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Abstract—For dc/ac modular multilevel converters
(MMCs) in double-star configuration, this paper proposes a
fast closed-loop control method based on optimized pulse
patterns (OPPs). Thanks to the direct manipulation of the
OPP switching instants, OPPs with discontinuous switching angles can be used, and the intrinsic cell capacitor
voltage ripple is compensated for to preserve the OPPs’ superior harmonic performance. This model predictive pulse
pattern controller (MP3 C) is combined with a fast acting
dead-beat circulating current controller (DBC3 ) and linked
to an upper layer voltage balancing control scheme. The
proposed control and modulation method is particularly
suitable for medium voltage MMCs with a low number of
cells. Despite operation at very low switching frequencies
close to and including the fundamental frequency, a superior harmonic performance can be achieved.
Index Terms—Circulating current control, dead-beat control, harmonics, model predictive control, modular multilevel converter, modulation, optimized pulse pattern.

I. I NTRODUCTION

T

HE modular multilevel converter (MMC) exhibits several
attractive features for applications that require high voltages and high power. These include straightforward voltage
and power scalability, very low harmonic emission, high
availability as well as fault tolerance [1], [2]. On the other
hand, medium voltage dc/ac MMCs are emerging in solar,
dc grid, battery energy storage systems and variable speed
drives. These applications are characterized by relatively low
power ratings, which implies that only a few cells are needed,
especially if high-voltage low-loss semiconductors are used.
In order to maximize the converter efficiency, as low a
semiconductor switching frequency as possible is chosen. This
leads to a low number of voltage levels and a low apparent
switching frequency at the converter phase terminals, which
results in an inferior harmonic performance of the converter.
Eventually, a filter on the three-phase side might be needed, in
order to meet the grid-side harmonic requirements. In this case,
a modulation method that allows the shaping of the harmonic
spectrum is preferred to minimize the filter size.
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For these emerging MMC applications, the aforementioned
shortcomings of the state-of-the-art methods necessitate the
use of more advanced modulation concepts, such as optimized
pulse patterns (OPPs) [3]. However, OPPs cannot be easily
combined with a closed-loop control system for several reasons. First, discontinuities in the switching angles when varying the modulation index prevent the use of linear controllers
due to stability issues. Second, unlike modulation methods
with a fixed modulation cycle such as carrier-based pulse width
modulation (CB-PWM) and space vector modulation (SVM),
OPPs are associated with a non-zero ripple current at the
end of the switching period. The bandwidth of a conventional
current controller thus has to be slow, limiting the capability of
the controller to reject disturbances and to react to transients.
Last but not least, OPPs are typically calculated considering
ideal conditions, i.e., neglecting system disturbances. The considerable inherent capacitor voltage ripples and other system
non-idealities prevent the use of OPPs for MMCs without fast
control loops.
The use of selective harmonic elimination (SHE) and OPPs
with continuous angles has been investigated in the literature
for the dc/ac MMC in double-star configuration [4]–[11].
Specifically, [5] and [6] present the design and application of
the patterns directly on the level of the converter branches. In
addition, only fundamental switching frequency is discussed,
which significantly limits the flexibility for shaping the harmonic spectrum. On the contrary, the authors of [7] design
the SHE pattern directly on the level of the three-phase side
voltage. The results are then mapped to branch-level command
signals for the upper and lower branches of the same converter
phase-leg. In all of the above cases, either no controller or a
very slow linear controller were used. In addition, the ripple
on the capacitor voltages was ignored, which means that
the pre-calculated switching patterns are applied in an openloop fashion, forgoing optimality. Reference [5] also discusses
circulating current control for the (N + 1)-level-modulated
dc/ac MMC in double-star configuration. The latter has very
slow dynamics and is used to compensate only the even
harmonics in the circulating current; the odd harmonics are
left uncontrolled to achieve vertical self-balancing. In addition,
the circulating current control acts as a standalone function
and no interface with a global MMC inner branch capacitor
voltage control layer is discussed. Circulating current control
for a (2N + 1)-level-modulated dc/ac MMC in double-star
configuration is discussed in [8].
Contrary to the above mentioned literature, this paper
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Fig. 1. The three-phase dc/ac MMC in double-star configuration.
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II. MP 3 C

