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Abstract—For almost a decade, switched-capacitor multilevel
inverters (SCMLIs) have been a prominent research topic in power
electronics due to their attractive features, including inductor-less
voltage boosting capability, ease of control and implementation,
as well as self-voltage balancing of capacitors. However, a major
shortcoming of SCMLISs is the imperative parallel charging pro-
cess of the capacitors from a dc source or another internal SC-
based unit, which causes unwanted inrush currents, electromag-
netic interference generation, and excessive current stress posing a
critical challenge for high power applications. Consequently, the
deployment of SCMLIs in future photovoltaic and motor drive
applications remains uncertain. To address these critical issues, this
article introduces a novel class of SCMLIs featuring an integrated
resonant (Res)-based charging operation with a soft-switching and
soft-charging procedure. For the first time, this innovative concept
is applied to an active boost neutral point-clamped (ABNPC)-based
five-level (5L) converter, enabling full dc-link utilization at the ac
output through a resonant network without any inrush or current
stress issues. The SL-ABNPC-based variant of the proposed Res-
SCMLI, which can be modulated through both phase-shifted or
level-shifted standard pulsewidth modulation strategies, consists
of four bidirectional and four normal FETs, two dc-link capaci-
tors, and one floating self-balanced capacitor. Extensive analysis, a
comparative study, and validation through simulation and exper-
imental results from a 3 kW SiC-based single-phase laboratory-
built prototype for both open-loop and grid-connected conditions
confirm the effectiveness of this approach.

Index Terms—And soft-Switching operation, full dc-link
utilization, multilevel inverter (MLI), resonant network, soft-
charging, switched-capacitor.
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I. INTRODUCTION

HE next generation of power electronic converters re-
T quires ultra-efficient designs that optimize overall effi-
ciency, power density, and overall cost with additional circuit
functionality to support net-zero emission targets in many de-
veloped countries [1]. The emergence of new wide-band-gap
(WBG) devices, i.e., SiC or GaN-FETs, significantly facilitates
this goal, enabling high-frequency power electronics converters
that reduce the size of passive elements, i.e., the electromagnetic
interference (EMI) filters as the bulkiest system components [2],
[3].

Concurrently, for applications such as photovoltaic (PV)
grid-connected systems, bidirectional electric vehicle (EV),
and induction motor drives, when dc—ac power conversion is
a prime focus, further topological advancements in existing
methodologies are still necessary [4]. This originates from the
fact that traditional three-level (3L) converter architectures face
limitations in scalability and efficiency, making the exploration
of advanced multilevel inverter (MLI) topologies crucial for
improving power quality and minimizing filtering requirements
(4], [5].

Among many variants of MLIs, mid-point-clamped-based
topologies like stacked-multicell (SMC) [6], active neutral-
point-clamped (ANPC) [7], [8], [9], and T-Type-based struc-
tures [10] become more popular in grid-connected applications
and variable speed hydro drives as they can be established with
reduced stress WBGs, while providing a virtual ground with
respect to the output voltage for leakage current mitigation.
Ability to be modulated with a phase-shifted (PS)-pulsewidth
modulation (PWM) strategy is another interesting feature of
them, where the provided redundant switching states (RSSs)
can be efficiently exploited to increase the output apparent
switching frequency with respect to the effective switching
frequency for a reduced EMI or output filters [11], [12]. A
smooth current stress drawn from the dc supply is also another
appealing feature as these class of MLIs need a minimal effort for
double-line frequency mitigation in a single-phase application
with a passive-based solution [12].

Even though giving such impactful opportunities, mid-point-
clamped-based MLlIs are all buck-based topologies meaning that
due to their half voltage conversion gain, an input dc voltage of at
least 800 V is necessary to achieve a successful power injection
into a 230-245 V rms grid [13]. Their operation highly relies
on the flying-capacitor (FC) technique and RSSs to generate
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output voltage levels, which requires careful balancing of the
dc-link voltage and FCs [12]. As the number of output voltage
increases, i.e., inclusion of more FCs, the neutral-point of dc-link
capacitors needs more stiff and robust control. In addition, for
input dc or battery packs voltages that are around 400 V, an ad-
ditional power processing stage is needed to meet the minimum
requirement of the load/grid voltage for power injection [14].
Moreover, due to lack of any reactive network, the switching
operation of all the high-switching frequency devices in such
FC-based MLlIs is hard, while this can hinder their WBG-based
utilization in higher range of switching frequency owing to
excessive switching losses [15].

Alternatively, integration of switched-capacitor (SC) tech-
nique into the MLIs created a new class of MLIs called SCMLIs,
where the capacitor(s) are directly charged by the dc source or
another voltage-level creator unit, and then without involving
any other energy storage elements, i.e., boost inductors, they can
deliver their charged voltage to the output. This makes new op-
portunity for realization of inductor-less boost-based converters
within an acceptable power density, when smaller range of input
dc voltage, e.g. 400 V, is available to feed a standard grid [16].
Self-voltage balancing of the capacitors makes their application
much easier than FC-based MLIs, as well since there is no need
for active voltage balancing of dc-link capacitors and FCs [17].

Five-level (SL) ABNPC-MLIs presented in [ 18], [19] and [20]
with unity voltage conversion gain, and the one proposed in [21],
with half voltage conversion gain, as well as their derivations in
larger number of output voltage levels realization such as [22],
[23], and [24], are among the most popular ones SCMLIs
in this context. Even though having such a popularity in the
research topic during the latest decade, the inrush current and
the large current stress concern of devices are among two
major drawbacks of the SCMLIs, which cause a great deal of
uncertainty for their application-oriented design [16], [22]. This
high current stress issue at full modulation index of operation is
more problematic as the SC charging process is associated with
flowing the load current at the same time with a hard switching
action of the involved SC loop devices. This leads to EMI
concerns and poor efficiency at relatively high output power [16].

Inspired by the idea of integrating a resonant network into
the SC charging path, there is a potential to define a new class
of SCMLIs as this has been a well-known approach in dc-dc
SC-based converters [25]. In this special case, which is the scope
of this article, the resonant network is charged to the input dc
voltage within a specific switching scheme corresponding to its
resonant frequency. Subsequently, during the remaining portion
of this resonant period, the stored energy is transferred to the
FCs. Through this, the aggressive and discontinuous nature of
the input current can be alleviated, while the FC can possess
much smaller values than the original SCMLIs. This partial soft-
charging operation has been already applied in [26], and [27],
at low power; however, they have never widely been elaborated
in SCMLIs.

Regarding the above mentioned contributions, a new class
of resonant (Res)-based SCMLIs over the mid-point-clamped-
based circuit architecture is proposed in this work, which mainly
provides the following substantial features:
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Fig. 1. Proposed 5L-Res-based-ABNPC converter.

1) Full dc-link voltage utilization at the ac output, while
giving 5L output voltage.

2) Significant reduction in current stress profile of devices
even at full modulation index with an integrated passive
resonant tank.

3) Soft-switching action of the devices that are involved in
the charging path of FC.

4) Bidirectional power flow operation and full reactive power
support.

5) Flexibility in modulation where both PS- and level-shifted
(LS)-PWM can be exploited.

6) Ability for practical realization using low voltage stress
WBGs and reasonable FC capacitance.

The rest of the article is organized as follows. Details of work-
ing principle and modulation strategies of the novel Res-SCMLI
concept applied to a SL-Res-based-ABNPC converter given in
Section II. Design guidance of the passive elements is discussed
in Section III. Detailed simulation results over the PLECS are
presented in Section I'V. In following, a comprehensive compar-
ative study over the state-of-the-art topologies is conducted in
Section V. Extensive experimental results obtained from a 3 kW
single-phase laboratory-built prototype using SiC-based WBGs
are then presented in Section VI. Finally, Section VII concludes
this article.

II. PROPOSED RES-SCMLI

The 5L-Res-based-ABNPC variant of the proposed Res-
SCMLI topology is illustrated in Fig. 1. As can be seen, apart
from the dc-link capacitors, C7 and Cs, this novel class of SCM-
LIs is comprised of four bidirectional/four-quadrant devices,
ie., S1, S2, S5, and Sg, and four standard GaN or SiC-based
FETs formed as a classical back-end H-bridge, i.e., S3, S, S7,
and Sg. While, the bidirectional devices are used to block a
stress voltage in both polarities and to conduct a symmetric
current in both directions, they can be provided through different
circuitry configurations, i.e., common-drain or common-source
with discrete- or monolithic-based FETs [28], [29]. As per the
current state-of-the-art status, their common-drain GaN-based
version providing whole the device in a single-chip called as



4220

monolithic bidirectional switch (MBS) is getting manufactured
by Navitas, Infineon, and Transphorm/Rensas [28], [29].

As depicted in Fig. 1, their symbol is slightly different with
respect to the normal FETs as they need two gate-source leads
per device, with an isolated gate-driver per each gate-source
lead [29]. Hence, if common-source-based configuration is to
be considered for the bidirectional devices, the total number of
gate drivers for the proposed 5L-Res-based-ABNPC converter
is eight, while if their MBS version is to be realized, then this
number is turned to 12.

