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Abstract

Multilevel voltage-source converters are well-suited for
power conversion applications demanding higher power
density, reliability, efficiency, and power quality. An un-
remitting and persistent research for developing advanced
multilevel converter topologies with improved character-
istics, performance, modulation techniques, and control
methods continues. This paper proposes duo-neutral-

tilevel converters.

Index Terms- D-ANPC converter, D-NPC converter, D-
NPP converter, Diode abatement, FC energy reduction,
FC voltage decrease, IGBT abatement.

1 Introduction

Multilevel converters have been the focus of an intense

point-clamped (D-NPQ), duo—active—neutral—point—clampedattention from academia and industry since their emer-

(D-ANPC), and duo-neutral-point-piloted (D-NPP) mul-
tilevel voltage-sourced converter topologies. The D-NPC,
D-ANPC, and D-NPP converters phase-leg is realized
by adding low-frequency semiconductor power switches
to their structures. This results in a substantial reduc-
tion in the number of the high-frequency pulse-width-

modulation (PWM) insulated-gate bipolar transistors (IG-

BTs) and clamping passive devices including diodes as
well as flying-capacitors (FCs). Moreover, a drastic abate-
ment in the total voltage rating and total stored energy
of the FCs within the D-ANPC topology is achieved
compared to the classic ANPC configuration. The ex-
perimental results are provided for D-NPC, D-ANPC,
and D-NPP converters to validate the feasibility of their
topology and modulation method for control of the mul-

gence in 1980s, and have made their way into medium-
voltage (MV) energy management and power conver-
sion market [1]. Researchers across the globe are mak-
ing great efforts to improve the topology and enhance
the performance of these configurations [2]. Multilevel

voltage-source topologies comprising of low-voltage (LV)/MV
semiconductor power switches such as the LV /MV-insulated-

gate bipolar transistors (MV-IGBTs) are considered as
competitive solutions for the MV high-power (MV-HP)
energy conversion market, compared to their alterna-
tive two-level counterparts based on the developing tech-
nology of the high-voltage (HV)-IGBTs, the integrated
gate-commutated thyristors (IGCTS), or the gate turn-
off thyristor (GTOs) [3]. The main converter topologies
which have been commercialized by major manufactur-
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ers are the neutral-point-clamped (NPC) converters, the
cascaded multicell (CM) converters, the flying-capacitor
(FC) multicell (FCM) converters, and the modular mul-
tilevel converters (MMCs) [4-8].

In 1979, A. Nabae, I. Takahashi, and H. Akagi invented
the first pulse-width-modulation (PWM) NPC converter
to drive a three-phase 200 V 2.2 kW 60 Hz squirrel-cage
induction motor [9]. The three-level NPC configuration
has now become an accepted and standard topology in
industry for adjustable-speed drive (ASD) applications.
For instance, the GE Power Conversion’s MV-7000 ASD
series are realized based on the three-level NPC topology,
and provide a wide power range from 3 up to 101 MVA
at output voltage from 3.3 kV up to 10 kV employing
the IGCT or MV/HV-IGBT technology. The multiple
clamping points, voltage imbalance, asymmetrical power
loss distribution among semiconductor devices, and un-
modular clamping diodes have restricted the NPC topol-
ogy to the three-level configuration [10]. Complementing
the passive neutral-point (NP) diodes by adding antipar-
allel active switches such as IGBTs, IGCTs, and GTOs
provide a controllable path for neutral-point current to
flow and overcomes the drawback of the uneven power
loss distribution among semiconductor devices. The re-
sultant topology is referred to as the active-neutral-point-
clamped (ANPC) converter [11-13]. The PCS 8000 ASD
series manufactured by ABB generates voltages from 6
kV up to 220 kV with a wide power range from 6 up to
100 MVA utilizing IGCT technology [1].

In 1977, J. Holtz invented a converter topology for HV

ogy provides a correct commutation between adjacent
cells to chop the dc-link voltage employing semiconduc-
tor devices and FCs. This makes it possible to regulate
the FC voltages and synthesize different voltage-levels
at the output nodes of the FCM converters without a
need for an NP. The FCs might impose some practical
limitations such as the excessive cost and accommoda-
tion space on the FCM converters. The FCM converters
made their first appearance in MV-ASD market through
ALSPA VDMG6000 drive series by ALSTOM in the mid
1990’s. The 3.3 kV 4.6 MVA ASD was built using a three-
cell four-level IGBT-based FCM converter for pumps and
train traction applications [25].

