is no longer a fixed predetermined parameter, but is dynamically
adapted to coordinate switching losses exceeding the projected
amount and voltage accuracy.
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Fig. 8. Simulation of the advanced M2SPC control scheme based on loss min-
imization outlined in Section V-B and Fig. 7. Variable definitions and simulation
conditions are the same as in Fig. 5.

Finding the configuration of the converter arm given by the
state of every module that minimizes the total objective in (11)
and Fig. 7 is not a continuous but a finite discrete optimization
problem. Particularly, because it cannot be extended or inter-
polated easily to an equivalent continuous problem that would
show advantageous properties for optimization, many recent op-
timization methods that apply heuristic approaches to use trends
of the objective function are not appropriate. We implemented
an exhaustive search within all candidates that fulfilled the con-
dition that the output would deviate from the previous one by
no more than two module-voltage steps (2 × 100 V).

Fig. 8 shows an example simulation of a converter
arm with eight modules controlled with the described
energy-minimization method. The losses were controlled to
246 W, on average, which led to an average switching rate
of 47.5 kHz. Worth noting is that this approach tolerates more
fluctuations of the individual module SOCs than the example in
Section IV. Apparently, in some cases, minor SOC imbalances
may be favorable and either avoid additional, e.g., switching,
losses or allow a higher voltage accuracy, at least on the time
frame of one switching cycle. Stronger imbalances, however, are
inhibited due to the squared influence of the voltage difference
in the penalty term, which accounts for the expected losses of
an unbalanced system. The instantaneous losses over time are
plotted in Fig. 9. The conduction losses dominate most of the
time due to the relatively low switching rates per semiconductor.
Both the conduction losses and the trend of the switching losses
reflect the current waveforms. However, the changing internal
resistance leads to deviations from a squared sine in the former.
The spectrum of the voltage (see Fig. 9, bottom) contains no
distinct peaks besides the sharp fundamental mode at the output
frequency of 50 Hz. Because a fixed switching rate does not
exist and the resultant switching arises from a balance of losses
and accuracy, the spectral power at the average switching rate of
47.5 kHz is close to the noise floor (see inset of Fig. 9, bottom).

Presently, this control approach is associated with significant
computational effort. However, the optimization in every step
could be sped up notably, since only a few module configurations
may be reasonable for the next cycle based on the current system
state. In addition, adaptive control may eliminate calibration
parameters.

Fig. 9. Losses over time (conduction, switching, and parallelization losses)
and spectrum of the arm voltage corresponding to the simulation in Fig. 8. The
optimization aims at minimizing the loss and the voltage output locally, i.e.,
within the short minimum switching time step, balancing between the different
cost-function contributions. The inset in the lower plot displays the spectrum
with logarithmic frequency and magnified amplitude axis.

Fig. 10. Further module extension. When the strict two-pole limitation in the
modular multilevel converter is given up, several new features can be incorpo-
rated into the modules. As shown an additional connection with an inductance,
as a counterpart to the module capacitors, can form with the switches and
diodes either a dc-dc converter, which can have a relatively low power rating
for transferring energy between modules, or a controllable filter.

This presentation gives only a short outline and an infor-
mal proof that this integrated, energy-minimization control
method can be operated stably. Further research could develop
this method as an advantageous alternative to conventional
approaches that treat the various converter control objectives
separately.

An example for advancing such approaches may be a more
wide-reaching optimization. While the presented procedure op-
timized only with respect to the momentary clock interval, a
better approach may incorporate a number of steps ahead to
find optima that require a sacrifice in the objective in the mo-
mentary step to increase the performance in a subsequent step.
An example is preponing a switching action when the current
increases despite the additional loss and the increasing modu-
lator’s objective to avoid higher losses for the same switching
action a few steps later. Such a tree-based analysis of the up-
coming switching steps may well remind of the strategy of chess
computers [72], [73].

C. Topology Generalization

The essential step to achieving the parallel states in the
M2SPC module is adding more half-bridge taps to the mod-
ule capacitor. This approach can be extended beyond four-pole
modules. Fig. 10 shows that a third terminal on each side of the
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module can enable additional functionality. With an inductance
in the third line between two modules, the modules obtain a
step-up/step-down dc–dc converter, which is formed together
with the active switches and the diodes. This dc–dc converter
can transfer energy between the modules efficiently even for
nonnegligible voltage differences. Since the energy transfer can
be performed from a module with a lower voltage to one with a
higher voltage, this approach allows very flexible charge transfer
along a converter arm.