FOR

D OUBLE S TAR -C ONFIGURED MMC

A. MMC topology and modulation
The MMC consists of series-connected cells (which are also
known as modules or submodules), forming what is called a
converter branch (or arm). These branches can be configured
in several ways, leading to dedicated converter topologies.
Depending on whether this branch needs to provide only
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Switch position u

proposes a fast closed-loop control scheme for three-phase
dc/ac MMCs in double-star configuration using OPPs with
discontinuous switching angles. The proposed controller is
based on the model predictive pulse pattern control (MP3 C)
concept [12]. MP3 C modifies the OPP switching instants in
the converter branches in a receding horizon fashion. For
the MMC, fast closed-loop control via the switching instants
compensates for various system disturbances, such as the
cell capacitor voltage ripples, which would otherwise impair
optimality of the pre-calculated pulse patterns. It is noted
that MP3 C was applied successfully to a static synchronous
compensator (STATCOM) based on a delta-connected MMC
[13], as well as to a railway intertie based on a direct ac/ac
MMC by utilizing a decoupled modulation concept [14].
This paper augments MP3 C to enable circulating current
control for three-phase dc/ac MMCs in double-star configuration. Specifically for N + 1 modulation, a high-bandwidth
dead-beat circulating current controller (DBC3 ) is proposed,
which offers significantly improved dynamics at low switching
frequencies compared to previous works, which lacked a
circulating current controller [7] or reported a very slow
control method [5]. Finally, the appropriate interface of the
proposed methods to the superimposed MMC voltage balancing controllers is analyzed.
The outline is as follows: Section II provides the basics
about the dc/ac MMC, OPPs as well as the MP3 C concept.
Section III provides an in-depth analysis of the combined
MP3 C and circulating current control as well as their integration into the global control scheme. Section IV evaluates the
transient and harmonic performance of the proposed method.
Finally, Section V concludes the work.
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Fig. 2. Discontinuous three-phase OPP for an MMC with N = 8 cells
per branch, N + 1 modulation (9-level) and operation at fundamental
switching frequency (d = 4): (a) switching angles for a certain range
of modulation indices and (b) three-phase voltage pattern over [0, 360]
degrees for one particular modulation index, which is highlighted by the
vertical line in (a).

positive or also negative voltages, the cell can be implemented
as unipolar or bipolar type, respectively.
The considered dc/ac MMC topology in double-star configuration is depicted in Fig. 1. It connects a medium voltage dc
line (or network) to a three-phase grid. The circulating currents
in the phase-legs can be used as a degree of freedom to balance
between the branches the energy stored in the capacitors.
It is widely known from the literature that two types
of modulation methods can be applied to the double starconfigured dc/ac MMC. They are tightly linked to the number
of levels in the phase voltage waveform and influence the way
the circulating current control can be performed.
1) N + 1 modulation: Both the upper and lower branches
of the same phase-leg are switched synchronously in opposite
direction when a switching event in the phase voltage pattern
occurs. The sum of the inserted cells per phase-leg, when no
circulating current control is applied, is equal to N . Therefore,
the expression nup + nlow = N holds, where N is the number
of cells per branch and nup (nlow ) denotes the number of
modules inserted into the upper (lower) branch.
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wave symmetry ensures the absence of even harmonics in the
resulting voltage spectrum. The highly discontinuous nature
of the OPP’s switching angles is also evident.
Consider the same converter with the same number of cells
operating at the same semiconductor switching frequency.
When operating with 2N + 1 modulation, an OPP with twice
as many switching angles (here d = 8) and twice as many
voltage levels (here 17) has to be computed. An example of
such an OPP is shown in Fig. 3.
C. Closed-loop pulse pattern control concept
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Fig. 3. Discontinuous three-phase OPP for an MMC with N = 8 cells
per branch, 2N + 1 modulation (17-level) and operation at fundamental
switching frequency (d = 8): (a) switching angles for a certain range
of modulation indices and (b) three-phase voltage pattern over [0, 360]
degrees for one particular modulation index highlighted by the vertical
line in (a).