The extension of the three-level ANPC topology which is
realized by combination of the NPC and FCM converters
forms a new multilevel configuration which is referred to
as the FC-based ANPC topology [26-28]. The FC-based
ANPC converter is a promising multilevel topology for
ASD applications which benefits from the robustness of
the NPC along with the flexibility of the FCM convert-
ers [29,30]. For example, ABB’s ACS-2000 drive series
employs the five-level FC-based ANPC converters at the
heart of the ASD to generate the 4 kV, 4.16 kV, 6 kV,
and 6.9 kV output voltages within a power range up to
3 MVA. Some new FC-based ANPC converter topolo-
gies are reported in [31, 32].Improved modulation tech-
niques for control of the ANPC converters to achieve a
better performance have been implemented in [33-40]. In
general, the stored energy, number, voltage and current
ratings of the FCs are the limiting factors for FC-based

and high-frequency applications which was built and tested multilevel converters. Thus, the optimization of the con-

using Thyristors for its phase-leg [14]. Later in 2009, this
topology was named as the neutral-point-piloted (NPP)
converter that is a suitable configuration for ASD appli-
cations [15]. The NPP converter uses bidirectional IG-
BTs to connect the phase output to the dc-link midpoint
(i.e. NP) to generate the additional zero voltage-level
and control the NP current. This topology is also referred
to as the transistor-clamped converter (TCC) [4,16] or
the T-Type topology [17-21]. The NPP converter re-
quires a HV-IGBTs or series connected MV-IGBTs for
its upper and lower switches compared to its intermedi-
ate MV-IGBT switches. This impedes the topology’s ex-
tension to higher voltage-levels and limits the converter
structure to the three-level configuration.

The FC-based multilevel converter family including the
FCM and stacked multicell (SM) converters were invented
in 1990s by T. Meynard and H. Foch [22,23]. The FCM
and SM converter topologies employ imbricated cells com-
prising IGBTs and FCs in the form of a tandem/ladder
or stack arrangements to realize the converter’s phase-
leg [24]. The redundant switching states are used in the
FCM converters to achieve the proper voltage balance
across FCs and clamp the voltage across the MV-IGBTs.
The proper switching states for this multilevel topol-

verter topology from the FCs point of view by reducing
their voltage rating, stored energy, number, and modu-
larization is of utmost importance. This brings the power
converter and overall system’s costs down and makes
converter more practical for industrial and ASD appli-
cations.

Therefore, this paper proposes three topologies of duo-
neutral-point-clamped (D-NPC), duo-active-neutral-point-
clamped (D-ANPC), and duo-neutral-point-piloted (D-
NPP) converters. The substantial reduction in the num-
ber of the HF-PWM MV-IGBTs, clamping diodes, and
FCs, as well as a drastic abatement in the total volt-
age rating and total stored energy of the FCs are the
most noteworthy advantages that these topologies offer
over their classic counterparts. The circuit configurations
and modulation techniques are verified through the ex-
perimental results which have been provided for all three
D-ANPC, D-NPC, and D-NPP topologies.
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2 Proposed Topologies

energy in the 17-level D-ANPC converter are 31.8182%
and 17.1642% of those values in the 17-level ANPC con-

