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Letters

Hybrid Space Vector Modulation Scheme for the Multiport Hybrid Converter

Marco Stecca , Member, IEEE, Ahmed Abdelhakim , Senior Member, IEEE,
Thiago Batista Soeiro , Senior Member, IEEE, Francisco Canales, Pavol Bauer , Senior Member, IEEE,

and Peter Palensky , Senior Member, IEEE

Abstract—This work proposes a hybrid space vector modula-
tion (HSVM) scheme for multiport hybrid converters (MHCs).
Moreover, the impact of shifting the auxiliary currents from the
main ones is proposed and investigated in order to enhance the
converter efficiency. The proposed operational schemes have been
implemented in a three-phase 5 kW MHC prototype. It is shown
that the proposed HSVM scheme can improve the MHC efficiency
by 0.3% at full load with respect to space vector modulation. At
partial loads, the improvement is even more significant, reaching
+0.7% at 30% of the rated power. A further 0.15% increase in
efficiency at full power can be achieved by a 180◦ phase shifting of
the auxiliary currents with respect to the main terminal currents,
reaching a peak efficiency of 98.5%.

Index Terms—Hybrid space vector modulation (HSVM),
multiport hybrid converter (MHC), voltage source converter
(VSC).

I. INTRODUCTION

MULTIPLE ac grids or loads can be interfaced to a com-
mon dc grid or generation system by several dedicated

voltage source converters (VSCs) [1]. Interestingly, as discussed
in [2], a single multiport converter can be used to replace those
several VSCs of the multiterminal grid. This configuration is
particularly advantageous when the system is designed to supply
the majority of the dc power to an individual ac terminal,
while the remaining ac terminals are mostly comprised of aux-
iliary loads. This condition is commonly found, for example,
in electric traction applications, e.g., electric ships and trains,
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Fig. 1. Circuit schematic of a three-phase multiport hybrid converter (MHC)
supplying three separate loads.

and high-power medium voltage dc (MVDC)-based distribution
systems featuring energy hubs, and micro and nanogrids [2].

Examples of a single converter multiport implementation are
found in [1] and [3]. These works use a nine-switch converter,
which can feed two independent ac loads, and it is derived by
adding a single switch in series with each half-bridge leg of a
three-phase, two-level VSC. However, previous literature has
shown that three-level topologies are a better solution than two-
level VSC in terms of efficiency, power density, and operating
costs in high-power and high-voltage implementations [4], [5].
In this context, the multiport hybrid converter (MHC), which
is a three-port converter based on the three-level active neutral
point clamped (ANPC), has been proposed in [2]. The MHC
circuit topology is shown in Fig. 1. As can be noticed, this
MHC is built by adding two switches per phase-leg to the ANPC
structure. In this way, the MHC allows the utilization of lower
voltage class semiconductors and, therefore, better switch loss
performance becomes possible. The MHC operation has been
presented in [2] and [6], where the outputs are modulated with
space vector modulation (SVM).

This letter proposes two modulation schemes that aim at
enhancing the efficiency of the MHC proposed in [2]. First,
a hybrid space vector modulation (HSVM) scheme specially
designed for the MHC is presented. This HSVM method fulfills
the MHC operating requirements, which dictates that the output
modulation waveforms for each individual ac terminals do not
intercept the ones of the other ac terminals. Second, a scheme
foreseeing the phase shifting of the auxiliary ac terminals’
currents with respect to the currents at the ac terminal processing
the main system power is presented. This scheme allows the
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Fig. 2. Proposed HSVM modulation scheme for a three-phase MHC during
one fundamental period Tg . v∗u, v∗m, and v∗l are the modulation waveforms for
the upper, main, and lower output, respectively, and the two sawtooth waveforms
are the carrier signals.

TABLE I
MHC STATES AND REQUIRED ON SWITCHES TO ACHIEVE THEM CONSIDERING

PHASE-a. NOTE THAT THE STATES OF THE REMAINING SWITCHES ARE NOT

CONSIDERED IN THIS TABLE

reduction of the MHC power losses further by reducing the
rms currents across some of the MHC’s semiconductors. The
proposed HSVM schemes have been tested in a three-phase 5 kW
MHC laboratory prototype under various load conditions.

The rest of this article is organized as follows. Section II
reviews the MHC operation and introduces the proposed hybrid
modulation schemes. Section III describes the experimental
verification of the proposed modulations. Finally, Section IV
concludes this letter.