The proposed 5L-Res-based-ABNPC converter needs a res-
onant tank including L, and C,. as well to provide a smooth
charging/discharging profile for the FC. With a proper design
procedure for this resonant tank, the soft-switched operation of
the devices that are involved the charging path of the FC can
also be guaranteed. As can be realized from Fig. 1, the proposed
topology needs only an input dc voltage equals to V. to provide
5L output voltage with full dec-link voltage utilization at the ac
output. This comes from the fact that both the resonant tank and
the FC voltages are balanced at V.. In the following sections,
its detailed operation is discussed.

A. Working Principles

Different switching states of the proposed 5L-Res-based-
ABNPC converter have been depicted in Fig. 2, where the green
and red traces represent the charging/discharging path of the
resonant tank, and the load current, respectively. As can be
understood, per each output voltage level, there are two RSSs
in which, the resonant tank is charged directly by the input
dc voltage through one RSS, and then it gets discharged its
energy to the FC with the other RSS path. Here, the standard
normal FETs formed as a H-bridge only carry the load current.
However, bidirectional devices are in charge of handling the
charging/discharging current of the resonant tank. As per “State
A and B” for +1 output voltage-level and “State G and H” for —1
output voltage-level, three out of four bidirectional devices are
either in charging path of resonant tank/FC or the ac load, while
either S7 or Sg is ON to translate the ac polarity. Per remaining
output voltage levels, only two bidirectional devices are in the
charging path of resonant tank/FC, and two normal FETs from
the H-bridge part are involved in the ac load current flowing
path.

Admittedly, the maximum voltage level of the converter de-
noted as “State E and F” for +2 voltage-level and “State K and
L” for -2 voltage-level in Fig. 2, is created by the help of the
FC voltage solely. Considering this, the resonant tank current
not only regulates the FC voltage, but also supports part of the
load current during these top-level output voltage states. As the
proposed SL-Res-based-ABNPC converter offers a full dc-link
utilization at its ac output, these maximum output voltage levels
are equal to =V, which implies the same unity voltage gain
ratio as the conventional SC-based-5L-ABNPC converter.

One can also notice is the role of the dc-link capacitors, i.e.,
C1, and Cy, which are only in charge of delivering the voltage to
the ac output during the middle voltage levels generations, i.e.,
+Vie/2. Concurrently, the maximum voltage stress (MVS) of all
the bidirectional devices is equal to +Vg. /2, while this value for
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the idea presented in [10], the proposed 5L-Res-based-ABNPC
converter can be further generalized if an additional T-cell is to
be added before the dc-link capacitors. Under this assumption, a
seven-level Res-based ABNPC inverter is derived, in which its
overall voltage gain is 1.5.

B. Resonant Network Analysis

This section presents an analytical framework to estimate
the maximum value of the resonant current, Iy, ,,, passing
through the resonant tank using a Thevenin-based model of
the FC charging/discharging time interval. Determination of
this maximum value is crucial to realize the current stress
mitigation capability of the proposed Res-based SCMLI. Fig. 3
illustrates the simplified resonant tank behavior during a single
FC charging event in the proposed converter, while Fig. 4 shows
the typical waveforms including the load current, i,,, the resonant
tank passing through current, ¢ .., the voltage across the FC, vgc,
the current passing through the FC, irc, and the instant voltage
across the resonant tank, vyes.

The analysis is based on a 50% charging duty cycle of the res-
onant tank, D, which defines the resonant charging/discharging
interval to be exactly half of each resonant switching period,
tes. This fixed duty cycle is selected to ensure symmetric
resonant operation, simplifying both the waveform analysis
and modulation scheme. The 50% allocation of D allows
the FC to efficiently exploit both RSSs provided per each
output voltage level, while it can guarantee a proper zero-
crossing for ¢z, which is critical for soft switching operation
of the involved devices in the charging/discharging path of
the FC.

As shown in Fig. 3, the excitation voltage, vs, applied
across the resonant tank (comprising of L,, C,, and R,) is
approximated by a bipolar pulse waveform, v,,, derived from the
switching pattern of the converter. This voltage can be roughly
calculated using the first harmonic approximation method as
follows:

Up(t) = 'Ures(t) ~ Vae = UFC(t) + Q(Vdc — UFC(t))

2 T

sin(wqt)
ey

where, wy is the damped natural frequency equals to

1 R \?
wVEE= - (E). o

where wyes = 27 fies is the angular resonant frequency and « is
the damping factor.

Considering (1) and Fig. 4, the resonant tank current, iy,
exhibits a damped sinusoidal shape at every instance reaching a
peak before reversing as energy is exchanged between L, and
the FC capacitance, Crc. As illustrated in Fig. 4, this resonant
waveform is terminated at the zero-crossing point of current,
which occurs at ¢ = 0.5%,., and its relationship is expressed as:

2(Vae — vrc(t))
TR,

in(t) =~ sin(wgt). 3)

where vgc(t) is the instant voltage across the FC.
Referring to (3), the maximum value of ¢ 7, can be found when
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Fig. 2.

Different switching states of the proposed 5L-Res-based-ABNPC converter. (a) State A (+1). (b) State B (+1). (c) State C (0). (d) State D (0). (e) State E

(+2). (f) State F (+2). (g) State G (—1). (h) State H (—1). (i) State I (0). (j) State J (0). (k) State K (—=2). (I) State L (—2).

vrc in Fig. 4). To find out vgc(t), Thevenin equivalent circuit
per each charging/discharging resonant event of the FC shown
in Fig. 3 is helpful. Hence the FC and resonant tank time constant
can be attained. Here, the open-circuit voltage, V,. seen at the
input of the FC charging path represents the Thevenin equivalent
voltage, Vipeq. Contemporary, [ eq is the Thevenin equivalent
resistance, which accounts for the energy dissipation and the
effective damping during the charging period. It is determined
by the ratio of V,., and I observed at the same port. Here,
I is the short-circuit current of the resonant network when
the FC voltage is assumed to be zero. Regarding the estimated

relationship of i7,,. expressed in (3), I is calculated as follows:

2Vae o < .
ie(t) = { TH: sin(wgt), 0 <t < 0.5t @)
0. 0.5 < T < tres
1 tres . 2V
L= i lige ()] dt = wZIiECT' (5)
Hence, considering V. = V., we would have
Voo 7R,
Riheqg = — = ~ 4.935R,. (6)
I 2
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where i, is the contribution of the ac load current on FC current at top
positive/negative output voltage levels of the proposed SL-Res-based-ABNPC
converter.
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Fig. 4. Typical waveforms of the proposed 5L-Res-based-ABNPC converter
for the resonant tank analysis and its affect over the FC at full modulation index.
All analytical results are based on a grid-connected case with unity PF, i.e.,
purely resistive loading.
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This value directly defines the resonant time constant of the
FC charging process via

T = Rth,eqCFC~ (7)

On the contrary, a simplified expression for the Thevenin-
equivalent current, iy oq, Which captures the combined effect
of the FC charging current, ¢rc, and the influence of the load
current drawn from the inverter’s top-level output voltage, ., (¢)
is of importance. Hence, we can write

Vineq — Vre(t)

imealt) = irc(t) + (1) = 2
»¢q

®)
Having considered, Vipeq = Voc = Ve, Urc(t) can be found
out by solving the following differential equation.
Ve — t (T d t
dc UFC( ) — Zﬂc( ) + UFC( ) (9)
T Crc dt
Asis clear from (9), finding i, (¢) that is the contribution of the
load current during discharging period of the FC, is necessary to
solve (9). To find this, having the instant voltage of the proposed
inverter output voltage is helpful as

Viny (1) = MV sin(wot) = ac(t) Vg (10)

where M is the modulation index, w, is the angular frequency
of the load voltage, and ac(¢) is the ac modulation reference.

On the other hand, the general sinusoidal form of the ac load
current can be written as follows:

an

where ¢ is the power factor (PF) angle between the inverter
output voltage and load current, and I, ,,, is the peak value of
the load current.

Now, to calculate i, (t), the duty cycle of the inverter output
voltage during top positive/negative output voltage levels should
be calculated as follows:

io(t) = Lo m sin(wot + ¢)

B 2ac(t) — 1, 0 < wol < 02
acia(t) = {O. otherwise (12)
where
91 = sinfl(ﬁ) (13)

0 =7 —sin~ ' (537)

Hence, taking (10), (11), (12), and (13) into account, i,(¢) can
be found as follows:

i5(t) = ac12(t)io(t) = Iom(2ac(t) — 1) sin(wot + ). (14)

Taking i,(t) into consideration and subsequently replacing
this in (9), vgc(t) is attainable. Hence, a closed-form analytical
solution for Iy, ,, can be indirectly found through the maximum
value of the described expression given in (3). By solving this
relationship numerically over a range of practical operating
points, the variation of Iy, ,, with respect to different peak
values of load current, modulation indexes, and load PF angle
can be systematically visualized as demonstrated in Fig. 5(a)
and (b). All results are based on realistic hardware choices
as: Cpc =470 uF, L, =4 pH, C,, = 1.17 pF,and R, = 0.1 Q2
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Fig. 5. Peak resonant current /7, ,,, as a function of modulation index M
and load conditions: (a) dependency on M and I, ,,, under unity PF operation,
revealing worst-case current stress conditions and (b) variation of I, . ,,, with M
and PF angle ¢, confirming that the largest resonant current occurs at unity PF.
Results obtained for Crc = 470 uF, L,, =4 pH,Cy = 1.17 uF, R, = 0.1 ,
few = 75 kHz, and Vg = 400 V.

with a switching frequency of 75 kHz corresponded to the
resonant frequency and a dc link voltage of Vi, = 400 V.