2.1 Duo-Active-Neutral-Point-Clamped (Drerter, respectively. It is worth pointing out that for

ANPC) Converter

The proposed D-ANPC converter’s phase-leg is realized
by adding the LF HV-IGBTs to the topology of a clas-
sic ANPC inverter. This results in a 50% reduction in
the number of the HF MV-IGBTs and FCs [33]. To
demonstrate the offered advantages, the 17-level classic
FC-based topologies including the FCM, SM, and ANPC
converters and the proposed 17-level D-ANPC converters
are illustrated in Figs. 1-4 to provide a detailed topologi-
cal comparison in the case of generating a 17-level 16 p.u.
peak-to-peak voltage at the converters output nodes.
To generate a 17-level single-phase voltage with a
peak-to-peak value of 16 p.u, the FCM converter would
require a 16 p.u. DC-bus voltage, 16 HF-switching-cells,
32 HF MV-IGBTs with 1 p.u. voltage rating, 15 FCs
with voltage ratings ranging from 1 p.u. to 15 p.u., and
two DC-bus capacitors with voltage ratings of 8 p.u..
Thus, the total voltage rating and stored energy of the
all DC-capacitors would be 136 p.u. and 684C J, respec-
tively. The SM converter would require a 16 p.u. DC-bus
voltage, 16 HF-switching-cells, 16 HF MV-IGBTs with 1
p-u. voltage rating, 16 HF MV-IGBTs with 2 p.u. volt-
age rating, two set of FCs wherein each set comprises 7
FCs with voltage ratings ranging from 1 p.u. to 7 p.u.,
and two DC-bus capacitors with voltage ratings of 8 p.u..
Therefore, the total voltage rating and stored energy of
the all DC-capacitors would be 72 p.u. and 204C' J, re-
spectively. The ANPC converter would require a 16 p.u.
DC-bus voltage, 8 HF-switching-cells, 16 HF MV-IGBTs
with 1 p.u. voltage rating, 4 LF HV-IGBTs with 8 p.u.
voltage rating, 7 FCs with voltage ratings ranging from
1 p.u. to 7 p.u., and two DC-bus capacitors with volt-
age ratings of 8 p.u.. So, the total voltage rating and
stored energy of the all DC-capacitors would be 44 p.u.
and 134C' J, respectively. The D-ANPC converter would
require a 8 p.u. DC-bus voltage, 4 HF-switching-cells,
8 HF MV-IGBTs with 1 p.u. voltage rating, 4 LF HV-
IGBTs with 4 p.u. voltage rating, 2 LF HV-IGBTs with
8 p.u. voltage rating, 3 FCs with voltage ratings ranging
from 1 p.u. to 3 p.u., and two DC-bus capacitors with
voltage ratings of 4 p.u.. Therefore, the total voltage
rating and stored energy of the all DC-capacitors would
be 14 p.u. and 23C' J, respectively.
Thus, the DC-capacitors’ total voltage rating and stored
energy in the 17-level D-ANPC converter are 10.2941%
and 3.3626% of those values in the 17-level FCM con-
verter, respectively. Accordingly, the DC-capacitors’ to-
tal voltage rating and stored energy in the 17-level D-
ANPC converter are 19.4444% and 11.2745% of those
values in the 17-level SM converter, respectively. Ulti-
mately, the DC-capacitors’ total voltage rating and stored

sufficiently large number of voltage levels, these ratios
tend to converge to the 6.25% and 1.5625%, respectively
as compared to the FCM, 12.5% and 6.25%, respectively
as compared to the SM, 25% and 12.5%, respectively as
compared to the ANPC converter. This comparison is
illustrated in Table. I for 17-level 16 p.u. peak-to-peak
case. The same comparison is conducted for general-
ized cases and the results are depicted in Figs. 5-6 for
voltage-levels from 5 up to 69. Therefore, the substan-
tial reduction in number of the HF MV-IGBTs by 50% in
comparison with classic ANPC converter, along with a
drastic decrease in the total voltage rating and stored en-
ergy of the capacitors are the major advantages offered
by the proposed D-ANPC topology over the FC-based
multilevel converters. The derived equations for calcu-
lation of the total voltage ratings (V(n)) and the stored
energy (€(n)) of the DC-link capacitors and FCs in the
FCM, SM, ANPC, and the D-ANPC converters are given
in the Appendix.

2.1.1 Proposed Modulation Technique

The proposed control technique employs phase-shifted
carrier PWM (PSC-PWM) strategy wherein the trian-

21
gular carriers are interleaved, phase shifted by —, to

achieve superior harmonic characteristics. The sinusoidal
reference waveform (¥(t)) is represented in Eq. 1. The
proposed switching technique is divided into two cases.
The modulation index for the first case is considered
0.5 < M < 1 while it is assumed 0 < M < 0.5 in
the second case. In the proposed control method, the
PSC-PWM carriers band falls between 0.5 and 1, (0.5 <
Q(t) < 1) and (0.5 < k;(t) < 1), as it is expressed in
Egs. 2-3. The intersection angle of the sinusoidal ref-
erence waveform with the constant value of d(t) = 0.5
is determined through Eq. 4. Using the zero-crossing
angle of the U(t) and the intersection angle of ¥, four
pulses of T'(¢), v1(t), v2(t), and v3(t) are generated to be
added to the ¥(t) to form a reference waveform which is
bounded between 0.5 and 1 for PWM comparison with
k;(t) carriers. This bounded reference waveform is called
x(t) and is represented in Eq. 9. The x(t) derivation
method is illustrated in Fig. 7 for the first case wherein
M=1and ¥ = % The LF HV-IGBT of Sy is mod-