II. MHC OPERATION AND PROPOSED HYBRID MODULATION

The MHC main load can be modulated using any continuous
modulation scheme suited for the conventional ANPC converter.
In addition, two extra sets of reference signals have to be utilized
for the modulation of the upper and lower auxiliary loads, as
shown in Fig. 2. The MHC is operated withSx as complementary
of Sx, where x = u, l,mu,ml, as indicated in Fig. 1. The
possible states of the three MHC outputs and the switches which
are required to be ON to achieve these switches are listed in
Table I. Note that the states of the remaining switches are not
considered in this table. To ensure the MHC proper operation,
v∗u and v∗l , which are the modulation waveforms of the upper and
lower auxiliary outputs, cannot intersect with v∗m, which is the
modulation waveform of the main output. This condition guar-
antees that Su or Sl are ON whenever needed by the main load.
If this condition is not respected, the auxiliary outputs’ voltage
and current would get distorted, and therefore, the MHC does
not operate properly [2]. This can be particularly challenging in
motor drives applications where the main load can operate with
different frequencies than the auxiliary switches, posing a limit
to the maximum modulation index each load can operate.

The MHC feeds a main load and two auxiliary loads. During
the operation, the auxiliary loads can consume different powers,
which results in unbalance between the dc-link capacitors. This
unbalance can be corrected by introducing a bias factor δ to the
main output modulation waveform v∗m [2]. Note that to avoid
any disturbance in the MHC operation, which might occur if
the reference signals intersect with each other, the following
constraint has to be guaranteed:

(Mm +Ml +Mu + 2δmax) ≤ 1 (1)

where Mm, Ml, and Mu, are, respectively, the modulation in-
dices of the main load, upper auxiliary load, and lower auxiliary
load, and δmax is the maximum bias factor at the worst-case
unbalance scenario between the auxiliary loads. The modulation
indices are calculated by

Mi =
2 · vi
Vdc

(2)

where vi is the peak ac phase voltage and i indicates the three
MHC outputs.

In terms of modulation strategy, SVM is generally preferred
among the continuous modulation methods of VSCs, due to its
higher dc-link voltage utilization and simplicity of implemen-
tation [7]. The MHC operating with SVM has been discussed
in [2]; therefore, this article focuses on the proposed HSVM
method for modulating the MHC.

A. Hybrid Space Vector Modulation

Discontinuous pulsewidth modulation (DPWM) schemes for
the modulation of three-phase VSCs have been proposed to
reduce their semiconductors’ switching losses [8]. These mainly
consist of cyclically clamping one of the three phase-legs either
to the positive or to the negative dc rails, while controlling
the generated ac terminal voltage by switching the other two
remaining phase-legs. In this way, the semiconductors of the
clamped leg do not switch during the entire period, but only
during a fraction of it, reducing the overall switching losses.
DPWM methods have already been proposed for various VSC
topologies, but not for the MHC.

As previously mentioned, the MHC operation does not allow
the intersection of the modulation waveforms of the various
outputs, which poses a limitation for the implementation of
typical DPWM methods in the MHC. In fact, the main T-type
module cannot be operated with DPWM in a motor drive appli-
cation; otherwise, during the clamping time, v∗m would intersect
with v∗u and v∗l . However, the two auxiliary outputs need to be
clamped at different dc rails, since they need to be positioned
at the top and the bottom of the main modulation waveforms.
More specifically, as illustrated in Fig. 2, v∗u can clamp at +1,
while v∗l , at −1. Consequently, the upper output can be operated
with maximum DPWM (DPWM MAX), the main output with
SVM, and the lower output with minimum DPWM (DPWM
MIN). In this way, the upper and lower output only clamp in one
state, +1 and −1, respectively, avoiding crossing with v∗m. This
set of modulation schemes constitutes a HSVM method that is
suitable for the MHC. The HSVM method allows the proper
operation of the MHC and, at the same time, reduces the MHC
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Fig. 3. SLF of SVM, DPWMMAX, and DPWMMIN. Note that discontinuous
modulation methods can be used only in the auxiliary outputs.

switching losses. An example of the reference signals for the
MHC operating with HSVM is shown in Fig. 2.