As per Fig. 5(a), the dependency of Iz, ,,, on M, and I, ,,
at unity PF can be realized. The surface reveals that at full
modulation index M = 1 and for 15 A peak of load current, the
resonant current peaks is 35 A, which corresponds to 2.2-2.4
times the load current amplitude. Fig. 5(b) further expands
this analysis by incorporating the load phase angle, ¢ offering
insight into how reactive power conditions affect the resonant
tank behavior. As can be understood, when ¢ increases (i.e.,
moving away from unity PF), I, ,,, tends to reduce slightly.
Therefore, it can be concluded that the worst-case scenario
in terms of resonant current stress and Iz, ,, occurs at unity
PF. This observation supports using unity PF as a conservative
design case for sizing the resonant tank.

C. Modulation Strategies

One interesting feature of the proposed Res-SCMLI applied to
the SL-Res-based-ABNPC converter is its flexibility to choose
either LS-PWM or PS-PWM strategy. This prominent feature
is not possible for the conventional SCMLIs including the 5L-
ABNPC converter proposed in [19] and [20], as they need a
dedicated carrier to charge/discharge the FC during the mid-
dle output voltage level generations. Fig. 6(a) and (b) shows
the details of these modulation strategies as for the proposed
5L-Res-based-ABNPC converter, where to generate all the dis-
tinctive output voltage levels, two carries either with LS or PS
arrangement are required, i.e., C, and Cs in Fig. 6. As can be
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TABLE I
PS-PWM PRINCIPLE APPLIED TO THE PROPOSED 5L-RES-BASED-ABNPC

ac PS-PWM Res-Charging
Sign Condition Condition Vinw
lac| > C1,Ca D> Cy State “E”
P lac| > C1,Cs D < Cy State “F”
C1 (Cz) < |ac| < Cs (Cl) D > Cq State “A”
C1 (C2) < ac| < Cy (Ch) D < Cy State “B”
lac| > C1,Ca D > Cy State “K”
N lac| > C1,Ca D < Cy State “L”
C1 (CQ) < |ac| < Cs (Cl) D > Cq State “G”
C1 (C2) < ac| < Cy (Ch) D < Cy State “H”
lac] < C1,Ca D> Cy | State “CA)”
) lac| < C1,Co D < Cy | State “D(J)”

realized, in both types of the modulation, there have been an ac
and a dc modulation reference, i.e., ac and D, which are in charge
of generating the output voltage levels and charging/discharging
operation of the resonant tank, respectively.

Alternatively, the bidirectional devices require both the ac
and dc modulation signals as based on the working principle of
the proposed 5L-Res-based-ABNPC converter shown in Fig. 2,
they are involved in both the charging/discharging path of the
resonant tank and the load current. On the contrary, all the four
standard FETs located in the H-bridge side of the proposed
converter need only an ac modulation reference to transfer the
voltage levels to the output. Obviously, S7, and Sy are just being
ON/OFFfor the positive/negative half cycle of the inverter output
voltage, which means their switching losses is negligible.

As can also be deduced from Fig. 6(a) and (b), the 5L
output voltage switching frequency of the proposed converter,
i.e., the apparent switching frequency, in both the LS- and
PS-PWM techniques are equal. However, the effective switching
frequency of the devices for the PS-PWM technique is half com-
pared to the LS-PWM one, which can significantly reduce the
switching losses for the hard-switched-based devices. Details of
the PS-PWM strategy shown in Fig. 6(b) has also been tabulated
in Table I.

It is worth noting that, the proposed topology is inherently
scalable to three-phase applications, similar to conventional
ANPC-based structures. A three-phase implementation would
share a common dc-link with a midpoint, and each leg would
operate with the same modulation strategy described earlier,
using ac references PS by 120°. Each phase would also require
an independent resonant tank synchronized to the same resonant
frequency, with a dc duty cycle maintained at 50% across all
phases to preserve symmetrical soft-charging behavior.

III. DESIGN GUIDELINES

The proper design of the resonant tank elements (L., C.),
FC (CFr¢), and the dc-link capacitors (C7, C5) is critical to
ensure soft-charging operation, capacitor voltage balancing, and
minimal device stresses in the proposed 5L-Res-based-ABNPC
converter. This section provides the design methodology based
on the operational principles illustrated in Fig. 4 and the analyt-
ical relationships derived in Section II.
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A. Resonant Tank Design

The resonant tank includes parasitic resistance, R,., associated
with the inductor and switching devices, as well. This resistance
leads to a finite quality factor, (), given by

Q- 1 /L,
RV O

The resonant tank must satisfy the following design goals:

1) Achieve asufficiently high resonant frequency fis to allow
fast FC charging within each PWM switching cycle.

2) Maintain a moderate () to minimize resonant losses and
guarantee a symmetric, sharp sinusoidal, ir,,., profile for
efficient soft-charging, and soft-switching.

3) Minimize the effect of parasitic resistance, R,., of the
inductor and switching devices.

The resonant tank parameters are then selected to satisfy

1

\% L’I‘ C’I‘ ’

Fig. 7 showcases the dependency of I, ,, versus I, ,,
and @ at the fixed resonant frequency. A moderate () value
(Q =~ 2 — 4) is targeted by minimizing R, through appropriate
selection of low-resistance inductors and careful PCB layout
design. This moderate value of () ensures the sinusoidal nature
of i1, (t) at each resonant switching event; hence, it can offer
soft-switching transitions, i.e., zero voltage switching (ZVS)
at turned-ON, and zero current switching (ZCS) at turned-OFF

s)

(16)

Wres =
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Fig.7. Dependency of I, , on I, ,, and Q of the resonant tank at unity PF,
full modulation index, and fixed resonant frequency, i.e., 75 kHz.

for the bidirectional devices that are involved in the charging
loop of FC. As earlier discussed, the resonant duty cycle is
chosen as D = 0.5, corresponding to a half-period charging
followed by a half-period discharging. As shown in Fig. 4, this
symmetry guarantees zero-crossing of ir,,.(¢), which is critical
to minimize device stress and ensure smooth charge transfer to
the FC.

Itis worth highlighting that the proposed converter is designed
such that the resonant current peak, Ir,,. ,,,, is larger than the peak
load current, I,, ,,,, by a factor of 2 or more under full modulation
index as shown in Fig. 5. As a result, even at light loads, the
resonant tank inductor has sufficient energy to discharge the
output capacitance, Cogs, of the bidirectional devices, ensuring
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ZVS turned-ON. The natural zero-crossing of this current also
leads to ZCS turned-OFF, achieving full soft-switching behavior
over a wide operating range.

B. FC Design

The FC must be sized to limit the voltage ripple AVic during
the operation while supporting the load current contribution at
full modulation index. To do so, its total charge value, Qpc, must
be equal to the charge transferred by the resonant tank, Q. (see
the shaded area in Fig. 4). Hence, we can write

CFCA%C = Qres

To calculate Q,.s, the following relationship can be considered
as

a7)

™

EX 4(‘/;1c - ‘/FC avg)
— S dt = = T8
Qres /0 (29 ( ) TwakR,

where Vic v 18 the average voltage across the FC as shown in
Fig. 4. Allocating 5% to 10% ripple for AVgc and regarding
the analysis compiled in Fig. 5, Ir, ,, remains within 2 to
2.5 times larger than I, ,,. Given Vg = 400 V and a nomi-
nal 3 kW single-phase power output, the FC was selected as
Crc = 470 uF to satisfy the voltage ripple constraint without
excessive capacitance, thereby optimizing size and cost.

(18)

C. DC-Link Capacitor Design

The dc-link capacitors C; and C5 are primarily responsible
for supplying the intermediate voltage levels (+Vj./2) to the
ac output during the middle states. Their design considerations
include the following:

1) Stabilizing the intermediate dc voltage levels against load

pulsations and switching actions.

2) Providing sufficient energy storage to absorb current rip-

ples generated by the inverter switching.

3) Avoiding excessive voltage fluctuation at V. /2 points,

especially during fast load transients.

Each dc-link capacitor can be sized based on the allowable
voltage ripple AVg. at Vi./2 and the worst-case load current
swing, typically using

Io,m

Gr=C= o AT

(19)

IV. DETAILED PERFORMANCE EVALUATION VIA PLECS

To further investigate the performance of the proposed 5L-
Res-based-ABNPC converter, the detailed simulation results
obtained from the PLECS are presented in this Section. The
input dc voltage is considered as 400 V, while the resonant tank
parameters are chosen to achieve 75 kHz resonant frequency
to strike a balance between minimizing the size of passive
components.

