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Abstract — This paper presents an adapted carrier-
based PWM modulation technique to be applied on both
Neutral Point-Clamped (NPC) and Flying Capacitor (FC)
structures of multilevel inverters. The proposed
modulation leads to an improved performance on the
output voltage THD. It also reduces the total loss
dissipation across the semiconductors devices compared
to other conventional carrier-based PWM modulation
techniques, such as Phase-Shifted PWM (PSPWM) and
Level-Shifted PWM (LSPWM). In order to demonstrate
the effectiveness of the proposed technique, it was
developed a three-phase, three-level, 6kW prototype for
both NPC and FC topologies.

Keywords - Losses Reduction, Multilevel Inverters,
PWM Modulation, THD Performance.

[. INTRODUCTION

During the last years, several topologies of multilevel
inverters have attracted attention and have been largely used
on industry applications, due to their capability of reducing
harmonics on the output voltage, and lowering voltage
stresses across the semiconductors, especially under medium
and high power applications, as reactive power compensators
and AC motor electric drives [1], [2].

Among the different proposed structures, three are mainly
used: Neutral Point-Clamped (NPC), Flying Capacitor (FC),
and Cascaded H-Bridge (CHB), though this last one requires
isolated DC sources, which limits its application.

The NPC topology (Figure 1) was proposed in [3] and
presents the following features: reduced block voltage across
the switches, no isolated DC sources are required, reduced
losses and EMI, and possibility of reactive power control [4].
The main drawbacks are: high number of semiconductors,
voltage misbalancing between DC-link capacitors, and it is
hard to be expanded to high-level systems [2].

As an alternative for the NPC, it was proposed in [5] the
FC structure (Figure 2), which advantages are: fewer power
semiconductors, redundant commutation stages, possibility
of active and reactive power control, and easy expansion to
operate with more levels [6], [7]. As drawback, it can be
stated: volume and weight of the structure, due to the use of
more capacitors, and the concernment with the capacitors
charge and discharge dynamic process.
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However, due to the growing tendency of using more
switches, and the constant concernment with the processed
energy quality and losses reduction, several modulation
techniques have been proposed during the last two decades.

The simplest modulation is the Phase-Shifted PWM
(PSPWM), where two triangular carriers are shifted by 180°,
as presented in Figure 3a, balancing naturally the voltage
across the flying capacitors. However, it is only applicable
on FC structures and the output voltage harmonic
performance is poor, especially for low modulation index [1],
[8], [9]. As an alternative, though the THD performance is
also poor, the Level-Shifted PWM with Phase Opposition
Disposition (LSPWM-POD) technique, presented in Figure
3b, can be applied on both NPC and FC topologies, where
two carriers are mirrored from each other [8], [10].

Recently, it was proposed in [11] a carrier-based PWM
method, especially designed for flying capacitor multilevel
inverters, as can be observed in Figure 4a. It improves the
output voltage harmonic content by applying the same
amount of time on the flying capacitors charge and discharge
operation over one period. Despite the good performance
achieved in terms of THD, this technique can only be applied
on FC structures, as it is based on the PSPWM.

Thus, in order to overcome this drawback, this paper
proposes an adaptation of the technique proposed in [11],
mirroring the carriers, based on the LSPWM-POD technique,
as shown in Figure 4b. The main features of the proposed
modulation are: can be applied on both NPC and FC
topologies, improved output voltage THD performance, and
losses reduction. As a drawback, it can be stated the
complexity to digitally generate the carriers and the poor
THD performance for very low modulation index region.

Next section presents a detailed study on the losses of
each modulation applied on both topologies, while the THD
measurements are presented on last section in order to proper
confirm the analysis developed through the whole paper.
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Fig. 1. Three-phase, three-level, NPC topology.
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Fig. 2. Three-phase, three-level, FC topology.
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II. LOSSES ANALISYS

A. Modulations Switching Characteristics

As can be observed in Figure 5, due to the characteristics
of PSPWM, the switches are indefinitely commutating over
one switching period, as the modulator is always crossing
one carrier, raising the losses associated to the switches.

The same occurs with the technique proposed in [11], as it
is based on PSPWM, with two modified carriers shifted by
180°. On Figure 4a, the two carriers are separated in two axis
just for a better comprehension. The sine wave modulator is
offseted from 0.5V, and varies between 0 and Vp,
proportionally to the modulation index. When the modulator
varies between 0 and V,/3, the PWM pulses are generated
comparing it to the low part of the carriers. If the sine wave
is within the range V,/3 and V,, the pulses are obtained by
comparing the modulator to the high part. This technique
results in PWM pulses generated all over the switching
period, as the modulator is always crossing one carrier.
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On the other hand, Figure 6 presents the switching pulses
for the LSPWM-POD. It is important to notice that, as the
modulator signal crosses with only one carrier at any time,
just two switches commutate over a half period, while the
others remain turned-off or turned-on, depending on
situation, which are both illustrated on Figure 6. On the first
case, Sy 1S commutating, while S,, is always turned-on. On
the other possibility, Sy, is switching, while Sy, is always
turned-off. It must be noticed that, depending on the
topology, S,; is complementary to Sy, and Sy4 to Sy,, or the
opposite, where x=a,b,c.
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Fig. 5. Details of pulses generation on PSPWM modulation.
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Fig. 6. Details of pulses generation on LSPWM-POD modulation.
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Analyzing the two figures above, it can be stated that the
losses associated to the semiconductors on the LSPWM-POD
modulation are reduced if compared to the PSPWM. Thus,
adapting the modulation technique proposed in [11] to the
one presented on Figure 4b will also reduce the losses, as
detailed on next section.

