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Abstract—The Hexagonal power converter has become a suit-
able solution to provide high-quality voltage waveforms while
achieving decoupled control of three DC terminals as well. In
this case, the internal voltage balance of the different storage
units is the main concern for the correct operation of the
Hexagonal converter. Moreover, the Modular multilevel series-
parallel converters (MMSPC) have become an interesting solution
to provide higher operating voltages, reliability at a reduced cost,
due to their ability to achieve a simpler internal voltage balance.
In this paper, a Hexagonal power converter based on MMSPC
for decoupled DC terminals is presented. The proposed system
allows to implement a simple and cost-effective way to achieve a
decoupled control strategy in each output of the system, to control
the corresponding voltage of the system, along with maintaining
the internal voltage balance of the proposed topology.

I. INTRODUCTION

HEXAGONAL power converters are an interesting al-
ternative for three-phase medium-voltage high-power

systems. Moreover, hexagonal converters offer multiple ad-
vantages compared with other traditional power converters
like the two-level voltage source converter (VSC), such as
improved total harmonic distortion (THD) performance, re-
duced common-mode voltage, fault-tolerant capability and
high-modularity and scalability [1]–[3].

The main challenge of this topology is to control the
internal voltage balance of the system. If the system is
internally balanced in voltage, each output of the system
will operate with the correct number of voltage levels and
reduced internal losses [4]–[6]. For this reason, the modular
multilevel series/parallel converter (MMSPC) owns important
advantages compared with the traditional power modules. The
MMSPC allows not only the series interconnection among
modules, but also offers their parallel interconnection. With
this additional degree of freedom in the modulation stage,
different control objectives can be established to achieve in an
inherent way. Simpler voltage balancing between the modules
without additional sensors and/or dedicated control algorithms
can be achieved. This connection also leads to the reduction
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of the total parasitic inductance and resistance in the different
energy paths [7]–[10].

In this work, a Hexagonal converter based on MMSPC for
decoupled DC terminals is presented. The control strategy for
achieving three decoupled DC terminals is presented, together
with the implementation of the modulation strategy for the
MMSPC, which allows the internal voltage balance of the
system.

II. TOPOLOGY DESCRIPTION

The proposed system configuration is illustrated in Fig. 1.
The proposed converter is based in six-arms, composed by
(N ) identical MMSPC modules. The reason behind the use of
MMSPC modules is to allow internal balance among storage
units without complex control or modulation techniques [9],
[11], [12]. In Fig. 1, the proposed system is displayed using
N = 3. In order to use the proposed MMSPC-based Hexago-
nal converter to enable three decoupled DC-stations terminals,
i.e, the proposed system needs to control three DC voltages
independently and with the ability to supply different power
levels as requested by each station, as shown in Fig. 2.

Figure 1: Hexagonal power converter based on Modular Mul-
tilevel Series parallel converter (MMSPC)
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Figure 2: Hexagonal topology operating as an EV charging
station.

One of the biggest challenges in the proposed system, is
to maintain the internal voltage balance of the storage units
incorporated in the converter. In this work, a battery is used
in each MMSPC module, whose parameters are shown in
Table II. Hence, the control strategy for the multi modular
converter requires to maintain a balanced operation of the
different batteries, which in this work will be addressed at the
modulation stage, alternating the series and parallel connection
of them enabled by the nature of the MMSPC modules.

III. MODELLING AND CONTROL OF THE HEXAGONAL
POWER CONVERTER BASED ON MMSPC

Each arm of the converter is modeled as a controlled voltage
source plus an impedance connected in series, as shown in
Fig. 3. In this model, it is assumed that the modulation
imposed on the system allows the internal voltage balance
of the storage units integrated in the converter, and as already
mentioned, the MMSPC plays this crucial role in this topology
[13].

From Fig. 3 the following equations of the converter output
voltages can be obtained:

VApAm
=

1

2
[VA2 + VA3 − VB1 − VB3 − VC1 − VC2

− (IA2 + IA3) ∗ ZL)]
(1)

VBpBm
=

1

2
[VB1 + VB3 − VC1 − VC2 − VA2 − VA3

− (IB1 + IB3) ∗ ZL)]
(2)

VCpCm =
1

2
[VC1 + VC2 − VB1 − VB3 − VA2 − VA3

− (IC2 + IC1) ∗ ZL)]
(3)

From equations (1), (2) and (3) it is possible to generate
a three-phase AC set of voltages. These voltages can be
independently connected to a single-phase diode rectifier,
leading to three independent DC voltages, as shown in Fig.2.