The FC value was selected as Crc = 470 uF to handle the
voltage ripple requirements under rated conditions with D =
0.5. The other specification of this simulation is P = 3 kW
nominal output power in a single-phase configuration at M =1,
while its detailed results are shown in Fig. 8(a) and (b) based on
PS- and LS-PWM techniques, respectively. As can be seen, all
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TABLE IT
MAXIMUM VOLTAGE AND CURRENT STRESS OF DEVICES
Devices MVS MCS Type of Switching/fs.,
S51,82,85,86 | £0.5Vae | Iprm Soft-Switched @ f.¢
S3,S4 Vie Io,m Hard-Switched @ fgq,
S7,Ss Vie Io,m Hard-Switched @ f,

the 5L output voltage levels in both types of modulations with
full dc-link utilization factor at the ac output are generated.

Following the resonant network analysis detailed in Section II
and shown in Fig. 5, it can be confirmed that Iy, ,, is around
35 A. From zoomed-in view of v;,,, and 7, it can also be deduced
that the apparent switching frequency of the ac output for the PS-
PWM technique is two times larger than the LS-PWM strategy,
i.e., 150 versus 75 kHz. This feature is also reflected to the quality
of the load current as larger current ripple can be observed in
i, when LS-PWM is to be used. One can further emphasize
is the voltage across the FC, vgc, which is oscillating with the
double-line frequency, while its average value is around 360 V.

To evaluate the voltage and current stress behavior of the de-
vices involved in the proposed SL-Res-based-ABNPC converter,
Fig. 9(a) and (b) can be taken into account. Here, the SL output
voltage of the inverter, vi,y, the load current, 7, the resonant tank
current, iy, besides the voltage and current stresses of S, Sa,
and S3 have been highlighted. Due to symmetry of the proposed
topology, the behavior of Sy, S5, and Sg also are the same. As
Sr, and Sg are both low frequency devices and their major role is
for polarity generation of the ac waveforms, their stresses have
not been shown in Fig. 9; however, the MVS and maximum
current stress (MCS) of all the devices as well as their type of
switching action are summarized in Table II.

As can be observed from Fig. 9(a) and (b), the MVS for the
bidirectional devices, S1, and Ss is £0.5V., while their MCS
is equal to Iz, ,,. Even though passing such a large resonant
current compared to I, ,,, their switching performance is fully
soft as per Fig. 9(b). Due to the moderate value of quality factor
chosen for the resonant tank that is greater than one, they have
an intrinsic ZVS during the turned-ON process, while due to
the zero-crossing of iy, their switching transition possesses a
ZCS action during the turned-OFF, as well. This creates a unique
feature for the proposed Res-SCMLI as the FC charging process
is not only fully soft in terms of current stress, but also the
devices involved in the charging loop of the FC possess a fully
soft-switched performance as well. Obviously, the normal FETs,
i.e., 53, and Sy are still hard-switched as the low frequency load
current is passing through them.

To demonstrate the three-phase scalability of the proposed
Res-based SCMLLI, Fig. 10(a) shows the steady-state per phase
5L output voltage, load current, resonant tank current, and the
FC voltage waveforms under balanced conditions at 10 kW
output power and Vg, = 400 V. As seen, each phase operates
independently without any inrush or transient distortion, thanks
to the resonant tank in each leg being driven at the fixed switching
frequency with a 50% duty cycle. The ac modulation reference
of each phase follows a three-phase sinusoidal profile with
120° phase shift, applied through PS-PWM technique earlier
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PLECS results of the proposed Res-SCMLI showing from the top: the input DC voltage, the 5L inverter output voltage, the load current, the resonant

tank current, the current passing through the FC and the voltage across the FC at 3 kW power, full modulation index, fow = fres = 75 kHz and V. = 400 V, with

(a) PS-PWM and (b) LS-PWM strategies.

discussed. Importantly, Iy, ,, in each phase reaches approxi-
mately 2.2 times the corresponding I, ,,,, which confirms that
the resonant path carries sufficient energy to support FC charging
without stress or imbalance.

Fig. 10(b) highlights the case where the load current in phase-a
is unbalanced with respect to phases b and c. The results confirm
that the operation of each phase remains unaffected, as the
working principle is dictated locally by its own resonant tank.
This modular architecture ensures that even under unbalanced
loading, each phase maintains stable FC voltage with mini-
mal ripple and no cross-phase interference. This validates the
robustness and scalability of the proposed converter in realistic
three-phase environments.

V. COMPARATIVE STUDY WITH STATE-OF-THE-ART
TOPOLOGIES

As per the comparative study, two following sections have
been provided to showcase the main features of the proposed

5L-Res-based-ABNPC converter in respect to its major coun-
terparts from qualitative, quantitative, and numerical modeling
point of view. The compared topologies belong to both original
FC-based MLIs family as well as conventional ABNPCs.

A. Quantitative, and Qualitative Comparison

As per Table III, the terms of “S,” “D,” “C,” and “G,” respec-
tively, denote for the number of required active devices, diodes,
capacitors, and gate drivers. Moreover, TSV index refers to the
total standing voltage of active devices.

Unlike conventional SCMLIs or FC-based converters where
inrush current and hard switching severely limit high-frequency
and high-power operations, the proposed topology achieves
ZVS during turn-ON and ZCS action during turn-OFFfor the
bidirectional devices. This feature enables a drastic reduction
in switching losses and EMI propagation, making the proposed
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TABLE III
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COMPARISON BETWEEN THE PROPOSED 5L-RES-BASED-ABNPC AND SOME OTHER 5L, ANPC/ABNPC INVERTERS/CONVERTERS

T £ Convert | No. of Components | Output | MVS/Vy. | FC Balancing | Bidirectional?/ | ~ Modulation | Efficiency Inrush Current
ype of Converter ‘ s b G ‘ Gain ‘ TSV/V,. ‘ Method ‘ MYVS on FCs ‘ Strategy ‘ (%) ‘ @M=1?/ Soft-Switching?
ANPC [8] 8 0 3 8 0.5 0.5/3 FC-based Yes/0.25V . PS and LS 99@ 1kW No Inrush/No
ANPC [9] 6 2 3 6 0.5 0.75/3.5 FC-based No/0.25V 4. PS and LS NA@1kW No Inrush/No
Type I-DM-ANPC [13] 10 0 3 6 0.5(1) | 0.75(1)/5(6) | FC(SC)-based Yes/Vge PS(FC) and LS(SC) | 98.3@2.2kW Very Large in SC/No
Type II-DM-ANPC [13] 00 0 3 8 0.5(1) 0.5(1)/5(6) | FC(SC)-based Yes/Vge PS(FC) and LS(SC) | 98.5@1.6kW Very Large in SC/No
Type 1III-DM-ANPC [13] 10 0 4 7 0.5(1) | 0.5(1)/5.5(6.5) SC-based Yes/0.5V. Only LS 97.9@1.6kW Very Large/No
ABNPC [18], [19] 6 2 3 6 1 1/5 SC-based No/Vi. Only LS 97.8@1.5kW Very Large/No
ABNPC [20] 8 0 3 8 1 1/5 SC-based Yes/Vge Only LS 98.3@3kW Very Large/No
ABNPC [21] 6 2 4 5 0.5 0.5/5 SC-based Yes/0.25V. Only LS 97@1.2kW Very Large/No
ABNPC [22] 10 0 4 9 1 1/5.5 SC-based Yes/0.5V. Only LS NA@300W Very Large/No
Proposed Res-Based ABNPC | 12(8) 0 3 8(12) 1 1/6 Res-based Yes/Vge PS and LS 98.2@3kW | No/Both ZVS and ZCS

“Based on PLECS model at the maximum modulation index. The measured efficiency at the rated power is around 97.5%.

TABLE IV

QUALITATIVE COMPARISON BETWEEN FC-BASED MLIS, AND THE PROPOSED RES-BASED SCMLI

Feature

FC-Based MLIs, i.e., [6], [8], [11], [12]

Proposed Res-based SCMLI

Output Voltage Gain

FC Balancing

Component Count

Control and Modulation Strategy
Device Stresses

Soft-Switched Capability

Power Density

Efficiency

Limited (typically less than 0.5-1); input must be greater
than 800V for 230V rms output.

Needs RSSs and complex sensor-based balancing loops.
FC value can be relatively small compared to ABNPCs.
Usually driven with standard FETs and MLCCs. SMC-
based MLIs need still bidirectional devices.

Requires active DC-link control; both LS-and PS-PWM
are feasible.

Fraction of load current is passing through the devices
with low MVS.

All of them are hard-switched; Induces high switching
loss and EMI at high switching frequency.

Very high in case of using MLCCs and GaN-TOLT
devices but at the cost of low reliability.

Typically very high as they are buck-based topologies, i.e.,
RMS current passing through the devices is minimal.

Unity gain with 400V input; supports full DC-link utiliza-
tion at AC output.

Naturally balanced; no sensors required; FC value can be
smaller than ABNPCs but larger than ANPCs.