2) 2N + 1 modulation: Only one of the two branches is
switched when a switching event occurs in the phase voltage
pattern. The upper and lower branches are switched asynchronously and—as a consequence—the sum of the inserted
modules per phase-leg is not always equal to N , but can take
three values: nup + nlow ∈ {N − 1, N, N + 1}, if only a
minimum deviation between N − nup and nlow is considered.
As a result, the number of phase voltage levels is almost
doubled for the same semiconductor switching frequency.
B. OPPs for MMCs
OPPs are calculated by minimizing a cost function related
to the total demand distortion (TDD) of the desired voltage
or current waveform. Additional constraints, e.g., the minimization of specific harmonics can be added to the optimization problem. Figure 2 shows the result of an optimization
procedure for a three-phase MMC with N = 8 cells per
branch operating at fundamental switching frequency. This
implies an OPP with d = 4 switching transitions within a
quarter of the fundamental period. It is noted that such quarter-

The proposed closed-loop pulse pattern control concept for
the dc/ac MMC is illustrated in Fig. 4. Given the average active
and reactive power references Pg∗ and Q∗g , the estimate of the
virtual grid flux vector ψg,αβ = [ψgα ψgβ ]T and the equivalent
grid inductance Lg,eq = Lbr /2 + Lg , the ideal converter flux
∗ T
∗
∗
ψ̄cβ
] is determined. This is typically
reference ψ̄c,αβ
= [ψ̄cα
done in the stationary orthogonal reference frame using

 
 ∗  

Lg,eq
2
ψ̄cα
−ψgβ ψgα Pg∗
ψgα
,
=
+
∗
2 + ψ2 )
ψ̄cβ
ψgα ψgβ Q∗g
ψgβ
3 ωg (ψgα
gβ
(1)
where ωg denotes the angular grid frequency.
The magnitude of the converter flux reference is translated
into a desired modulation index m∗ . If the desired modulation
index differs by a certain threshold from the actual modulation
index, a (new) OPP is loaded with the desired pulse number
d. The integral of the switched voltage waveform constitutes
the reference trajectory of the virtual converter flux. The ideal
converter flux reference is then mapped into the corresponding
∗
reference point ψc,αβ
on the reference trajectory. Note that the
reference trajectory includes the switching ripple, whereas the
ideal converter flux reference neglects it. Therefore, in general,
∗
∗
ψc,αβ
differs from ψ̄c,αβ
.
The controller forces the virtual converter flux ψc,αβ to
track the OPP flux trajectory. To achieve this, the controller
minimizes the flux error in the stationary reference frame
∗
ψe,αβ = ψc,αβ
− ψc,αβ

(2)

by modifying the switching instants of the OPP. In the simplest case, a dead-beat (DB) controller can be used in abccoordinates. This leads to the abc-correction times
ψe
(3)
∆t =
−∆uVlvl
where ψe denotes the flux error in abc-coordinates, ∆u =
ui − ui−1 denotes the change in the switch position of the
switching sequence and Vlvl corresponds to the voltage step
in the phase voltage waveform.
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This pulse pattern control method is also referred to as
model predictive pulse pattern control (MP3 C) [12]. The flux
error is minimized over a prediction horizon by computing
a modified switching sequence. Only the first part of the
switching sequence within the time interval [t, t+Ts ] is applied
to the converter, where Ts denotes the sampling interval.
At the next sampling instant, using new measurements (or
estimates), the flux error minimization procedure is repeated
over a shifted or receding prediction horizon. This so-called
receding horizon policy provides feedback and ensures that the
controller is robust to parameter uncertainties. The prediction
horizon is required to be sufficiently long to include at least
two switching events in two different phases. This ensures that
the controller can drive (small) flux errors to zero within the
horizon.
Several constraints are added to the control problem: (a) a
switching transition cannot be moved into the past (or before
the current sampling instant), and (b) a switching transition
cannot be moved before or after another switching transition
in the same phase. It is noted that the control algorithm is computationally efficient and requires only a few microseconds of
computation time on a standard control hardware system.
Such a three-phase control and modulation approach is
beneficial for switching frequency reduction, as any of the
three phases can be used for flux error correction without the
need for additional switching events. This is in contrast to
single-phase modulation concepts. Furthermore, thanks to the
dead-beat control behavior of the pattern controller, very fast
current and power responses can be achieved during transients.
III. MMC I NNER C ONTROL
Circulating current control can be achieved through the
timing and/or insertion of so-called redundant levels [8].

