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Abstract
This paper proposes a method to synthesize a full wave control applied to a multilevel modular
converter (MMC). This method guarantees the output waveform and the balancing of the capacitors.
Numerical simulations and experiments are used to check the validity of the approach.

Introduction
Multilevel Modular Converter (MMC) is a voltage source converter (VSC) based high voltage direct
current (HVDC) [1]. It is more and more used to interconnect grids for example the interconnection
between Spain and France or interconnection between Pittsburg and San Francisco (Trans Bay –
USA). It also used in renewable energies for grid connection of large offshore wind farm for example
the BorWin1 project in the North Sea [2].
The MMC consists in the association of several switching cells associated with a capacitor. The
control strategy must ensure both the multilevel output waveform and the balancing of the capacitors.
The most used strategy currently to drive the switching cells consists in using a pulse width
modulation with PI controllers [3-6].
In this paper, we propose a full wave control. The balancing of the voltages across the capacitors is
ensured thanks to the redundancy of the combinations that allows the correct output level. The full
wave control reduces the number of switching and thus reduces the switching losses of the converter.
In the next parts, the full wave control is detailed in the case of a 3-levels MMC and generalized for a
high number of levels.

Full wave control of a MMC converter
Principle of the control
In this part, the full wave control of a 3-levels MMC is detailed. In our example, the MCC is used as a
single-phase midpoint inverter. Four switching cells compose this basic structure and the DC voltage
source is split into two identical voltages U0/2 thus realizing the midpoint (Fig. 1-a). This midpoint is
used to simplify the study but a second half bridge MMC can replace it. The multilevel output voltage

of the MMC is noted U. In Fig. 1-b a simplify structure is represented where capacitors are replace by
ideal voltage sources UC.
(a)
(b)

Fig. 1: 3-levels MMC converter. (a) Real structure. (b) Idealized structure
The switches functions that drive the switching cells are noted comT-i and comB-i ; where i is the index
of a switching cell (the index u and l are used to the upper and lower parts of the converter). The
voltages across the capacitor take the same value noted UC. The output voltages of the switching cells
are noted UT-i and UB-i. The relation between the output voltages and the switching functions is given
by (1).
U!!! = 1 − com!!! . U!     
    
(1)
𝑤ℎ𝑒𝑟𝑒  𝑘  𝑖𝑠   𝑇  𝑜𝑟  𝐵   𝑎𝑛𝑑  {𝑖}  𝑖𝑠  𝑡ℎ𝑒  𝑖𝑛𝑑𝑒𝑥  𝑎  𝑠𝑤𝑖𝑡𝑐ℎ𝑛𝑖𝑛𝑔  𝑐𝑒𝑙𝑙
The summation of the whole of the output voltages must be equal to the voltage of the DC-bus (2).
U!!! + U!!! + U!!! + U!!! = U!

(2)

Because the switching functions are binaries (can take the value 0 or 1) the relation given by (3) must
be respected.
U!
(3)
com!!! + com!!! + com!!! + com!!! = 4 −   
U!
U!
  𝑤ℎ𝑒𝑟𝑒  𝑡ℎ𝑒  𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦   4 −
  𝑚𝑢𝑠𝑡  𝑏𝑒  𝑎𝑛  𝑖𝑛𝑡𝑒𝑔𝑒𝑟
U!
Thus, the voltage across the capacitors can take three possible values:
U!
1U! =
         ⇒      com!!! + com!!! + com!!! + com!!! = 1
3
U!
2U! =
         ⇒      com!!! + com!!! + com!!! + com!!! = 2
2
3-

U! = U!          ⇒      com!!! + com!!! + com!!! + com!!! = 3

In cases 1 and 3, the summation of the switching functions is equal to 1 and 3 respectively that implies
only two possible levels on the output voltage U. However, in case 2, the summation is equal to 2 that

allows to obtain three possible levels on U. Those combinations and the corresponding output
waveform are represented on Fig. 2.
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(b)

State A
a
State b
B
c

com!!!
1
0
0
1

com!!!
1
1
1
0

com!!!
0
0
1
0

com!!!
0
1
0
1

d
State C

1
0

0
0

1
1

0
1

Fig. 2: (a) Patterns allowing to obtain a 3-levels output waveform represented in (b).
It can be noticed that four different combinations allow to obtain the state B. This redundancy will be
used to balance the voltage across the capacitors. For example, if iT > 0 and UcT-1 < UcT-2, the state B a
or b can be applied to charge de capacitor C1.
Based on this principle, the command strategy of the upper part of the structure can be resumed by the
synoptic represented in Fig. 3. This command strategy allows to reduce switchings compared to
classical controls using a PWM and thus allows to reduce switching losses.

Fig. 3: Full wave control strategy of a 3-levels MMC.

Generalization of the full wave control
Controller
In our approach, the top and the bottom parts of the MMC half bridge are controlled separately. If the
charge of any capacitor would be maintained exactly at a value of U0/n, the system would behave
perfectly. Therefore, our goal is to maintain the capacitor voltages close to this value as possible. Our
controller relies on the following observations:
– when the current flowing trough the top or bottom part of the half bridge is non negative, going
trough one of the capacitors will charge it,
– when the current is non positive, going trough a capacitor will discharge it.
Therefore, we will use the time when the current is positive to charge all the capacitors that are
discharged with respect to the optimal value of U0/n. If no capacitor voltage is lower than this value,
we will charge the capacitors least charged to try to maintain the capacitor voltages as close as
possible to the optimal value. In a same manner, we will use the time where the current is negative to
discharge the most charged capacitors.