Thus, to ensure a decoupled control of each of the DC
outputs of the proposed system, the control scheme described
in Fig. 4 is proposed. The idea behind this control scheme

Figure 3: Hexagonal converter model

is to obtain control of the three DC voltages in a decoupled
way (VDCA,VDCB and VDCC), regardless of the load that is
connected to them.

In this case, the DC voltage for each output (VDCxref
)

with x = 1, 2, 3 is defined and compared with each of the
output voltages of each rectifier bridge (VDCA,VDCB and
VDCC). The waveform that is generated at the output of these
PI controllers is multiplied by normalized sinusoidal signals
phase-shifted by 120◦, in order to create the modulating
signals for each arm of the proposed converter.

Figure 4: Hexagonal converter control scheme

The arm modulating signals are entered to the MMSPC
modulation stage, as is presented in Fig. 4. This stage is
based on a PS-PWM carrier modulation, where each arm
modulating signal is compared with two triangular carrier
waveforms, as shown in Fig. 5. If the modulation signal is
greater than both carriers, the switching states of the MMSPC
modules are connected in series (+) mode. On the other
hand, if the modulation signal is less than both carriers, the
switching states of the MMSPC modules are connected in
series (−) mode. Finally, if the modulation signal is between
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Figure 5: MMSPC modulation stage

both carriers, the switching states of the MMSPC modules are
connected in parallel (+) and parallel(−) mode, respectively.
The detail of the modulation stage of the MMSPC is presented
in [13].

IV. SIMULATION RESULTS

The results are obtained by modelling the hexagonal system
shown in fig. 2, which has a rectification stage using a diode
bridge and the control system shown in fig. 4. The simulation
of the model was carried out using Mat-lab/simulink software.
Different tests are performed to demonstrate the internal
voltage balancing capability of the system and the feasibility
of achieving decoupled DC voltage control. To demonstrate
these aspects, first the analysis of the proposed Hexagonal
system without load and with two capacitors and a DC voltage
source is presented. In this case, the modulation stage will
achieve the internal voltage balance of the modules of the same
arm, to confirm the effectiveness of the MMSPC modulation
stage to balance the modules. Secondly, the analysis of the
proposed Hexagonal system without load with 150V lithium-
ion batteries in each MMCSP module is presented to validate
the correct operation of the system with batteries in each
module of the system. Finally, three changes in the output
DC voltage references are implemented.

Table I: Simulation Parameters

Parameter Value
Carrier frequency of modulation framework 3 kHz

Arm Inductance Lxy 100 mH
Arm Resistance Rxy 0.1 Ω
Load Resistance Rx 500 Ω
Load Inductance Lx 10 mH

Battery type Lithium-Ion
Nominal voltage V 150 V

Rated capacity 5.4 Ah
Initial state of charge 100 %

A. Unloaded Hexagonal system with two capacitors and one
DC source in each arm of the converter

Each arm of the proposed system is composed of three
MMSPC modules. In each arm, a DC source is connected

Table II: Battery parameters

Parameter Value
Battery type Lithium-Ion

Nominal voltage V 150 V
Rated capacity 5.4 Ah

Initial state of charge 100 %

to a MMSPC module and only one capacitor is connected to
each of the other two in each of the branches, as can be seen
in the Fig. 6 (a). In this way, it is intended to demonstrate
that if the modulation of the MMSPC is well implemented,
the capacitors will be charged to the equivalent value of the
DC source, and the output voltages of the proposed converter
(VApAm , VBpBm and VCpCm ) will be appreciated.

Fig. 7 shows the voltage at the terminals of each of the
phases, which are 120◦ phase-shifted with each other, the
capacitors and internal resistors of the system are given in
Table I. A total of 15 levels are shown in the generated output
voltage (with a peak value of 1050 V and a voltage step
between the levels of 150 V). Due to the system is operating
unloaded, the current is equal to 0 A. Given the number of
output voltage levels and the clear definition of each level, it
can be affirmed that the modulation of the MMSPC achieves
the voltage balance among the DC sources of the modules,
which in this case were a battery and two capacitors.

Figure 6: The arm of the hexagonal system (a) MMSPC with
DC source and capacitor (b) MMSPC with batteries

B. Hexagonal system with battery in each MMSPC modules
and no load

In Fig. 8 shows the representation of each of the phases
considering that each of the branches of the hexagonal system
is composed of three MMSPC converters and each of these has
a battery as can be seen in Fig. 6 (b) . In total, the hexagonal
system has 18 batteries. The battery curves are composed of
three important regions; the first one is the exponential area
where the maximum charge value of the battery is found
(Fully charged), it is important to highlight that the time that a
battery can be maintained in this state depends on the intrinsic
characteristics of each battery, the second area is the nominal
voltage area of the battery and the third area is the discharge
stage.
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Figure 7: No load voltage with DC source

For this reason, in Fig. 8 having a nominal voltage per
battery of 150 V, a higher voltage amplitude is obtained with
a peak of -1226.74V and 1226.74V with a total of 15 levels.
The peak value of the batteries is approximately 14.38% higher
than the nominal voltage, leading to an increased voltage step
of 175.24 V.