Requires low MVS rating bidirectional devices. Both
MLCCs and film capacitors can be used as the FC.

No need to control DC-link; supports both LS- and PS-
PWM due to symmetric design and resonant tank.
Significant MCS reduction in comparison to conventional
SCMLIs, i.e., MCS ~2-2.5xload current.

Intrinsic soft-charging and soft-switching (ZVS/ZCS) for
all resonant path devices.

2.14 kW/L (prototype) with air-cooled system; higher with
GaN or TOLT devices.

98.2% peak; greater than 97% across full load range at
full modulation index.

converter highly suitable for WBG devices, especially at large
power ratings.

Another unique advantage is the elimination of inrush current
during full load operation (M = 1). Conventional SCMLIs such
as standard ABNPC structures suffer from very large current
spikes at high modulation indices, often requiring larger capac-
itors and resulting in poor efficiency. In contrast, the proposed
Res-based SCMLI exhibits no inrush current even at maximum
modulation index, thanks to the soft-charging profile of the FC
offered by the resonant tank. Ability to be modulated using any
of standard modulations, i.e., LS- or PS-PWM is also a unique
feature of the proposed converter as no existing SCMLIs offer
this interesting feature.

From a hardware realization perspective, a tradeoff exists
between device count and gate driver complexity depending
on the choice of bidirectional switch implementation. If MBS
devices are utilized for the four-quadrant switches, only eight
power devices are needed but 12 isolated gate drivers are re-
quired. Conversely, using discrete FETs to build the bidirectional
switches requires 12 devices but only eight gate drivers.

As summarized in Table IV, the proposed Res-based SCMLI
topology addresses several key limitations of existing FC-based
MLIs such as those presented in [6], [8], [11], and [12], as
well. While FC-MLIs inherently suffer from limited voltage
gain and require high input voltages for standard 230 V rms

output, the proposed topology achieves unity gain with only
400 V input, making it more suitable for low-voltage dc sources
such as PV or battery systems. The proposed resonant-based
structure naturally ensures FC voltage balancing without the
need for redundant states, sensors, or closed-loop balancing
control, which are often required in FC-based inverters.

Although FC-based MLIs can achieve very high power den-
sities, they typically rely on ultra-compact layouts using multi-
layer ceramic capacitors (MLCCs), GaN TOLT devices, and
aggressive thermal management. This comes at the cost of
increased system complexity, as active capacitor voltage bal-
ancing with sensors and feedback loops is essential to maintain
stable operation. In contrast, the proposed Res-based SCMLI
prototype, given in next Section, delivers a power density of
2.14 kW/L using an air-cooled, rack-mounted layout. Even
though the current density is moderate, with future integration
of GaN-based bidirectional devices, TOLT packaging, and cold-
plate cooling, it is expected to scale well beyond 3 kW/L while
retaining the converter robustness, efficiency, and EMI-friendly
characteristics.

B. Numerical Comparison Via PLECS

In order to numerically evaluate the operation performance of
conventional SL-ANPC, and 5SL-ABNPC converters, a standard
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Fig. 9. Standard PLECS results at 3 kW output power, full modulation index

with V. =400 and LS-PWM technique showing (a) voltage and current stress
profiles of S7, Sa, and S3 of the proposed 5L-Res-based-ABNPC and (b) its
zoomed-in view emphasizing on soft-switched performance of S, and Sz, and
hard-switched action of S5 at peak charging current area.

PLECS model is developed at the same power level (3 kW),
and at the same switching frequency, 75 kHz for each and their
detailed simulation results with the main circuit topology are
shown in Fig. 11(a), and (b).

Owing to half voltage conversion gain provided by conven-
tional SL-ANPC-based converters, 800 V input dc voltage is
considered to feed a 230 V rms grid/load voltage [6], [8].
On the contrary, SL-ABNPC converter follows the SC-based
charge balancing process with a unity voltage conversion gain.
Hence, its input dc voltage is considered as 400 V to feed
the same grid/load voltage. In both cases, a full modulation
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Fig. 10.  Standard PLECS results for the three-phase extension of the proposed
5L-Res-based-ABNPC converter at full modulation index with V3. =400 and
PS-PWM technique for a system with (a) 10 kW balanced load and (b) unbal-
anced load when the phase b and c are injecting 3 kW per each and the power
of phase a is set at 1.5 kW.

index is taken into account. As has also been known, the con-
ventional SL-ANPC converter requires eight standard FETS, in
which the MVS value for 57, S5, S3, and Sy is equal to Vg,
(considering 2Vq. as the input dc voltage), while as for the
rest, their MVS is 0.5V4.. On the other hand, S, and S, are
both bidirectional/four-quadrant device in SL-ABNPC-based
structure given in [18] and [19] with an MVS equals to the input
dc voltage, Vg, while the rest of devices are standard FETs. Its
counterpart presented in [20] needs also eight devices but all
based on the standard FETs, with the same SC-based charging
process.
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Performance evaluation of conventional FC- and SC-based topologies based on PLECS at 3 kW power, full modulation index with 75 kHz effective

switching frequency in (a) SL-ANPC structure [7] with a PS-PWM technique and 800 V input DC voltage and (b) SL-ABNPC structure [18], [19] with a LS-PWM

technique and 400 V input DC voltage.

As can be seen from Fig. 11(a), the FC voltage for SL-ANPC
converter is balanced at around 200 V, i.e., one-quarter of
the input dc voltage, while its passing through current is the
switching current of the ac load, with maximum 15 A. Here, dc
link-capacitors, C and C5 are in charge of the top output voltage
level generation, i.e.,£0.5Vy, and they need an active voltage
balancing described in details in [ 13]. FC charge balancing in this
converter is on the basis of two RSSs used in PS-PWM technique
as well, where in a more accurate mode, a closed-loop control
system is used to provide better dynamics for the FC [13].

As opposed to this, the SC-based SL-ABNPC converter does
not have any RSSs as the FC is charged only during the middle
output voltage levels, i.e., 0.5V, with a LS-PWM strategy
and, thus, it delivers its charged voltage to the load at top volt-
age positive and negative levels, =Vg.. Even though requiring
half input dc voltage compared to SL-ANPC converter, the FC
passing though current of SL-ABNPC converter, igc, which is
equal to the input current, ;;,, drawn from the input dc supply,
possesses a large discontinuous inrush spike and its peak is

around 8-time larger than the load current peak at full modulation
index.

This excessive current stress induces a large EMI as well,
while due to the hard-switched nature of the FC charging path
devices, i.e., S1, and Sy, the overall efficiency is significantly
compromised at full power. As has been suggested in [18],
and [16], there have been two approaches put forward to alleviate
such current stress issue, in which the first one is to apply a larger
Crc compared to C1, and Cs, and the second one is to reduce the
maximum modulation index to 0.85 or 0.9. The latter approach
becomes more popular as the SL-ABNPC converter achieves
more than 98% overall efficiency at full power according to [13],
[19], and [20].

A comparative loss analysis between these two conventional
topologies under identical operating conditions (3-kW, full mod-
ulation index, 75-kHz switching frequency, and the same SiC
devices, i.e., UJ4C075018K4S) has also been conducted in
Fig. 11(a), and (b). The gate resistances to control the dv/dt
of devices are chosen as per the data sheet of the SiC-FETs. As



4230

Gate driver board
28 cm

Gate driver board 23 om

Fig. 12. 3 kW single-phase prototype of the proposed SL-Res-based-ABNPC
converter with SiC-FETs technology and an on-board FPGA, while the MLCCs
and L, of the resonant branch are placed at the bottom side of the power board.

per these, both converters exhibit hard-switched behavior, with
no soft-charging mechanism in their FC paths. This causes a
significant switching loss for the SC loop devices in ABNPCs,
but due to lower range of current stress for ANPC, the switching
losses still are in an acceptable range. In both cases, 470uF
electrolyte capacitors were selected for the FC to ensure a
fair basis for comparison. As seen in Fig. 11(b), this value
proves insufficient for the ABNPC under full-load conditions,
resulting in a large FC voltage ripple and distortion in the ac load
current waveform, indicating that the FC cannot fully support the
top-level voltage states. This is a direct consequence of the hard-
charging action, which causes severe inrush currents. In contrast,
the SL-ANPC topology shown in Fig. 11(a) maintains a cleaner
current waveform due to its more stable FC behavior. Despite
lacking any voltage boosting capability, the ANPC achieves very
high efficiency, mainly due to its minimal conduction losses and
relatively simple switching operation.

In summary, compared to existing SL inverters, the proposed
5L-Res-based-ABNPC converter uniquely combines high effi-
ciency, soft-switching operation, no inrush current at full modu-
lation, full de-link utilization, bidirectional operation, and practi-
cal implementation flexibility, establishing itself as a strong can-
didate for next-generation high-frequency, high-density power
electronics systems.