Assuming that k cells needs to be used in order to obtain the desired level of output, our algorithm
works in the following way:
– when called, it will sort all the capacitor from the least charged to the most charged.
– each capacitor will obtain a number between 1 and n, where 1 means the capacitor is the least
charged, and n the most charged
– if the current is positive, all the cells corresponding to capacitors with a number less or equal to k
will be used in order to charge the corresponding capacitors,
– if the current is negative, all the cells corresponding to capacitors with a number greater than to n-k
will be used in order to discharge the corresponding capacitors,
Remark: the current is only measured at the beginning of the call. It is possible that right after the
measure, the current switches sign and the computed control will produce the opposite of what was
desired. However, in practice, the behavior of the current is regular enough so that even if this issue
occurred, it will be quickly recovered.
The code of our controller is presented in Fig. 6 in pseudocode, where Order is the function that
assign a number between 1 and n to each capacitor where 1 means the capacitor is the least charged,
and n the most charged.

Fig. 4: Algorithm of a n-levels MMC.
Simulation
Using Plecs [7], we have simulated a MMC and its controller with n = 120 cells, C = 4700 µF and
l = 1mH. In Fig.7 (a) (resp. (b)), we present the evolution of each voltage capacitor in the upper (resp.
lower) part of the half bridge.
It is difficult to distinguish between the voltages of each capacitor because of the way our controller
works. Indeed, it is easy to see that our controller ensures that the charges of all the capacitors remain
close to each other. In Fig. 9, the output voltage and its Fourier spectrum are represented.
This simulation allows to conclude that the implemented algorithm ensures both the balancing of the
voltage capacitor and the output waveform.
Remark: the algorithm proposed in this paper is specific of the MMC architecture. An algorithm that
can work on any architecture [8-9] has been designed and tested on several flying-capacitor converters
examples [10]. The main drawback of the general algorithm is its exponential complexity while the
one proposed in this paper can be implemented in O(n.log(n)). This low complexity allows an on the
fly-computation even for large number of cells.

Fig. 8: Voltage across the capacitors in the top (a), and the bottom (b) of the MMC half bridge.

Fig. 9: Output voltage (a) and the its Fourier spectrum (b).
Experimental validation
In order to validate the algorithm, a 7-levels half bridge MMC converter was realized (Fig. 10) such as
the one represented in Fig 1-a. It is composed by 6 switching cells both for the top and the bottom part
of the structure. The DC voltage U0 is equal to 200 V, the capacitors C are equal to 470 µF and the
inductances l are equal to 2 mH. An inductive load L equal to 600 mH composes the output load.
The control is ensure thanks to a DSP TMS320F28335 from Texas Instrument and computerized in
Matlab Simulink. The control strategy is the one represented on Fig. 6 with n = 6. In order to
transform the desired input sine waveform to a quantized waveform (represented by the variable k is
Fig. 6), a block diagram represented in Fig. 10 is used. The sine wave has maximum amplitude of 1
and the quantization interval is equal to 1/3. This solution will be discussed later.

Fig.10: Experimental setup; a 7-levels MMC converter.

Fig.10: Quantization of the input sine waveform.
The waveforms of the output voltage and load current are represented in Fig. 11 - a. This figure show
that the output voltage waveform is conformed to the one expected. The load current has a quasi-sine
waveform due to the low harmonic content of the voltage (Fig. 11 - b).
(a)

(b)

Fig.11: Experimental output waveforms (a) and spectrum of the output voltage (b).
In order to check the balancing of the voltage across the capacitors, three voltages was measured and
represented in Fig. 12. We can observed that the balancing in ensure and the voltage is on average
equal to 33 V (U0/6). The variation is equal to about 10 V and is depending on the value of the
capacitors. This variation can be reduced if the value of the capacitors is increased.

Fig.12: Measurement of the voltage across three different capacitors.
This implementation validates the control strategy used. Moreover, in order to use this converter,
magnitude of the output voltage must be adjustable. This point will be discussed in the next part.
Adjustment of the magnitude of the output voltage
In our setup, the magnitude of the output voltage can be adjusted using the input sine voltage (Fig.10).
However, if all the levels are exploited, the variation of the input sine wave is limited. The extreme
variations of the output voltage were simulated and represented in Fig. 13 as well as the associated
spectrums. The magnitude of the fundamental voltage can only varies from 80% to 100%. Moreover,
the decrease of the fundamental generates an increase of harmonics.
(a)
(b)

Fig.13: Extreme values of the output voltage using a quantized sine wave: waveforms (a) and
associated spectrums (b).
To keep the lowest level of harmonics, it is possible to calculate durations of each level is order to
eliminate harmonics 5 and 7 (for example) and to ensure the maximum variation of the output voltage.
The simulation for a 9-levels waveform is represented in Fig. 14 as well as the associated spectrum. In
this case, the magnitude of the fundamental voltage can only varies from 53% to 120% and the
harmonics level is kept low. In the case of a high number of levels, durations can be calculated to keep
the THD (Total Harmonic Distortion) as low as possible.
(a)
(b)

Fig.14: Extreme values of the output voltage using calculated durations: waveforms (a) and associated
spectrums (b).

Conclusion
In this paper, a full wave control method is proposed. This method, applying to a MMC converter,
allows to both ensure the multilevel output voltage waveform and the correct balancing of the voltage
capacitors. This kind of control has been also validated in flying-capacitors converters. The full wave
control should increase the efficiency of the structure but this point has still to be demonstrated.
In the future, the developed MMC converter will be tested when it is connected to the grid. The
control of the amplitude of the voltage will be also tested and validated and the impact on the current
harmonics will be studied.
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