The HSVM method does not impact the main output, since
this is still operated with SVM; however, the auxiliary ports will
see a reduction of the switching losses since they are DPWM
modulated. Considering the auxiliary outputs, which are two-
level modulated, the average switching power loss per device
over a fundamental period can be defined as

Psw =
Vdc

2πVb
fswEon,off,rr

∫ 2π

0

|i (ωet)| dωt (3)

where Vb represents the datasheet reference voltage, fsw the
switching frequency, Eon,off,rr is a combined switching loss
value per commutation for a specified dc voltage and output cur-
rent, and i(ωet) equals zero in the intervals where no switching
occurs and equal to the phase current otherwise. Equation (3) can
be normalized to its value for SVM (2VdcfswÎEon,off,rr/πVb),
with Î the peak line current, resulting in the switching loss
function (SLF), which for the DPWMMAX and DPWMMIN
methods is derived as follows [8], [9]:

SLF =

⎧⎪⎨
⎪⎩

1
2 − 1

4 sinϕ −π
2 ≤ ϕ ≤ −π

6

1−
√
3
4 cosϕ −π

6 ≤ ϕ ≤ π
6

1
2 + 1

4 sinϕ
π
6 ≤ ϕ ≤ π

2

(4)

whereϕ is the phase shift between the output voltage and current.
The SLF is shown in Fig. 3 in the full ϕ range, where it can be
seen that the DPWM MAX and DPWM MIN allow a reduction
of up to 40% of the switching losses compared with conventional
SVM at full power factor.

It has to be noted that the two-level modules’ switches (Su,
Su, Sl, and Sl) suffer switching losses only according to the
auxiliary currents. This occurs because the two carriers of Fig. 2
guarantee that the switching action of Su and Su only occurs
when theSmu is OFF, and therefore, the switching happens when
the upper two-level module is only feeding the upper load and
not the main load. The same reasoning can be extended to the
lower two-level module and its switches.

The switching losses distribution among the switches of
phase-a derived through the circuit simulator is shown in Fig. 4.
In the simulation, Vdc is set to 800 V, the line frequencies fg,u,
fg,m, and fg,l are 50 Hz, and the switching frequency fsw is
18 kHz. The voltages of the auxiliary outputs are set to 80 V,
the main output terminal to 380 V, and the MHC is operating
at full power factor. Fig. 4 displays the switching losses of the

Fig. 4. Switching losses distribution among the individual switches of phase-a
when the MHC operates with SVM and HSVM while supplying (a) 2 × 300 W
auxiliary loads and a 4.4 kW main load, and (b) 2 × 300W auxiliary loads and
a 2.2 kW main load.

individual switches when the MHC operates under SVM and
HSVM. Two operating points are considered, Fig. 4(a) is relative
to when the MHC supplies 2 × 300 W auxiliary loads and a
4.4 kW main load, and Fig. 4(b) when the MHC supplies 2 ×
300 W auxiliary loads and a 2.2 kW main load. It can be seen
that the switching losses of Su and Sl are reduced by 81%,
leading to an overall reduction of 60% in the two-level operated
switches. Note also that the change in loading in the main output,
from Fig. 4(a) and (b), only impacts the switching losses in the
T-type module switches (Smu, Smu, Sml, and Sml). This shows
that the two-level module switches suffer switching losses only
according to the auxiliary load currents, as previously explained.

Another important metric for the benchmarking of modulation
methods is the harmonic distortion at the output. The harmonic
distortion functions (HDF) of SVM, DPWM MAX, and DPWM
MIN, which are indicators of the waveform quality and harmonic
losses, are shown in Fig. 5 as a function of the modulation
index Mi, following the derivations presented in [8], [9]. Fig. 5
shows that the DPWM MAX and DPWM MIN show the worse
performance forMi = 0.5; however, at low and high modulation
indices, the performances are only slightly worse than SVM.
The auxiliary outputs are typically operated at low modulation
indices since they are used to supply low power loads; there-
fore, the degradation in harmonic performance is limited when
applying the DPWM MAX and DPWM MIN methods.

To conclude, Figs. 3 and 5 show the advantage of the DPWM
methods in terms of lower switching losses, but also the draw-
back of higher harmonic distortion, with respect to the continu-
ous SVM method.

B. 180◦ Shifting of the Auxiliary Current Outputs

Considering the MHC operation, it can be noted that the upper
switch is used to modulate both the upper and the main output
voltage. Therefore Su conducts the currents flowing to both of
them, as shown in Fig. 6. However, these currents are decoupled
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Fig. 5. HDF of SVM, DPWMMAX, and DPWMMIN under the same switch-
ing frequency. Note that discontinuous modulation methods can be used only in
the auxiliary outputs.