VI. EXPERIMENTAL RESULTS

To validate the performance of the proposed 5L-Res-based-
ABNPC converter, a 3 kW/110 kHz laboratory-built prototype
using discrete SiC-FETs and on-board FPGA is developed as
shown in Fig. 12. The designed converter consists of two same
gate-driver boards placed into two sides of the power board with
a 2.14 kW/L power density. Each of the gate driver boards can
drive four SiC-FETs, i.e., S1, S2, S3,and S, and S5, Sg, S4, and
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TABLE V
MAIN PARAMETERS USED FOR THE EXPERIMENTAL PROTOTYPE

Element Type and Description
Switching Frequency/Rated Power 110kHz/ 3kW
SiC-FETs 750 V/UJ4C075018K4S

MLCCs for Res-Tank
MLCCs as HF DC-Link

5x470nF/2220Y 1K00474KXRWS2
220nF/GRM55DR7LW224KWO01L

Microprocessor DSP-TMS320F28379D
On-board FPGA TE0890-02-P1C-5-A
Crc 470uF/450V /LGL2W471MELC35

L, for Res-Tank
Gate Drivers
Isolated dc/dc ICs

2uH/40A/SER2011-202MLD
UCC21520
MGI2D121505SC

Ss. The current design of the proposed SL-Res-based-ABNPC
converter has followed the industrial rack mounted standard
dimension with a careful layout consideration. Conducted EMI
in the low-frequency range of 9—150 kHz is becoming a critical
concern for grid-connected power converters due to recently
introduced standards such as CISPR 11 and BDEW recommen-
dations [30]. Hence, EMI and thermal considerations were prior-
itized in the hardware layout. The resonant tank loop was tightly
routed and locally shielded to minimize parasitic inductance
and radiated noise. High-frequency MLCCs were placed near
critical switching nodes, and isolated gate drivers were used with
short signal paths to limit common-mode noise coupling. Due
to the soft-switching nature of the resonant charging path, high-
frequency EMI is inherently reduced compared to hard-switched
SCMLIs. However, as the resonant frequency (110 kHz) falls
within the regulated band, careful design of the input EMI filter
and damping networks is still essential to suppress narrowband
EMI tones [30].

Thermal design followed a forced air-cooled strategy using a
finned aluminum heat sink, with thermal vias and copper pours
added beneath high-loss devices. Measured case temperatures
remained within safe limits at full load, confirming effective
thermal management under rated conditions. The resonant tank
parameters are also chosen to ensure 110 kHz resonant frequency
with a moderate value of Q as per Fig. 7, while the details of
components used in the prototype are tabulated in Table V. The
selection of L, is based on the expected Iy, ,, at full power in
terms of its maximum saturation current. LS-PWM strategy is
selected as for the modulation strategy, as well. Considering the
above specifications, the experimental results are presented in
following sections addressing the performance of the proposed
5L-Res-based-ABNPC converter in both open- and closed-loop
grid-connected conditions.

A. Open-Loop Results

The steady-state experimental results of the proposed SL-Res-
based-ABNPC converter, when aresistive load at open-loop con-
dition is exploited, are shown in Fig. 13(a), and (b), while 400 V
input dc voltage is applied to the converter. As per Fig. 13(a),
3 kW power is injected to a single-phase load at M = 0.95, while
all the expected output voltage levels of the converter are clearly
generated with full de-link voltage utilization at the ac output.
The peak of ac load current is around 15 A, the voltage across
the dc-link capacitors is perfectly balanced at 200 V without
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Fig. 13. Experimental results of the proposed 5L-Res-based-ABNPC con-
verter at the steady-state condition showing, (a) SL output voltage, the load
current and the balanced voltage across the DC-link capacitors at 3 kW output
power and M = 0.95 and (b) emphasizing on the resonant tank current at 2.8kW
power with full modulation index, and the voltage across the resonant tank.

exploiting any external sensors. The same experimental results
at full modulation index and 2.8 kW power have also been shown
in Fig. 13(b) emphasizing on 400 V balanced voltage across the
resonant tank, and the current passing through it. As can be seen,
with almost 15 A peak of the load current, I, ,,, is around 32 A
confirming the analysis given in Fig. 5. This is the breakthrough
feature of the proposed topology, as it operates within a full
modulation index, while the MCS of the bidirectional devices
and resonant tank is slightly greater than two times the peak load
current.

In following, the performance of the proposed converter is
verified through the experiment under a step change in the load
power, i.e., from 1.3 to 2.3 kW at M = 0.95, and under a
sudden change in M from 0.75 to 1. Details of these results
are demonstrated in Fig. 14(a)—(d), respectively. The zoomed-in
view of these results showing the peak current passing through
the resonant tank can again confirm the soft-charging operation
of the FC at the rated voltage and high power.

In order to show the voltage stress of devices, Fig. 15(a) and
(b) can be considered, where the bidirectional devices, S, and
So are blocking + 200 V at 400 V input dc voltage. On the other
hand, the normal FETs, S3, and S7, are blocking 400 V stress
voltage at high and low switching frequency, respectively. As
per the symmetry of the proposed converter, the stress voltage
of other involved four devices has not been shown. Fig. 16(a) and
(b) also demonstrated the voltage and current stresses of S7, and
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Fig. 14. Experimental results of the proposed 5L-Res-based-ABNPC con-
verter at transient in maximum modulation index and load step-change showing
5L output voltage, the load current, the resonant tank voltage, and the current
passing through the resonant tank, when (a) M is fixed at 0.9 and the power is
changed from 1.2 to 2.3 kW, (b) M is changed from 0.75 to 1 at constant load,
(c) zoomed-in-view of the results under the load change at 2.3 kW power, and
(d) zoomed-in view of the results at 2.8 kW and M = 1.

So in presence of the 5L output voltage of the proposed converter
and the load current at full modulation index and 2.8 kW power.
In this case, a 30 MHz N7041A Rogowski ac current probe is
used to capture the bidirectional devices current, where due to
the soft-charging operation, their MCS is roughly higher than
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stress of S and (b) stress voltage across S22, and current stress of So.

Experimental results of the proposed 5L-Res-based-ABNPC con-
verter showing the 5L inverter output voltage, and the resonant tank current at
M = 0.95 with (a) stress voltage across S7, and Sz and (b) stress voltage across

Experimental results of the proposed 5L-Res-based-ABNPC con-
verter showing the 5L inverter output voltage, and the load current at 2.8 kW
power and full modulation index with (a) stress voltage across S7, and current
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(b) negative half cycle of the 5L inverter output voltage.
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Experimental results of the proposed 5L-Res-based-ABNPC con-
verter at full modulation index (M = 1) and 2.8 kW power emphasizing on
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cycle of the SL inverter output voltage and (b) Sz stress at positive half cycle of
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Experimental grid-connected operation showing (a) the results with a dynamic change of the injected active power at unity PF from zero to full power,

and vice versa, (b) steady-state reactive power support result at full apparent power with a leading PF, and (c) steady-state reactive power support result at full

apparent power with a lagging PF.

32A without inducing any aggressive spikes. These results can
confirm the MCS and MVS analysis given in Table II.

In order to highlight the soft-switching feature of these bidi-
rectional devices, Fig. 17(a) and (b) can be taken into account.
Thanks to the sinusoidal nature of the resonant tank current with
amoderate () leading to a perfect zero crossing, all bidirectional
devices take ZVS turned-ON and ZCS turned-OFF feature at the
same time, which can remarkably increase the overall efficiency
of the converter with a reduced EMI propagation issue. The
zoomed-in view of the voltage and current stresses for bidirec-
tional devices, S1, and Ss, in presence of the 5L output voltage
and the load current at full modulation index and 2.8 kW power
can also be seen in Fig. 18(a) and (b). The results are highlighted
when the inverter is generating its top positive and top negative
output voltage levels. As per 14 A of the load peak current,
the MCS of the devices is roughly around 30 A with a proper
zero crossing ensuring the soft-switched performance of the
bidirectional devices both in turned-ON and turned-OFFinstances.

B. Closed-Loop Grid-Connected Results

As per the grid-connected results, the proposed 5L-Res-
based-ABNPC converter is connected directly to a 50 Hz grid
emulating by Regatron TC30.528.43 via an interface L -type
filter. The input dc voltage is provided by a Elektro-Automatik
PV emulator (model EA-PSI-9750-12). The grid peak voltage is
considered 340 V, while the input dc voltage is set at 400 V. This
results in a maximum modulation index, M equals to 0.85, and
hence for 15 A peak of the injected grid current, the maximum
injected active power would be around 2.6 kW. AMC3330 and
AMC3301 ICs as the precision, isolated amplifier with a fully
integrated isolated dc—dc converter are used as per the grid volt-
age, vy, and the injected grid current, ¢4, sensors, respectively.
The same grid voltage observer technique with a proportional
resonant controller explained in details in [13] is used with a DSP
to generate the reference current, while the adjusted sampling
time is based on 110 kHz resonant frequency of the proposed
converter.