ulated using I'(¢), the LF HV-IGBT of S is controlled
using PWM comparison of (¥(t) + I'(t)) and a constant
value of d(t) = 0.5, and the HF MV-IGBTs of S(,,_;1)
are switched ON and OFF through the PWM compar-
ison of x(t) and the carrier of x;(¢t). This is expressed
in Egs. 10-12 and illustrated in Fig. 8 for the first case

i
wherein M =1 and ¢ = 5 It is worth pointing out that
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Table 1: Comparison among the conventional multilevel topologies and the proposed D-ANPC converter for gener-
ating an identical output voltage (i.e., 17-level, 16 p.u. peak-to-peak.)

No. of Voltage Voltage Voltage Vol.tage No. of No. of
No. of No. of . . . rating of
Type of No. DC rating rating rating . HF LF
. HF LF . capacitors
multilevel | of . . capacitors | of HF of LF of DC . modular | modular
switches | switches . . . (DC link . .
converter | cells () (8) (DC link switches switches sources | g Cs) switches | switches
and FCs) | (p-u)(v) (p-u)(A) ew | o) (axy) | (BxA)
First type:
1 to 15 p.u.
FCM 16 32 0 17 1 0 16 Second type: | 32 0
Two 8 p.u.:
(2x 8 p.u.)
16 switches:
are 1 p.u. Two series:
SM 2x8 | 32 0 16 16 switches: 0 16 1 to 8 p.u. 48 0
are 2 p.u.
First Type:
1to 7 p.u.
ANPC 8 16 4 9 1 8 16 Second type: | 16 32
Two 8 p.u.:
(2% 8 p.u.)
4 switches: First Type:
are 4 p.u 1to3
D-ANPC | 4 8 6 5 1 Pl g Second type: | 8 32
2 switches:
are 8 Two 4 p.u.:
p-t. (2% 4 p.u.)

M is the modulation index, f, is the reference frequency,

fe and T, are the triangular carrier waveform frequency 0 —p<wit<m—op
. . : . (t) =

(fsw) and period, respectively, and E. is the carrier am-

plitude. Moreover, w, = 2nf,, w. = 27 fe, fo = 1/T¢,

T—p<wl<2r—¢

i=1,2,3,....,n, and q €Z™. a;(t) is the control pulse for oo 05 —p<wt<d—g .
S(n—it1) within (n —i+ 1)th-HF cells of the D-ANPC n(t) = 0 J—p<wt<2m—op (5)
converter.
0 —p<wit<mT—19—9p
U(t) = Msin (wrt + ) *@Swrt<2ﬁf@(1) Y2(t) =405 T—V—p<wt<mT—9p (6)
0 7m—p<wit<2m—¢p
(2E. —1)x
t L 0 —p<wt<m+d—9¢
(TC_Q)—’—O'5 ch<t<ch+§ v3(t) =405 7+d—p<wi<2r—9—¢p (7)
Q) = 0 2r—d—p<wt<2r—¢p
—(2F. —1)x
3Fe =1 . X(t) = ¥(0) + D)+ 5
(Tc—q—1>+0-5 qTC+3§t§(q+1)Tc Y1) + Y2 (t) + 3(t) 05<M<1

5108 = {1 0.5 < (W(1) +F(t)§ (10
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1 () < x(t

ity {1 0 < x(0)

0 ri(t) > x(t)

The control and switching pulses for the second case

(O <M< 0.5) are derived in Eqgs. 13-17 and are illus-
trated in Figs. 9-10 for M = 0.499.

(11)

-7 AT, w
X(t) = () + T(t) + n(t) 0<M<05  (13)
St(t) =T(t) (14)

so={l T o
= {3 4O

2.2 Duo-Neutral-Point-Clamped (D-NPC)

Converter

The proposed D-NPC converter’s phase-leg is formed by
adding the LF HV-IGBTs to the classic NPC converter’s
topology. This leads into a 50% reduction in the number
of the HF MV-IGBTs and clamping-points along with
a significant decrease in the number of the clamping-
diodes. For example, to generate a 5-level single-phase
voltage with a peak-to-peak value of 4 p.u, the NPC
converter would require a 4 p.u. DC-bus voltage, 8 HF
MV-IGBTs with 1 p.u. voltage rating, and 12 clamping-
diodes with voltage ratings of 1 p.u.. The proposed five-
level D-NPC converter which is shown in Fig. 11 would
require a 2 p.u. DC-bus voltage, 4 HF MV-IGBTs with 1
p.u. voltage rating, 2 clamping-diodes with voltage rat-
ings of 1 p.u., and 2 LF HV-IGBTs with a 2 p.u. voltage
rating.