Fig. 6. MHC switching state considering phase-a when the upper auxiliary
and the main load are supplied through Su. The ON switches are highlighted
with black color. If the upper auxiliary current iu and the main load current im
are phase shifted of 180◦ between them the rms current in Su is minimized.

from each other since they are a function of the individual load
conditions and of their respective terminals’ output voltages,
which in turn only depend on the modulation waveforms and
Vdc. Therefore, isu, which is the current flowing through Su, is
related to both the upper, iu, and main, im, output currents and
can be defined as follows:

isu = isu,u + isu,m (5)

where isu,u is the fraction of the upper output current flowing
through the Su, and isu,m is the fraction of the main output
current flowing through the Su.

Under the condition that the three MHC outputs are not
synchronized, a phase shift between the phase of the main output
voltage vm and the phase of the two auxiliary outputs vu and vl
can be introduced. Such phase shift, depending on the outputs’
load conditions, for some applications, will result in a phase
shift also between the output currents. Therefore, if the phase
shift of the modulation indices is controlled to lead to a 180◦

phase shift between isu,u and isu,m, the rms current in Su will
be lower, further reducing the MHC losses. This concept can be
applied both between the main and upper output and between the
main and lower output, impacting the power losses in Su and Sl,
respectively. Furthermore, such phase shift can be applied with
any modulation technique, both continuous and discontinuous
ones.

Fig. 7. Steady-state waveforms of (a) isu,m and (b) isu,u derived through
circuit simulation.

Fig. 8. Steady-state waveforms of isu when (a) the upper and main output
currents are in phase, and (b) when the two are 180◦ shifted.

A circuit simulation software is used to show the proposed
concept. A simulation model of an MHC has been built to show
the waveform of the current through Su and to calculate its rms
value under various phase shifts between the main and upper
output terminals. The simulation parameters are kept equal to the
ones described in Section II-A. The steady-state waveforms of
isu,m and isu,u derived through the circuit simulator are shown
in Fig. 7(a) and (b), respectively. If these two currents are in
phase, the two half-waves with the highest average current values
will lay in the same half-cycle, as possible to see in Fig. 8(a). On
the other hand, if iu and im are phase shifted of 180◦ between
each other, the positive component of isu,u will sum up with the
negative component of isu,m, therefore resulting in a lower isu
rms, as shown in Fig. 8(b). In Fig. 9, the rms current in Su is
calculated for a fixed auxiliary load power and by varying the
main load power when the phase currents of the upper and main
outputs are in phase or shifted of 180◦. When a 180◦ shift is
applied, the rms current in Su can be strongly reduced, up to
40%.

Furthermore, through the circuit simulator, the conduction
losses distribution among the switches of phase-a are calculated.
Fig. 10 displays them when the MHC operates under HSVM and
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Fig. 9. RMS current in Su for a fixed auxiliary load output power and varying
the main load output power when the phase currents of the upper and main
outputs are in phase or shifted of 180◦.

Fig. 10. Conduction losses distribution among the switches of phase-a when
the MHC operates under HSVM and the main output current is 0 and 180◦
shifted from the auxiliary ones while supplying (a) 2 × 300 W auxiliary loads
and 4.4 kW main load, and (b) 2 × 300 W auxiliary loads and 2.2 kW main load.

when shifting by 0◦ and by 180◦ the auxiliary output currents.
Two operating points are considered, Fig. 10(a) is relative to
when the MHC supplies 2× 300 W auxiliary loads and a 4.4 kW
main load, and Fig. 10(b) when the MHC supplies 2 × 300 W
auxiliary loads and a 2.2 kW main load. It can be noted that
the shifting of the auxiliary currents with respect to the main
output current leads to a 61% reduction in conduction losses
in Su and Sl, which are also the two switches more heavily
loaded. Note that the other switches are not impacted by such
phase shift, confirming the fact that this method does not impact
the operation of the MHC.

III. EXPERIMENTAL VALIDATION

The proposed HSVM modulation strategy and the 180◦ shift-
based HSVM are implemented in a 5 kW three-phase MHC
prototype, which is shown in Fig. 11. The MHC power switches
can be selected with a voltage class of Vdc/2, as for the ANPC
converter, with exception of Smu and Sml, which in some
switching states they need to block the full Vdc voltage and,
therefore, need to be selected with a voltage class of Vdc. Re-
garding the current rating, the half-bridge modules’ switches
(Su, Su, Sl, Sl) need to withstand the main and respective
auxiliary load, therefore they need to be sized for the sum of
these two powers. The T-Type module switches (Smu, Smu,

Fig. 11. Three-phase 5 kW MHC prototype, highlighted the dc input and ac
outputs, and the two-level and T-type modules used for the MHC assembly.