N
vcirc

N −1

Fig. 7. 2N + 1 modulation: Circulating current control by selecting
redundant levels (in this case, an N − 1 redundant level is selected).

Redundant levels arise when the number of inserted cells in
the upper and the lower branches does not sum up to N . The
closest neighbors are N +1 and N −1, and they can be applied
without increasing the semiconductor switching frequency. It
is noted that redundant levels with N −x / N +x and x > 1 are
also possible by inserting pulses at the expense of an increased
switching frequency.
A. Circulating current control with N + 1 modulation
With N + 1 modulation, the redundant levels have to be
actively inserted by advancing or delaying switching transitions in a symmetrical manner between the upper and lower
branches [5]. A symmetrical correction reduces the negative
impact on the three-phase converter flux. An example of this
mechanism is illustrated in Fig. 5. The circulating current
control for N +1 modulation can be added in a straightforward
manner to the existing virtual grid flux MP3 C control. More
specifically, the circulating current error is translated into a
correction time that is applied in an opposite manner (with
different signs) to the upper and lower branches of the same
phase-leg. The correction time is calculated as
∆icirc
(4)
Vlvl
This control principle is event-based, i.e., the circulating
current controller is effective only in the vicinity of the
switching transitions, as illustrated in Fig. 6.
∆tcorr = −2Lbr

B. Circulating current control with 2N + 1 modulation
With 2N + 1 modulation, the redundant levels are present
by default and the only degree of freedom is their selection
(either N + 1 or N − 1), but not their duration. This strongly
affects the way the circulating current can be controlled
and the achievable control performance. An example of this
mechanism is illustrated in Fig. 7. The 2N + 1 modulation
requires a switching event distribution logic, which selects
between the N + 1 and N − 1 redundant levels, akin to a
hysteresis controller as indicated in [8]. More specifically, the
controller acts on the sign of the circulating current error
icirc,err = i∗circ − icirc .
For a low number of cells per branch, the circulating current
features a strong ripple at the apparent switching frequency.
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Fig. 8. Simulation results for the circulating current control in MP3 C-controlled dc/ac MMC in double-star configuration: (a) N + 1 modulation (the
controller is turned on at t = 250 ms) and (b) 2N + 1 modulation (the circulating current control is always active).

The peak-to-peak circulating current ripple can be directly
estimated from the generated OPP
∗
∆tred,max
Vlvl
(5)
2
2Lbr
where ∆tred,max is the maximum duration of a redundant
level in the pattern. Note that this value depends on the
modulation index m. It is important to emphasize that this
high ripple is not visible in the three-phase grid currents.
Simulation results of the circulating current controller are
illustrated in Fig. 8, highlighting its effectiveness for both
N + 1 and 2N + 1 modulation. It is noted that using these
methods, the circulating current can be regulated along a
reference trajectory with a certain amplitude and frequency.
For additional details on the circulating current controllers,
the reader is referred to the appendix.