2.3 Duo-Neutral-Point-Piloted (D-NPP)
Converter

Adding the LF HV-IGBTs to the conventional NPP con-
verter’s topology forms the proposed D-NPP converter’s
phase-leg. A significant decrease in the number of the
HF MV-IGBTs is achieved through this topology modi-
fication. Fig. 12 shows the the proposed five-level con-
figuration of the D-NPP topology. To generate a 5-level
single-phase voltage with a peak-to-peak value of 4 p.u,
the NPP converter would require a 4 p.u. DC-bus volt-
age and 20 HF MV-IGBTs with 1 p.u. voltage rating,

whereas the proposed D-NPP converter requires a 2 p.u.
DC-bus voltage, 6 HF MV-IGBTs with 1 p.u. and 2 LF
HV-IGBTs with 2 p.u. voltage ratings. It is worth point-
ing out that the proposed D-NPC and D-NPP converters
are the same in the control, modulation, functionality,
and generating the same multilevel-voltage waveform.

3 Experimental Results

To validate the proposed D-ANPC, D-NPC, and D-NPP
converter topologies, the laboratory prototypes of the 3-
level and 5-level ANPC, 5-level and 9-level D-ANPC, 5-
level D-NPC, and 5-level D-NPP converters were built.
The TMS320F28335 digital micro-processor from TI has
been used to implement the proposed modulation tech-
niques for control of the classic and proposed multilevel
converters. The switching frequency, modulation index,
and RL load for all converters were fs, = 5 kHz, M =
0.95, and 24Q-15mH.

3.1 Duo-Active-Neutral-Point-Clamped Con-

verter

The experimentally measured two and one cycles ( fr=
50 HZ) of the output voltage (vout(t)) and load current
(iout (t)) along with the harmonic content (FFT) of the
3-level ANPC converter’s generated multilevel voltage as
well as the low-frequency and high-frequency switching
pulses are depicted in Fig. 13. The DC-link voltage
was 300 V. The voltage harmonics occur around X fs,
where 9 is an integer number. As presented, the voltage
harmonics are placed at ¥ x5000 including the 5 kHz,
10 kHz, etc. The THD of the 3-level ANPC converter’s
phase-voltage is approximately 59%.

The experimentally measured two and one cycles ( fr=
50 Hz) of the output voltage (vout(t)) and load current
(iout(t)) along with the harmonic content (FFT) of the
5-level ANPC converter’s generated multilevel voltage as
well as the low-frequency and high-frequency switching
pulses are depicted in Figs. 14-15. The DC-link voltage
was 300 V. The transient and steady states dynamics of
the FC voltage is illustrated in Fig. 16. As demonstrated,
the FC voltage is regulated and balanced naturally at 75
V. The voltage harmonics occur around ¥ Xx2X fs,, where
1 is an integer number. As presented, the voltage har-
monics are placed at ¥)x2x5000 including the 10 kHz,
20 kHz, etc. The THD of the 5-level ANPC converter’s
phase-voltage is approximately 31%.

The experimentally measured two and one cycles ( fr=
50 HZ) of the output voltage (vout(t)) and load current
(iout(t)) along with the harmonic content (FFT) of the
5-level D-ANPC converter’s generated multilevel voltage
as well as the low-frequency and high-frequency switch-
ing pulses are depicted in Figs. 17-18. The DC-link
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Figure 9: Derivation of the bounded reference waveform x(t) for the second case of the 0 < M < 0.5 using two
pulses of I'(t) + n(t): M = 0.499.
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Figure 10: Generating the IGBTs switching pulses for the second case of the 0 < M < 0.5 using bounded reference
waveform x(t), ¥(t) + I'(t), k;(t), and d(t) = 0.5: M = 0.499.
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Figure 12: A 5-level 4 p.u. peak-to-peak proposed D-NPP converter.
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voltage was 300 V. The voltage harmonics occur around
P X fsy where 1) is an integer number. As presented, the
voltage harmonics are placed at ) x5000 including the 5
kHz, 10 kHz, etc. The THD of the 5-level ANPC con-
verter’s phase-voltage is approximately 32.2%.