Thus, Figure 4b presents the proposed modulation, where
two carriers are mirrored from each other, with one of them
varying between O and 0.5V, while the other one from
0.5V to V. As on the modulation proposed in [11], the
modulator signal is still offseted from 0.5V, and the PWM
pulses generation process is analog to the original one
(Figure 4a), though only two switches commutate during a
half switching period, resulting in reduced switching stress
across the semiconductors, as in LSPWM-POD technique.
Figure 7 presents the switching pattern of the proposed
technique for one inverter leg. Also, it must be noticed that
those pulses are referent to the Neutral Point-Clamped
topology. For the Flying Capacitor structure, the pulses from
S« and S,4 should be shifted.

B. PSPWM Applied to FC

In order to determine the current stress on each
semiconductor, it must be calculated the modulation
functions for the various combinations of topology versus
modulation, which can be obtained by observing the current
waveforms behavior through the switches on each state
changing, when comparing the modulator and the carriers.

Equations (1) and (2) present the functions for switches
S,1 and S,,, while (3) and (4), for semiconductors S,3 and S4,
where 6, is the load angle, M, is the maximum modulation
index, and I, i is the phase output peak current.
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Fig. 7. Switching pattern of the proposed technique for the Neutral
Point-Clamped topology.
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For the diodes, the equations below follow the same
model as the switches: (5) and (6) presents the functions for
diodes Dy and Dy,, while (7) and (8), for Dy; and Dyg.
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C. LSPWM-POD Applied to FC

Equations (9) and (10) present the functions for switch
Sx1, while (11) and (12), for Sy, for the LSPWM-POD
modulation applied to FC topology.
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Though the modulation functions for switches S,; and Sy
are different from those presented above, the resulting
current stress through S,; is equal to Sy;, while S, is equal to
Sy,. For the diodes, the equations below follow the same
model as the switches: (13) and (14) presents the functions
for Dy, while (15) and (16), for D,,. Also, the current stress
on Dy; is equal to Dy, and Dy, is equal to Dy,.
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D. LSPWM-POD Applied to NPC

Equations (17) and (18) present the functions for switch
Sy, while (19) and (20), for S,,, for the LSPWM-POD
modulation applied to NPC topology. As observed on last
case, the modulation functions for switches Sy; and S, are
different from Sy; and S,,, but the current stress on Sy is
equal to Sy, and Sy; is equal to Sy, and the same occurs with
the diodes. Equations (21) and (22) present the modulation
functions for Dy, while (23) and (24) for D;..
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i,(0t)=—1,, -sin(wt—6) 0<awr<6, (24)

The neutral clamped diodes (D1 and D2) also must have
its modulation functions determined, as calculated below.
Equations (25) and (26) are relative to D1. The functions of
D2 are suppressed, as the current stresses through both
diodes are equal to each other.

0 0<wr<6,

M., -sin(ot) 60, <or<rx
O (0t) = 25
Dl(a)) Mmax-|sin(a)t)| Tlwt<rm+0, =
0 746 <wt<2r
1, . -si -0 6 <wt<
i (or) = opi - Sin (@1 —06,) ) Sot<rm 26)
Io.pk~sin(a)t—00) TSt <m+0,

E. Comparative Analysis

The next step is to determine the average and RMS
current values using the previously calculated modulation
functions, using equations below:
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It must be noticed that, as the modulation functions of the
technique proposed in [11] and the one proposed in this
paper are very complex to be determined, and the simulated
values for the other techniques are very close to the
calculated ones, the average and RMS current values used for
both modulation techniques are simulated and not calculated.

According to [12] - [14], the conduction losses across the
switches and diodes can be determined using (29) and (30),
where x=a,b,c, and y=1,2,3,4.

ISXYMED = 2 T )
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Dxyconn = VD ’ ID‘Z"MED + RD ’ IIZJWRMS (30)

The parameters from equations above are defined as:

® Vo is the variable that represents the constant parcel of
the opposition to the current flow through the switch;

® Ry is the variable that characterizes the linear growth of
the opposition to the current flow through the switch;

e Vp and Rp are defined similarly to Vo and R,
respectively, though with respect to the diodes.