∆icirc,max =

C. Interface to higher-level MMC inner voltage control
The proposed closed-loop-controlled OPPs and fast circulating current controllers can be interfaced in a straightforward
manner to the higher-level MMC inner voltage control. This is
shown in Fig. 9(a) for N + 1 level modulation and in Fig. 9(b)
for 2N + 1 level modulation.
The control block ‘MMC volt. ctrl’ controls the average
converter dc-link voltage (total energy) by adjusting the threephase power reference as needed. It also ensures that no
imbalance occurs between the sums of the cell capacitors
voltages in each branch. This is achieved by introducing appropriate circulating currents (i∗circ ) with specific amplitudes and

frequencies, as widely described in the literature [15]–[18]. It
is noted that other feed-forward terms can be also added to
the circulating current references (i∗circ,f f ) to achieve different
purposes, such as capacitor voltage ripple minimization [19]–
[21].
The control algorithm provides six switching patterns for
each of the converter branches. These switching patterns are
fed to the commonly used sort and selection algorithm, which
determines the cell switching signals and balances the cell
capacitor voltages within each branch.
IV. P ERFORMANCE E VALUATION
To evaluate the system performance, the converter control
system with N + 1 modulation was simulated using N = 8
cells per branch and a semiconductor switching frequency of
fsw = 50 Hz. The grid frequency is also 50 Hz. The OPP
shown in Fig. 2 was computed, which minimizes the converter
voltage TDD.
A. Performance during transients
Despite the low apparent branch switching frequency, the
control strategy offers a very good performance during transients. A three-phase power step is tracked within a few
milliseconds, as shown in Fig. 10. This is achieved by manipulating the switching instants, thus adding or removing
volt-second to the virtual converter flux. The branch capacitor
voltage sums are quickly rebalanced after the transient, while
the sorting and selection algorithm ensures equal voltage
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Fig. 9. Overall dc/ac MMC MP3 C control diagram featuring the interface to the upper layer MMC inner voltage control as well as, (a) dead-beat
circulating current control (DBC3 ) with N + 1 modulation, (b) hysteresis circulating current control with 2N + 1 modulation.

distribution between the cells of the same branch. The performance could be even further improved with the pulse insertion
method [22]. If a slower response were desired, the reference
could be changed in a ramped rather than a step-wise manner.
Fig. 11 shows simulation results when changing the reference for the average converter cell voltage. This reference is
first increased by 2% and then set back to its nominal value
100 ms later. The results highlight that the proposed control
scheme is capable of controlling the average converter cell
voltage. It also shows that the cell capacitor voltages can be
chosen independently from the dc-link voltage. However, the
circulating current features a higher ripple when the mismatch
between the branch and dc-link voltages increases and when
operating at such a low switching frequency and therefore
reduced number of time instants when the circulating current
control is active.
B. Steady-state performance
Figure 12 illustrates the differential-mode line voltage spectrum for the case of N + 1 modulation. The colours blue,
green and red correspond to the phases a, b and c. The OPP
was chosen so as to minimize the voltage TDD. The results in
Fig. 12 show a very discrete spectrum without even harmonics
and interharmonics. In the specific example, no restrictions
were imposed on specific harmonics. As a result, low-order
harmonics, such as the 7th and 11th harmonics do appear, for