The experimentally measured two and one cycles ( fr =
50 Hz) of the output voltage (vout (t)) and load current
(iout(t)) along with the harmonic content (FFT) of the
9-level D-ANPC converter’s generated multilevel voltage
as well as the low-frequency and high-frequency switch-
ing pulses are depicted in Figs. 19-21. The DC-link
voltage was 300 V. The transient and steady states dy-
namics of the FC voltage is illustrated in Fig. 22. As
demonstrated, the FC voltage is regulated and balanced
naturally at 75 V utilizing the proposed modulation tech-
nique. The voltage harmonics occur around ¥ Xx2X fg,
where v is an integer number. As presented, the volt-
age harmonics are placed at 1) x2x5000 including the 10
kHz, 20 kHz, etc. The THD of the 9-level D-ANPC con-
verter’s phase-voltage is approximately 16%.

As demonstrated, adding the LF HV-IGBTs to the topol-
ogy of the classic ANPC multilevel converters for re-
alizing the D-ANPC converters phase-leg improves the
harmonic content of the generated phase-voltage signifi-
cantly through doubling the number of the voltage-levels
and consequently halving the voltage THD.

4 Conclusion

This paper proposed D-NPC, D-ANPC, and D-NPP topolo-
gies for multilevel converters. The phase-leg of the pro-
posed topologies is realized by adding LF HV-IGBTs to
their structures. This leads to a significant decrease in
the number of the HF MV-IGBTs, clamping diodes, and
FCs. In addition, a drastic reduction in the total volt-
age rating and total stored energy of the FCs within the
D-ANPC topology is achieved compared to the classic
ANPC configuration. It was concluded that adding the
LF HV-IGBTs improves the harmonics content of the
phase-voltage. This was accomplished through doubling
the number of the voltage-levels. The experimental re-
sults were provided for 3-level ANPC, 5-level ANPC, 5-
level D-ANPC, 9-level D-ANPC, 5-level D-NPC, and 5-
level D-NPP converters to demonstrate the operational
fundamentals of the proposed topologies and validate the
modulation method for control of the multilevel convert-
ers.

5 Appendix

The total voltage ratings (V(n)) and the stored energy
(E(n)) of the DC-link capacitors and FCs in the 4n + 1-
level converters with 2F peak-to-peak and 4n-p.u. out-
put voltage, are calculated as follows [33]:

3.2 Duo-Neutral-Point-Clamped Converter

The experimentally measured two and one cycles ( fr
50 HZ) of the output voltage (Uout (t)) and load current
(iout(t)) along with the harmonic content (FFT) of the
5-level D-NPC converter’s generated multilevel voltage
as well as the low-frequency and high-frequency switch-
ing pulses are depicted in Figs. 23-25. The DC-link
voltage was 400 V. The voltage harmonics occur around
X fsp Where ¢ is an integer number. As presented, the
voltage harmonics are placed at 1x5000 including the 5
kHz, 10 kHz, etc.

3.3 Duo-Neutral-Point-Piloted Converter

The experimentally measured two and one cycles ( fr=
50 Hz) of the output voltage (vout (t)) and load current
(iout(t)) along with the harmonic content (FFT) of the
5-level D-NPP converter’s generated multilevel voltage as
well as the low-frequency and high-frequency switching
pulses are depicted in Figs. 24-29. The DC-link voltage
was 300 V. The voltage harmonics occur around ¥ X fgy,
where 1 is an integer number. As presented, the voltage
harmonics are placed at 1)x5000 including the 5 kHz, 10
kHz, etc.
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Figure 13: Experimental results for a 3-Level ANPC multilevel converter.
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Figure 14: Experimental results for a 5-Level ANPC multilevel converter.
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Figure 15: Experimental results for a 5-Level ANPC multilevel converter.
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Figure 17: Experimental results for a 5-Level D-ANPC multilevel converter.
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Figure 18: Experimental results for a 5-Level D-ANPC multilevel converter.
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Figure 19: Experimental results for a 9-Level D-ANPC multilevel converter.
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Figure 20: Experimental results for a 9-Level D-ANPC multilevel converter.
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Figure 21: Experimental results for a 9-Level D-ANPC multilevel converter.
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Figure 23: Experimental results for a 5-Level D-NPC multilevel converter.
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Figure 24: Experimental results for a 5-Level D-NPC multilevel converter.