The commutation losses across the switches are calculated
from (31) to (34), while the reverse recovery losses
associated to the diodes are determined using (35) and (36).
The methodology to calculate all the used parameters is
presented on these references.
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Table I presents the employed components to develop the
NPC and FC structures, while Table II presents the
calculated overall losses for one leg of the multilevel inverter
with a 6kW, 70% power factor load, where it can be
observed that the proposed modulation is capable to reduce
losses, up to approximately 8.5% on each inverter leg.

TABLE 1
Employed components specifications
Switches Sx1, ..., Sx4 IGBT GP50B60PD1
Clamped Diodes D1, ..., D6 MUR 860
Flying Capacitors 3 parallel 470uF/450V
DC Bus Capacitors 470uF/450V
TABLE I1
Overall losses for each combination
FC NPC
PSPWM 146.403 W -
LSPWM-POD 140.218 W 123331 W
Proposed in [11] 149.435 W -
136.792 W 120.842 W

Proposed in this paper

III. EXPERIMENTAL RESULTS

This section presents the experimental results referent to
the proposed modulation. Figure 8 presents the output
voltage THD of each modulation applied to FC and NPC
topologies. From the THD results, it can be stated that, for a
high modulation index, above 0.5, the use of the proposed
modulation technique is recommended. However, for a low
modulation index application, the technique proposed in [11]
is the best among the ones observed.

The degradation on the THD performance noticed for low
modulation indexes of the proposed modulation is due to the
fact that the modulator does not cross with the high carrier
region. It results in a sparse output voltage, with short-
duration pulses, which affects the THD. On the contrary, the
modulation proposed in [11] is capable of maintaining the
duration of each pulse, even for a low modulation index.

Figures 9 and 10 present the phase and the line-to-line
output voltage, respectively, where it can be observed that
the proposed modulation technique produces the expected
behavior of a three-phase, three-level Neutral Point Clamped
multilevel inverter. The results illustrating the operation of
the FC topology are omitted due to the fact that one of the
main advantages of the proposed modulation is to adapt the
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modulation technique proposed in [11] to be applicable on
the NPC topology, maintaining the improved THD
performance.

Finally, Figure 11 presents the comparison between the
efficiency curves from the presented techniques varying with
different modulation indexes for both NPC and FC
topologies. The presented efficiency curves confirm the
theory developed through the whole paper, which states that
the proposed modulation reduces the losses associated to the
semiconductors devices.

It must be noticed that, on Figure 11a, there are just two
modulation techniques curves being compared, while in
Figure 11b there are four. This is due to the behavior from
the NPC and FC topologies, as the NPC does not accept
modulation techniques based on phase-shifted carriers.
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Fig. 8. Non-filtered line-voltage THD performance curves: a) FC
Topology; and b) NPC Topology.
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Fig. 9. Output phase voltage on the NPC converter operating with
the proposed modulation.

107



J‘H ] \ H\\h N
m

[ 1) Line-to-Line 200 V- 5ms - . . . .
P A T, S T I I

Fig. 10. Output line-to-line voltage on the NPC converter operating
with the proposed modulation.

A
95%
= | LSPWM-POD
= | Proposed J
- / S
s / //
>
2 s5% Yt
o ¢ / ”
S 7 s
i //
Mi
75% >
0.8 0.7 0.6 0.5 0.4 0.3
A a)
95% 1 <A~ pspwm
== LSPWM
o, 4
90% e=fE=— PWM HE
g =&= Proposed PWM VAN
> 85% 1
o
c
Q2
£ 80% |
L /
75% 1 /
_ = = Mi
70% F—=— : | . —
0.8 0.7 0.6 0.5 0.4 0.3
b)
Fig. 11. Efficiency curves comparison for different modulation
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IV. CONCLUSION

This paper presented a FC and a NPC three-phase, three-
level inverter operating with an adapted modulation. Along
with the theoretical analysis showing the characteristics,
advantages, and disadvantages of each modulation (PSPWM,
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LSPWM-POD, modulation proposed in [11], and the one
proposed in this paper), it was detailed the full losses
analyses for each combination of the various modulations
techniques applied on both inverter structures.

Compared to the conventional modulation techniques and
the one proposed in [11], the proposed modulation improved
the output voltage THD performance for high modulation
index region, while the original is most suitable for low
modulation indexes, which is the main drawback of the
proposed topology.

In terms of losses across the semiconductors devices, the
proposed modulation offers the best solution among the
analyzed possibilities, raising the efficiency up to
approximately 4% on low modulation index region, and 2%
for high modulation indexes.

At last, the experimental waveforms of the output phase
voltage and line-to-line voltage validate the whole analysis,
as the characteristics of these waveforms are coherent to the
expected ones on a three-phase, three-level NPC multilevel
inverter. Thus, it can be stated that the proposed modulation
is suitable for both NPC and FC topologies.

As future work, the authors propose the application of the
proposed modulation technique on structures with more than
three levels, as this possibility has been already discussed for
the technique proposed in [11].
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