which the relevant grid standards normally allow for a higher
amplitude.
Nevertheless, it might be beneficial to avoid such low-order
harmonics, particularly when they are close to the frequencies
of grid-side resonances. Depending on the degree of freedom,
i.e., the pulse number d, several harmonics can be limited
or even canceled. This is clearly shown in Fig. 13 for an
N +1 modulation, where the voltage TDD has been minimized
while imposing soft constraints on the 7th and 11th harmonics
using specific weighting factors. The harmonic energy is either
placed in triplen harmonics, which are canceled out on a
line voltage level, or it is moved to higher frequencies, thus
simplifying the design of a grid filter.
C. Comparison with flux tolerance band (FTB) modulation
At low cell numbers and switching frequencies, hysteresisbased control methods tend to outperform carrier-based ones.
Therefore, for a comparative evaluation, the same system
and operating point has been simulated using a modulation
algorithm that keeps the virtual converter branch flux between
predefined tolerance bands, similar to the one proposed in [23]
for high-voltage dc (HVDC) MMC applications. The switching frequency of this flux tolerance band (FTB) controller is
not constant, but it is adjusted indirectly in a trial-and-error
procedure by choosing the tolerance band. To ensure a fair
comparison with MP3 C, the tolerance band was tuned such
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Three-phase converter line voltage harmonics
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V. C ONCLUSION
This paper proposed a fast closed-loop controller that allows
the application of OPPs with discontinuous switching angles
to a dc/ac three-phase MMC. This controller is a variation of
the MP3 C concept, and achieves a high controller bandwidth
by directly manipulating the switching instants of the OPP.
In a first step, the switching pattern is mapped to the upper
and lower branches of each phase-leg, while performing gridside virtual flux control. In a second step, circulating current
control is accomplished for both N +1 and 2N +1 modulation,
which utilizes all converter degrees of freedom and makes this
method compatible with the converter’s upper layer voltage
balancing controller.
The performance of the controller was evaluated during
transients through power and voltage steps. During steady-

4
[%] of nominal

that the same semiconductor switching frequency resulted as
with MP3 C, i.e. fsw = 50 Hz.
The simulation results of the FTB controller are shown in
Fig. 14. A stochastic and wide voltage spectrum results, which
is an inherent property of such a hysteresis-based method. The
harmonic spectrum includes significant low-order harmonic
energy, even harmonics and interharmonics. Moreover, the
harmonic voltage spectrum differs between the three converter
phases—as before, the colours blue, green and red correspond
to the phases a, b and c. This stands in contrast to the OPP
method, for which the voltage harmonics in the three converter
phases almost perfectly coincide, see Fig. 13(b).
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Fig. 12. Line voltage spectrum for the proposed MP3 C controller with
N + 1 modulation and pulse number d = 4.

state operation, the comparison with an existing modulation
method shows clear and significant advantages in terms of
harmonic performance. Despite significant capacitor voltage
ripples, the proposed control method preserves optimality of
the pre-calculated pulse patterns in terms of their harmonic
distortions. In summary, it was shown that OPPs provide a
promising way to modulate medium voltage MMCs with low
cell numbers when operating at low switching frequencies.
A PPENDIX
S PECIAL C IRCULATING C URRENT C ONTROL C ASES
When combining MP3 C with circulating current control,
three cases might arise, which require particular attention in
an implementation.
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N +1 modulation: the switching transition in the current sampling interval
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Fig. 13. (a) OPP switching angles and (b) line voltage spectrum for the
proposed MP3 C controller with N + 1 modulation, pulse number d = 4
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discontinuity in the phase switching pattern, a memory element
should be added, which stores the transition until it is applied
in the next sampling interval. This case is illustrated in Fig. 15.
In a second case, conversely, a switching transition originally occurring in [t + Ts , t + 2Ts ] might be shifted to
the current sampling interval in one of the two branches. A
memory element is required to store the transition until it is
applied in the other branch. In addition, the original switching
transition in the phase cannot be modified anymore by MP3 C
for flux control.
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Fig. 14. Line voltage spectrum for flux tolerance band modulation and
the same number of cells and switching frequency as in Fig. 12.

A. N + 1 modulation
In the first case, a switching transition originally occurring
in the current sampling interval [t, t + Ts ] is delayed until
the next sampling interval in one of the two branches. To
prevent the loss of the switching transition and an undesirable

B. 2N + 1 modulation
The sign of the circulating current error may change between the two consecutive sampling intervals [t, t + Ts ] and
[t + Ts , t + 2Ts ], see Fig. 16. Ideally, the applied redundant
level should be modified accordingly (i.e. N + 1 ↔ N − 1),
but this would increase the switching frequency. To prevent
this, the applied redundant level should be locked in until a
non-redundant level is applied.
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