Sml, Sml), instead, only feed the main load, therefore they need
to be sized for the main load power. Following these constraints,
the MHC prototype is assembled with the 900 V 120 m Ω
C3M0120090 J SiC MOSFET from Cree as switch, and it is
operated following the same parameters used for the circuit
simulations of Section II-B supplying resistive loads. These are
interfaced with the MHC output terminals utilizing LCL filters,
assembled with 340μH inductances and 5μF capacitances. The
load resistances are fixed to have the auxiliary outputs delivering
each 0.3 kW, and the main output terminal 4.4 kW, for a total
MHC power of 5 kW.

The phase-a waveforms of the MHC operating with HSVM
are shown in Fig. 12(a). The voltage waveforms are shown before
and after the LCL filters, with subscripts i and f, respectively,
while only the load current is shown. Currents and voltages
are shown for the three outputs, with subscripts u, m, or l.
The upper and lower outputs clamp at their current’s positive
and negative peaks, respectively. The same quantities are also
presented in Fig. 12(b) when the MHC operates with HSVM
and a phase shift of 180◦ between the main output current and
the two auxiliary currents. The individual MHC outputs are not
impacted by the 180◦ shifting, and the overall MHC operation is
equivalent to the one of Fig. 12(a). The HSVM modulation and
the 180◦ shift-based HSVM are implemented to reduce the MHC
power losses. The effectiveness of these methods is evaluated
through the Yokogawa WT500 power analyzer, while the MHC
auxiliary loads provide fixed power of 0.3kW each, and the main
output varies in power from 0.8 to 4.4 kW. The MHC efficiency
is measured under various SVM and HSVM, and when shifting
the auxiliary currents of 180◦. The efficiency curves are shown in
Fig. 13. Note that the efficiency measurements include also the
losses in the three LCL filters and in the dc-link capacitors. The
HSVM method increases the efficiency with respect to SVM,
in the order of 0.3% at full load, and up to 0.7% at 30% full
power. A further efficiency increase is provided by the 180◦

shifting, especially for total power higher than 2 kW. The current
shifting can provide a 0.15% efficiency improvement, which is
remarkable at this high efficiency values, ≈ 98.5%.

Another important performance metric to be considered for
benchmarking modulation schemes is the total harmonic distor-
tion (THD), which defines the filtering requirements. As for the
efficiency curves, the load current THD is evaluated for SVM
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Fig. 12. MHC waveforms of phase-a when operating with (a) HSVM and (b)
HSVM, and the main current is shifted from the auxiliary currents of 180◦.

Fig. 13. MHC measured efficiency varying the main load output power, when
the auxiliary outputs deliver 0.3 kW each, for different modulation strategies.

Fig. 14. Measured THD of the three MHC outputs at full main power for
different PWM modulation strategies.

and HSVM and with the 180◦ shift. Fig. 14 shows the current
THD of the MHC outputs under the previously mentioned con-
ditions. The THD is measured after the LCL filters at the loads’
currents. As expected and discussed in Section II-A, the SVM
method leads to lower harmonic distortion. Instead, the HSVM
method presents higher distortion in the auxiliary outputs than
the SVM method. The main output sees no changes in THD since
even when the MHC is modulated through HSVM, the main out-
put is still SVM modulated, as explained in Section II-A. In ad-
dition, it is noted that the auxiliary currents shift of 180◦ creates
a marginal difference in the harmonic distortion. Furthermore,
the difference in THD between the main and auxiliary output is
due to the different loading conditions and modulation index.

IV. CONCLUSION

This letter proposed an HSVM scheme for MHCs, which con-
sists of the upper and lower outputs modulated with maximum
and minimum DPWM, respectively, and the main output with
SVM. Also, a scheme shifting the auxiliary currents with respect
to the main currents has been described to reduce the MHC
power losses further.

The proposed concepts have been implemented in a three-
phase 5 kW MHC prototype. Their effectiveness in improving
the MHC efficiency has been shown by measuring the MHC
efficiency under various load conditions. It is shown that the
HSVM method can improve the MHC efficiency of 0.3% at
full load, and at partial loads, the improvement is even more
considerable, +0.7% at 30% the full power. An additional 0.15%
increase in efficiency can be achieved by shifting the auxiliary
currents of 180◦ from the main currents. Such efficiency increase
is significant since the system already operates at high efficiency,
≈98.5%, and it comes with a relatively uncomplicated modifi-
cation in the control loop.
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