Depending on the application, the power rating of the com-
ponents in this extended topology can be relatively low. If the
dc–dc converter is given a leading role, novel macrotopologies
become possible, especially for applications where energy has
to be converted between terminals with significantly different
voltages.

Furthermore, the inductance can be used as a controllable
filter and replace dedicated fixed inductances in typical high-
voltage multilevel converter arms to achieve higher stability.
Such inductances can prohibit surge currents and oscillations
between the phase modules of the converter due to switching
and can filter the network connections. Especially for HVDC
networks, permanent inductances can be a critical issue in case
of a short circuit on the dc side. The distributed inductance
in a third intermodule line, in contrast, can be controlled and
successively removed from the line and discharged into the
surrounding modules.

VI. CONCLUSION

While existing M2C topologies use only two-pole module
structures, modules can more generally be n-pole, offering ad-
ditional features. Essential for the low-voltage condition within
the modules is that interconnections are only established with
immediate neighbors, or potentially their neighbors. With every
step the interconnection is reaching further away from the im-
mediate neighbor, the maximum voltage to be expected for the
semiconductors in at least some module states increases by one
module voltage level.

We introduced the M2SPC topology that uses four-pole mod-
ules, extending the two-pole M2C module structure. Two ad-
ditional half-bridge terminals in the M2SPC module enable a
parallel mode in addition to the traditional M2C series and by-
pass states. Most importantly, the modules that are inactive in the
bypass state in the traditional M2C when they are not required
in series for a higher voltage can be used actively in parallel in
M2SPC. Further, the introduction of parallel-mode capability is
not accompanied by additional power semiconductor cost, since
all traditional M2C series states are handled by two devices in
parallel, resulting in the same overall amount of silicon.

The parallel mode serves two purposes. First, it increases the
current rating by reducing the internal resistance. This improve-
ment is particularly important for low- and medium-voltage con-
verters based on FETs [36], [38], where the internal resistance
of the capacitors often dominates the losses. Second, the parallel
mode provides an additional method for balancing the SOCs of
the individual modules. Because balancing in the parallel mode
does not require accurate information of the energy inflow and
outflow in every module, it can ensure a balanced state even with

an open-loop approach, simplifying module SOC monitoring.
The losses associated with parallelization can be made negligi-
bly small, if the time intervals between parallelization are kept
short.

While applications where highest currents occur during low
voltage levels, such as in STATCOMs, would benefit obviously
from parallelization, the low maximum module usage (less
than 64% as given in Section I-B for ac conversion with the
traditional M2C topology) shows that there is also a big po-
tential for standard conversion applications. The exact gain as-
sociated with the parallel mode depends on both the specific
implementation and the application.

M2Cs could provide an advantageous framework for handling
battery packs, with applications, for example, in energy storage
and electric vehicle drives. Specifically, the M2SPC topology
can provide the structure for a dynamical reconfiguration of
battery cells in series and in parallel. In this approach, a battery
cell or combination of cells would replace the capacitors in the
microtopologies in Figs. 1, 2, and 10. Due to the relatively high
internal resistance of batteries—for Li-ion cells, for instance, on
the order of 200 mΩ/Ah [74]—and their limited dynamics, the
parallel mode is a central feature to distribute the load among
the cells and to temporally even it out within each cell, essen-
tially maximizing efficiency. Thus, the same system can perform
battery cell balancing, charge control, and power conversion.

For controlling M2Cs, which allow multiple module con-
figurations producing the same voltage output, the switching
modulator and the balancing routine can be combined to coor-
dinate the three important performance objectives, i.e., voltage
accuracy, losses, and SOC balancing.

Finally, the strategy leading from a two-pole to a four-pole
microtopology by adding another terminal, which enables the
parallel mode, can be repeated to incorporate systematically
novel features into M2Cs, such as intrinsic dc–dc converters or
controllable filters. Such developments could further enhance
the flexibility of M2Cs and enable new application.
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