2168-6777 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2018.2859313, IEEE
Journal of Emerging and Selected Topics in Power Electronics

Tek Prevu | ———ul Tek Prevu | £ = 1
& A +
Chi 100V [@F 10.0v  |M4.00ms A Chi 7 —20.0V| chil™ TV 0 0V Mz 00ms A ChT 7 =200 V]
15 Mar 2018 15 Mar 2018
i+~ [-15.9800ms 04:23:54 -+~ [1.42000ms 04:22:31
(a) Chl: Si(t): 10 V/Div; Ch2: Sr(¢): 10 V/Div (b) Chl: Si(t): 10 V/Div: Ch2: Sp(t): 10 V/Div
Tek Prevu | [ — ] Tel(PreV_u | _ : : [ — : ]
1] ; : T ' '
I -
[ ‘
i I
I 1
ﬁ\ i i
€ €
24 By
Chil 10.0V [ 10.0v |M4.00ms A Chl f —20.0V| Chil“To0V BB 7007 M2.00ms A Chi 7 20,0V
15 Mar 2018 15 Mar 2018
i+~ [12.0800ms 04:25:58 i+~ [4.32000ms 04:25:24
(¢) Chl: Sa(t): 10 V/Div; Ch2: Sp(t): 10 V/Div (d) Chl: Sa(t): 10 V/Div; Ch2: Sy (t): 10 V/Div
Tek Prevu | —ir— Tek Prevu | ir - 1
I [ |
| \ 1
1 j 1
1 ﬁ\_
€ o <
Chil T0.0V  [oiE 0.0V |Md4.00ms A Chl F —36.0V, Chil T0.0V  JeGE 10.0V  MZ0Oms A Chi 7 —20.0V)
15 Mar 2018 15 Mar 2018
1+ [3.76000ms 04:27:34 5+¥[9.92000ms 04:26:55
(e) Chl: Sy(¢): 10 V/Div; Ch2: S5(¢): 10 V/Div (f) Chl: Sy(¢): 10 V/Div; Ch2: S5(¢): 10 V/Div

Figure 25: Experimental results for a 5-Level D-NPC multilevel converter.
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Figure 26: Experimental results for a 5-Level D-NPP multilevel converter.
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Figure 27: Experimental results for a 5-Level D-NPP multilevel converter.
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Figure 28: Experimental results for a 5-Level D-NPP multilevel converter.
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Figure 29: Experimental results for a 5-Level D-NPP multilevel converter.

2168-6777 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2018.2859313, IEEE

[21]

[24]

[25]

[26]

[27]

[29]

2168-6777 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Journal of Emerging and Selected Topics in Power Electronics

topology with soft-switching capability based on si
and sic hybrid phase legs,” in 2016 IEEE Energy
Conversion Congress and Ezxposition (ECCE), Sept
2016, pp. 1-7.

R. Katebi, J. He, and N. Weise, “An advanced three-
level active neutral-point-clamped converter with
improved fault-tolerant capabilities,” IEEE Trans-
actions on Power FElectronics, vol. 33, no. 8, pp.
68976909, Aug 2018.

R. Katebi, A. Stark, J. He, and N. Weise, “Advanced
three level active neutral point converter with fault
tolerant capabilities,” in 2016 IEEE Energy Conver-
sion Congress and Ezxposition (ECCE), Sept 2016,

pp. 1-7.

T. Meynard and H. Foch, “Multi-level choppers for
high voltage applications,” EPE Journal, vol. 2,
no. 1, pp. 45-50, 1992.

T. A. Meynard and H. Foch, “Multi-level conversion:
high voltage choppers and voltage-source inverters,”
in Power FElectronics Specialists Conference, 1992.
PESC 92 Record., 23rd Annual IEEE, Jun 1992,
pp. 397403 vol.1.

T. A. Meynard, H. Foch, F. Forest, C. Turpin,
F. Richardeau, L. Delmas, G. Gateau, and
E. Lefeuvre, “Multicell converters: derived topolo-
gies,” IEEE Transactions on Industrial Electronics,
vol. 49, no. 5, pp. 978-987, Oct 2002.