Under the above assumptions, stable grid-connected opera-
tion of the proposed 5L-Res-based-ABNPC converter at unity
PF within a dynamic result, i.e., zero to full power and vice

Efficiency (%

[ | s Based on Measurement
Based on PLECS Model

[ Svitching
[ Conduction
[ Copper Loss
I ESR Loss

4
Loss [W]

(b)

Fig. 20. (a) Efficiency results of the proposed SL-Res-based-ABNPC con-
verter at full modulation index based on PLECS and experiment and (b) loss
breakdown results of the involved components at the rated power, full modulation
index, and based on PLECS model.

versa, can be confirmed in Fig. 19(a). The result showcases the
SL inverter output voltage, Vi, the injected grid current, i,
the grid voltage, vg4, and the resonant tank current, 7z, where
I1,m is around 30 A. Concerning, M = 0.85, and 15 A peak
of the grid current, I, 4, this value of Iy, ,, can again confirm
the analysis presented in Fig. 5. Within the same amount of
1,4, Fig. 19(b), and (c) shows the successful reactive power
support operation of the proposed converter within leading and
lagging PF, respectively. As can be seen, I, ,, in nonunity PF
shows a smaller value, i.e., roughly around 25A, in comparison
to unity PF operation confirming again the analysis developed
in Section II and illustrated in Fig. 5(b).

C. Loss and Efficiency Analysis Based on PLECS and
Experiment

Considering Fig. 20(a), the efficient performance of the pro-
posed 5L-Res-based-ABNPC converter at full modulation index
over a wide range of output power can also be confirmed.
Notably, due to soft-charging and soft-switching nature of
high frequency devices, i.e., bidirectional devices, the overall
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efficiency of the proposed topology confirming by both PLECS
and measurement is more than 97.6%. Concerning the reason-
able value of the passive components, reaching this amount of
efficiency through conventional SCMLIs at full modulation in-
dex is not attainable owing to large current stress and significant
voltage drop across the FC. The loss breakdown details of the
involved components based on [4s,on Of the selected devices, and
equivalent series resistance (ESR) of the passive elements have
also be shown in Fig. 20(b). These results have been captured
by the detailed model of the proposed 5L-Res-based-ABNPC
converter in PLECS.

VII. CONCLUSION

This article introduced a novel class of resonant switched-
capacitor multilevel inverters (Res-SCMLIs) by integrating a
resonant network into the charging path of the FC. Focusing on
the SL ABNPC topology, the proposed approach successfully
addresses key challenges associated with conventional SCMLIs,
including large inrush currents, high device stress, and limited
modulation flexibility. By employing a carefully designed res-
onant tank, the proposed converter achieves soft-charging and
soft-switching of the involved devices even at full modulation
index, significantly reducing current stress and EMI propa-
gation without compromising full de-link voltage utilization
at the ac output. Furthermore, the flexibility to operate under
both PS and level-shifted PWM strategies enhances modulation
options and system efficiency. The theoretical findings were
thoroughly validated through detailed simulations and experi-
mental results from a 3 kW SiC-based prototype, demonstrating
superior steady-state and dynamic performance, robust voltage
balancing, and excellent stress management with around 98%
measured efficiency.

Future work will focus on improving the converter’s power
density and scalability by replacing the discrete bidirectional
switches with monolithic or TOLT-based devices, which offer
reduced parasitics and better thermal integration. In addition,
realizing the resonant inductor L, using PCB-based or planar
magnetic structures will enable higher saturation currents and
more compact construction, supporting higher output power.
Decoupling the resonant and switching frequencies is also under
consideration, as the H-bridge side devices are hard-switched
and not constrained by the resonant tank dynamics allowing
optimization of both stages independently for better EMI and
efficiency.

ACKNOWLEDGMENT

The authors would like to thanks the Priority Programme in
Germany “Energy Efficient Power Electronics (GaNius-DFG
SPP 2312)” for partially providing financial supports.

REFERENCES

[1] J. Huber, L. Imperiali, D. Menzi, F. Musil, and J. W. Kolar, “Energy
efficiency is not enough!,” IEEE Power Electron. Mag., vol. 11, no. 1,
pp. 18-31, Mar. 2024.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 3, MARCH 2026

[2] F.Blaabjerg,Z.Chen,and S. Kjaer, “Power electronics as efficient interface
in dispersed power generation systems,” /EEE Trans. Power Electron.,
vol. 19, no. 5, pp. 1184-1194, Sep. 2004.

[3] D.Zhang, M. Leibl, J. Miihlethaler, J. Huber, and J. W. Kolar, “Analytical

modeling and comparison of EMI pre-filter noise emissions of three-phase

voltage and current DC-link converters,” IEEE Trans. Power Electron.,

vol. 39, no. 11, pp. 14691-14707, Nov. 2024.

A. Poorfakhraei, M. Narimani, and A. Emadi, “A review of multilevel

inverter topologies in electric vehicles: Current status and future trends,”

1IEEE Open J. Power Electron., vol. 2, pp. 155-170, 2021.

J. Azurza Anderson, G. Zulauf, P. Papamanolis, S. Hobi, S. Miri¢, and

J. W. Kolar, “Three levels are not enough: Scaling laws for multilevel

converters in AC/DC applications,” IEEE Trans. Power Electron., vol. 36,

no. 4, pp. 3967-3986, Apr. 2021.

[6] J. Yu, R. Burgos, Q. Wang, and I. Agirman, “Design of a SiC-based five-

level stacked multicell converter for high-speed motor drives,” in Proc.

IEEE Energy Convers. Congr. Expo., 2019, pp. 4063-4068.

F. Kieferndorf, M. Basler, L. A. Serpa, J.-H. Fabian, A. Coccia, and

G. A. Scheuer, “ANPC-5L technology applied to medium voltage variable

speed drives applications,” in Proc. SPEEDAM, 2010, pp. 1718-1725.

P. Barbosa, P. Steimer, J. Steinke, M. Winkelnkemper, and N. Celanovic,

“Active-neutral-point-clamped (ANPC) multilevel converter technology,”

in Proc. Eur. Conf. Power Electron. Appl., 2005, pp. 10 pp.—P.10.

[9] H. Wang, L. Kou, Y.-F. Liu, and P. C. Sen, “A new six-switch five-level
active neutral point clamped inverter for PV applications,” IEEE Trans.
Power Electron., vol. 32, no. 9, pp. 6700-6715, Sep. 2017.

[10] R. Barzegarkhoo, A. Kirubakaran, T. Pereira, M. Liserre, and Y. P. Si-
wakoti, “Improved T-type and ANPC multilevel converters by means of
GaN-based T-cell branch and bidirectional device,” in Proc. 50th Annu.
Conf. IEEE Ind. Electron. Soc., 2024, pp. 1-6.

[11] V.Dargahi, A. K. Sadigh, M. Abarzadeh, S. Eskandari, and K. A. Corzine,
“A new family of modular multilevel converter based on modified flying-
capacitor multicell converters,” IEEE Trans. Power Electron., vol. 30,
no. 1, pp. 138-147, Jan. 2015.

[12] D. Zakzewski, R. Resalayyan, and A. Khaligh, “Hybrid neutral point
clamped converter: Review and comparison to traditional topologies,”
IEEE Trans. Transport. Electrific., vol. 10, no. 3, pp. 6087-6099,
Sep. 2024.

[13] R. Barzegarkhoo, M. Farhangi, S. S. Lee, R. P. Aguilera, M. Liserre, and
Y. P. Siwakoti, “New family of dual-mode active neutral point-clamped
five-level converters,” IEEE Trans. Power Electron., vol. 38, no. 10,
pp. 12236-12253, Oct. 2023.

[14] R. Barzegarkhoo, M. Farhangi, S. S. Lee, R. P. Aguilera, F. Blaab-
jerg, and Y. P. Siwakoti, “A novel active neutral point-clamped five-
level inverter with single-stage-integrated dynamic voltage boosting fea-
ture,” IEEE Trans. Power Electron., vol. 38, no. 6, pp. 7796-7809, Jun.
2023.

[15] T. Lehmeier, A. Amler, Y. Zhou, and M. Mirz, “Three-phase ARCP
inverter using soft-switching with a single shared inductor,” IEEE Trans.
Power Electron., vol. 39, no. 2, pp. 2505-2521, Feb. 2024.

[16] R. Barzegarkhoo, M. Forouzesh, S. S. Lee, F. Blaabjerg, and Y. P.
Siwakoti, “Switched-capacitor multilevel inverters: A comprehensive re-
view,” IEEE Trans. Power Electron., vol. 37,n0. 9, pp. 11209-11243, Sep.
2022.

[17] 1. Harbi et al., “Common DC-link multilevel converters: Topologies,
control and industrial applications,” IEEE Open J. Power Electron., vol. 4,
pp. 512-538, 2023.

[18] Y. P. Siwakoti, “A new six-switch five-level boost-active neutral point
clamped (5L-boost-ANPC) inverter,” in Proc. IEEE Appl. Power Electron.
Conf. Expo. (APEC), 2018, pp. 2424-2430.

[19] Y. P. Siwakoti, A. Palanisamy, A. Mahajan, S. Liese, T. Long, and
F. Blaabjerg, “Analysis and design of a novel six-switch five-level active
boost neutral point clamped inverter,” IEEE Trans. Ind. Electron., vol. 67,
no. 12, pp. 10485-10496, Dec. 2020.