Figure 8: No load voltage with batteries

C. Hexagonal system with changes in the output DC voltage
references

To study the different responses of the proposed Hexagonal
system, three changes in the output DC voltage references
were generated. Keeping the resistive load values presented in
table I

In Fig. 9, it is possible to appreciate the three DC voltages
of the system’s outputs, i.e. after a rectification stage based
on diode bridges in each of the phases. At the beginning, the
system starts with voltage reference equal to 700 V. At t = 3 s,
the DC voltage reference changes to 500 V and finally, at
t = 6 s, the DC voltage reference changes to 300 V. From
Fig. 9, it is possible to appreciate that the three output voltage

signals follow the references, and therefore, demonstrate the
correct control of each DC output voltage port.

Figure 9: DC voltage of the load

In Fig. 10, it is possible to appreciate the value of the current
that can be obtained in the load after the rectifying process.
From this figure, when a DC voltage reference occurs, the
value of the current decreases. At the beginning, when the
voltage is 700 V the current is 1.4 A, but when the voltage
drops to 500 V the current drops by 28.57% reaching the value
of 1 A, continuing with this when the voltage drops again to
300 V the current drops to 0.6 A. This behavior is the same in
each phase of the system since the loads of the three phases are
the same. Finally, Fig. 11 a zoomed graph of the DC current
waveforms to highlight their waveforms and details.

Figure 10: DC current of the load

Then, Fig. 12 and Fig. 13 show the output AC voltages
and currents of the proposed converter, respectively. From
these figures, it can be observed that the amplitude dynamics
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imposed by the changes of DC voltage references of each of
the output DC ports predominates.

Figure 11: Zoom of DC currents waveform.

Figure 12: AC voltage hexagonal converter

Moreover, in Fig. 14, a zoomed view of the current wave-
forms is provided. These currents for each phase of the
system have typical characteristics of voltage rectifier diode
bridges that have a capacitor such as DC-link, so they have a
significant harmonic content. For this reason, the use of this
type of solution allows mitigating the effect of this type of
system, since this current is generated by the storage elements
of the converter and not directly by the electrical grid.

Like a second validation stage, the decoupled control of
each DC port is validated. From Fig. 15, a change in the DC-
voltage reference is implemented. The DC-voltage references
changes from 400V to VDCAref

= 375V , VDCBref
= 400V

and VDCCref
= 350V . The proposed system allows a decou-

pled control of the DC-terminal, like is shown in Fig. 15.

D. Analysis of the behavior of batteries with changes in the
output DC voltage reference

Using the voltage values presented in the previous section.
In Fig. 16 shows the state of charge (SOC) of the batteries

Figure 13: AC current hexagonal converter

Figure 14: Zoom of AC currents waveform.

Figure 15: Voltage with load change
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Figure 16: State of charge %

present in the arms of the system. The upper part shows the
SOC of arms 1, 2 and 3, and the lower part shows the SOC
of the arms 4, 5 and 6. From this point on, the discharge of
the batteries is linear. From Fig. 16, it is possible to obtain
that in the interval between t = 0 s to the first impact in the
DC voltage reference, that is generated at t = 3 s, the SOC in
all the batteries are are equitably reducing with a defined rate.
For the second change in the DC voltage reference, the rate
of change in the SOC is lower, this because the load needs
less energy from the batteries. The same occurs in the last
interval of the Fig. 16. It is important to highlight that both,
the lower arms of the system and the upper ones, present the
same discharge behavior, due to the internal voltage balance
strategy.

V. CONCLUSIONS

This paper proposed a Hexagonal power converter based
on MMSPC for decoupled DC terminals. The use of MMSPC
modules in the system allows the internal voltage balance of
the different storage units that are connected in each module of
the proposed system. This internal balance is implemented in
the modulation stage and does not need any additional sensors
or control loop.

The proposed control strategy allows to control the DC
voltage of each DC terminals of the system. Due to the internal
voltage balance by the MMSPC modules achieve the internal
voltage, it is possible to achieve the correct operation of each
arm of the Hexagonal power system.

Simulation results validate the control strategy and the
internal voltage balance, in order to use these results as a
milestone for the implementation of the proposed system in
different applications like EV charging stations or Back-up
power systems.
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