T. A. Meynard, H. Foch, P. Thomas, J. Courault,
R. Jakob, and M. Nahrstaedt, “Multicell converters:
basic concepts and industry applications,” IEEE

Transactions on Industrial FElectronics, vol. 49,
no. 5, pp. 955-964, Oct 2002.
P.  Barbosa, P.  Steimer, L.  Meysenc,

M. Winkelnkemper, J. Steinke, and N. Celanovic,
“Active neutral-point-clamped multilevel con-
verters,” in 2005 IEEE 36th Power FElectronics
Specialists Conference, June 2005, pp. 2296-2301.

P. Barbosa, P. Steimer, J. Steinke, M. Winkelnkem-
per, and N. Celanovic, “Active-neutral-point-
clamped (anpc) multilevel converter technology,”
in 2005 European Conference on Power Electronics
and Applications, Sept 2005, pp. 10 pp.—P.10.

M. Saeedifard, P. M. Barbosa, and P. K. Steimer,
“Operation and control of a hybrid seven-level con-
verter,” IEEE Transactions on Power Electronics,
vol. 27, no. 2, pp. 652-660, Feb 2012.

F. Kieferndorf, M. Basler, L. A. Serpa, J. H. Fabian,
A. Coccia, and G. A. Scheuer, “Anpc-5] technol-
ogy applied to medium voltage variable speed drives

[33]

[38]

applications,” in SPEEDAM 2010, June 2010, pp.
1718-1725.

N. R. Zargari, Z. Cheng, and R. Paes, “A guide to
matching medium-voltage drive topology to petro-
chemical applications,” IEEFE Transactions on In-
dustry Applications, vol. 54, no. 2, pp. 1912-1920,
March 2018.

E. Burguete, J. Lépez, and M. Zabaleta, “A
new five-level active neutral-point-clamped con-
verter with reduced overvoltages,” IFEE Transac-

tions on Industrial Electronics, vol. 63, no. 11, pp.
7175-7183, Nov 2016.

H. Wang, L. Kou, Y. F. Liu, and P. C. Sen, “A seven-
switch five-level active-neutral-point-clamped con-
verter and its optimal modulation strategy,” IEEE
Transactions on Power FElectronics, vol. 32, no. 7,
pp- 5146-5161, July 2017.

V. Dargahi, K. A. Corzine, J. H. Enslin,
M. Abarzadeh, A. K. Sadigh, J. Rodriguez, and
F. Blaabjerg, “Duo-active-neutral-point-clamped
multilevel converter: An exploration of the funda-
mental topology and experimental verification,” in
2018 IEEE Applied Power Electronics Conference
and Ezxposition (APEC), March 2018, pp. 2642—
2649.

D. Liu, F. Deng, and Z. Chen, “Five-level active-
neutral-point-clamped dc¢/dc converter for medium-
voltage dc grids,” IEEE Transactions on Power
Electronics, vol. 32, no. 5, pp. 3402—-3412, May 2017.

C. Li, S. Wang, Q. Guan, and D. Xu, “Hybrid mod-
ulation concept for five-level active-neutral-point-
clamped converter,” IEEE Transactions on Power
Electronics, vol. 32, no. 12, pp. 8958-8962, Dec 2017.

M. Abarzadeh and K. Al-Haddad, “An improved
active-neutral-point-clamped converter with new
modulation method for ground power unit applica-
tion,” IEEE Transactions on Industrial Electronics,
pp. 1-1, 2018.

Y. Deng, J. Li, K. H. Shin, T. Viitanen, M. Saeed-
ifard, and R. G. Harley, “Improved modulation
scheme for loss balancing of three-level active npc
converters,” IEEE Transactions on Power Electron-
ics, vol. 32, no. 4, pp. 2521-2532, April 2017.

M. Abarzadeh, H. M. Kojabadi, and L. Chang,
“A modified static ground power unit based on
novel modular active neutral point clamped con-
verter,” IEEE Transactions on Industry Applica-
tions, vol. 52, no. 5, pp. 4243-4256, Sept 2016.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2018.2859313, IEEE
Journal of Emerging and Selected Topics in Power Electronics

[39] R. Katebi, J. He, and N. Weise, “Investigation of
fault tolerant capabilities in an advanced three-level
active t-type converter,” IEEE Journal of Emerging
and Selected Topics in Power Electronics, pp. 1-1,
2018.

[40] M. Abarzadeh and H. M. Kojabadi, “A static ground
power unit based on the improved hybrid active
neutral-point-clamped converter,” IEEE Transac-

tions on Industrial Electronics, vol. 63, no. 12, pp.
7792-7803, Dec 2016.

2168-6777 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