[20] C. Rech and W. A. P. Castiblanco, “Five-level switched-capacitor ANPC
inverter with output voltage boosting capability,” IEEE Trans. Ind. Elec-
tron., vol. 70, no. 1, pp. 29-38, Jan. 2023.

[21] Y. Ye, T. Hua, S. Chen, and X. Wang, “Neutral-point-clamped five-level in-

verter with self-balanced switched capacitor,” IEEE Trans. Ind. Electron.,

vol. 69, no. 3, pp. 2202-2215, Mar. 2022.

S.S. Lee, C. S. Lim, and K.-B. Lee, “Novel active-neutral-point-clamped

inverters with improved voltage-boosting capability,” IEEE Trans. Power

Electron., vol. 35, no. 6, pp. 5978-5986, Jun. 2020.

[4

—

[5

—_

[7

—

[8

[t}

[22]



BARZEGARKHOO et al.: RESONANT SCMLI

[23] S. S. Lee and K.-B. Lee, “Switched-capacitor-based modular t-type
inverter,” IEEE Trans. Ind. Electron., vol. 68, no. 7, pp.5725-5732,
Jul. 2021.

S.S.Lee, C. S. Lim, Y. P. Siwakoti, and K.-B. Lee, “Dual-t-type five-level
cascaded multilevel inverter with double voltage boosting gain,” IEEE
Trans. Power Electron., vol. 35, no. 9, pp. 9522-9529, Sep. 2020.

J. Chen, “Resonant switched capacitor DC-DC converter with stackable
conversion ratios,” Master’s thesis, Elect. Eng., UC Berkeley, Berkeley,
CA, USA, 2016.

J. He, Y. Ye, and X. Wang, “ZVS and inrush charging current suppression
design for switched-capacitor multilevel inverters,” IEEE Trans. Power
Electron., vol. 38, no. 9, pp. 10611-10616, Sep. 2023.

R. Stalaetal., “Four-level single-stage single-source boost-inverter,” /JEEE
Access, vol. 12, pp. 120524-120542, 2024.

J. Huber and J. W. Kolar, “Monolithic bidirectional power transistors,”
IEEE Power Electron. Mag., vol. 10, no. 1, pp. 28-38, Mar. 2023.

R. Barzegarkhoo, T. Pereira, and M. Liserre, “Unlocking the opportunities
of bidirectional GAN devices in isolated DC/DC converters and multilevel

[24]

[25]

[26]

[27]
[28]

[29]

inverters,” in Proc. 13th Int. Conf. Integr. Power Electron. Syst., 2024,
pp. 15-24.
“Industrial, scientific and medical equipment—Radio-frequency distur-
bance characteristics—Limits and methods of measurement,” CISPR 11,
1EC, 2024.

[30]

Reza Barzegarkhoo (Senior Member, IEEE) re-
ceived the Ph.D. degree in electrical engineering from
the University of Technology Sydney (UTS), Sydney,
Australia, in 2023.

From 2023 t0 2025, he was a Postdoctoral Research
Fellow with the Chair of Power Electronics at Kiel
University, Germany, where he contributed to the
DFG-GaNius priority program through a three-year
funded project on the application of monolithic bidi-
4 rectional GaN devices in power electronics. Since

June 2025, he has been with the R&D group at
Delta Energy Systems, GmbH, Soest, North Westphalia, Germany, as a custom
design engineer for advanced power electronics. His current focus is on the
development of next-generation high-efficiency switching power supply units.
His main research interests include the application and characterization of wide
bandgap (WBG) devices, as well as the design, control, and development of
high-power-density and high-efficiency power electronic converters, including
multilevel voltage source inverters, switched-capacitor/switched-boost convert-
ers, and resonant/nonresonant dc—dc converters.

Dr. Barzegarkhoo has authored or co-authored more than 60 peer-reviewed
journal and conference papers in the field of power electronics. He was the
recipient of the prestigious Green Talent Award from the Federal Ministry of
Education and Research, Germany, in 2021. He was a Regular Reviewer for
several IEEE Transactions journals in the field of power electronics and was
recognized as a Distinguished Reviewer by IEEE TRANSACTIONS ON INDUS-
TRIAL ELECTRONICS in 2020 and as a Star Reviewer by the IEEE JOURNAL OF
EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS in 2021. He was
also the recipient of the Best Student Paper Awards from IEEE IES and PEDG
proceedings in 2022, and was a finalist in the Innovative Design Challenge at
EPE 2023 in Aalborg, Denmark.

Majid Farhangi (Member, IEEE) received the B.Sc.
degree in electronics engineering from Islamic Azad
University, Tehran, Iran, in 2015, the M.Eng. de-
gree in electrical engineering from The University
of Sydney, Sydney, NSW, Australia, in 2018, and the
Ph.D. degree in power electronics with the Faculty of
Engineering and Information Technology, University
of Technology Sydney, Ultimo, NSW, Australia, in
2024.

He is currently a Senior Research Associate with
the University of New South Wales, Sydney. His
research interests include high-frequency dc—dc converters, high-frequency
inverters, multilevel converters, battery energy storage systems, and induction
heating systems.

4235

Sze Sing Lee (Senior Member, IEEE) received the
B.Eng. (Hons.) and Ph.D. degrees in electrical engi-
neering from Universiti Sains Malaysia, Malaysia, in
2010 and 2013, respectively.

From 2014 to 2019, he was a Lecturer / Assis-
tant Professor with the University of Southampton
Malaysia Campus. From 2018 to 2019, he was a
Visiting Research Professor with Ajou University,
South Korea. He is currently an Assistant Professor
and Degree Program Director of Electrical Power
Engineering with Newcastle University in Singapore.
His research interests include power converter / inverter topologies and their
control strategies.

Dr. Lee is an Associate Editor for IEEE TRANSACTIONS ON POWER ELEC-
TRONICS and the IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS. He is a
Chartered Engineer registered with the Engineering Council, U.K., and currently
serves as a Professional Review Interviewer and International Professional
Registration Advisor.

Yam P. Siwakoti (Senior Member, IEEE) received
the B.Tech. degree in electrical engineering from
the National Institute of Technology, Hamirpur, In-
dia, in 2005, the master’s degree in electrical power
engineering from the Norwegian University of Sci-
ence and Technology, Trondheim, Norway, and Kath-
mandu University, Dhulikhel, Nepal, in 2010, and
the Ph.D. degree in electronic engineering from Mac-
quarie University, Sydney, NSW, Australia, in 2014.

He was a Postdoctoral Fellow with the Department
of Energy Technology, Aalborg University, Denmark,
during 2014-2016. He was a Visiting Scientist with the Fraunhofer Institute for
Solar Energy Systems, Freiburg, Germany, during 2017-2018. His research has
been recognised by a series of awards including the most prestigious Friedrich
Wilhelm Bessel Research Award from Alexander von Humboldt Foundation,
Germany, in 2022, and the Green Talent Award from the Federal Ministry of
Education and Research, Germany, in 2016.

Dr. Siwakoti is currently an Associate Professor with the Faculty of Engi-
neering and Information Technology, University of Technology Sydney. He
is an Associate Editor of IEEE TRANSACTIONS ON POWER ELECTRONICS,
IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS and IEEE JOURNAL OF
EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS.

Marco Liserre (Fellow, IEEE) received the M.Sc.
and Ph.D. degrees in electrical engineering from the
Politecnico di Bari, Bari, Italy, in 1998 and 2002
respectively.

He has been Associate Professor with the Politec-
nico di Bari and, since 2012, Professor of reliable
power electronics with Aalborg University, Aalborg,
Denmark. Since 2013, he has been a Full Professor
and holds the Chair of Power Electronics with the
University of Kiel, Kiel, Germany.

He has been offered and declined professorships
at several universities. He has authored or coauthored more than 700 technical
papers (1/3 of them in international refereed journals), one book, and 7 granted
patents (4 with companies). These works have received more than 50,000
citations.

Dr. Liserre was selected as an Highly Cited Researcher in the field of
Engineering (Clarivate Web of Science) from 2014 to 2021. Several of his
students (MSc, PhD and post-docs) are in leading positions in industry and
universities worldwide. In 2023, he joined the Fraunhofer ISIT on a part-time
basis as deputy Director and Director of the new division “Electronic Energy
Systems,” as well as of the Kiel branch of the Fraunhofer ISIT. From 2025,
he is acting Director of Fraunhofer ISIT. He is a member of IAS, PELS, PES
and IES. He has served all these societies in various capacities. In PELS, he
is Co-Editor of the IEEE OPEN ACCESS JOURNAL IN POWER ELECTRONICS
and Technical Committee Chairman of the Committee on Electronic Power
Grid Systems. He has co-chaired several IEEE conferences being several times
Chairman. He was a recipient of 16 awards from IEEE, PCIM and EPE-PEMC,
including the prestigious 2018 IEEE-IES Mittelmann Achievement Award and
the 2023 IEEE-PELS R. David Middlebrook Achievement Award. In 2023, he
was awarded the title of “Ufficiale” by the President of the Italian Republic. In
2025 he will be Chairman of Powertech 2025 in Kiel.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


