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Abstract—In this article, a 13-level circuit topology is proposed,
which features a single dc source, extended linear modulation
range, and a high ratio of output voltage levels to semiconductor de-
vices. The proposed converter, which consists of a series-connected
floating H-bridge (FHB) supplementing a five-level active neutral
point clamped converter (5L-ANPC), can generate 13 pole voltage
levels in the normal modulation region and 15 levels in the extended
modulation region. The key performance improvements offered
by the proposed topology are enhanced power quality, reduced
losses, and increased power density. Whereas existing schemes with
a similar circuit structure regulate the FHB to one-eighth of the
dc-link voltage and only achieve nine levels, the proposed joint-
phase redundancy balancing approach regulates the FHB stage to
one-twelfth of the total dc-link voltage on a switching-frequency
basis, thereby increasing output power quality while reducing the
converter’s cost and size without the need for multiple isolated sup-
plies. Furthermore, the proposed modulation scheme also allows
for a switching frequency reduction of the higher voltage blocking
5L-ANPC stage by shifting the high-frequency switching to the low
voltage blocking FHB stage, thus reducing losses. This work also
evaluates operation in the topology’s extended linear modulation
range, which is shown to be increased to 0.612 times the dc-link
voltage (modulation index, M = 1.223) without limitations on
load power factors, compared to the typical limit of to 0.577 times
the dc-link voltage (M = 1.154) for nonboosting topologies such
as 3L-ANPC and 5L-ANPC. The proposed converter uses boosting
states enabled by the FHB in this extended modulation region,
which increases the number of output levels to 15. The effective-
ness of the proposed topology and capacitor balancing scheme
is validated using experimental and analytical results. Based on
experimental and analytical results, the proposed topology is shown
to have improved power quality, efficiency, size, and weight relative
to the existing solutions.

Index Terms—Active neutral point clamped (ANPC), cascaded
H-bridge, flying capacitor (FC), joint-phase redundancy, medium
voltage AC (MVAC), medium voltage DC (MVDC), model
predictive control (MPC), motor drive, space vector (SV).

I. INTRODUCTION

MULTILEVEL converter topologies are indispensable for
medium and high voltage conversion applications, such
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as those required in transportation electrification, renewable
energy integration, and power distribution. The most valuable
features of multilevel converter typologies include the reduction
of device voltage ratings, improved power quality, reduced
switching loss, and low electromagnetic interference. Such fac-
tors are vital in meeting system requirements while limiting cost,
size, and losses.

A popular medium or high-voltage three-phase multilevel
converter solution for the applications mentioned above is the
three-level (3L) active neutral point clamped (ANPC) con-
verter [1], [2], [3], [4]. The success of the ANPC is due to
its compactness relative to alternative designs; ANPC does not
require isolated power supplies unlike cascaded H-bridge (CHB)
converters, and ANPC requires fewer and smaller passive power
devices compared to flying capacitor converter (FCC) [5], [6],
[7] and modular multilevel converter (MMC) [7], [8], [9], [10].

Several improvements to the 3L-ANPC converter have been
proposed in the literature; for instance, the 5L-ANPC converter,
which adds a flying capacitor (FC) stage to the 3L-ANPC topol-
ogy, has found widespread success [11], [12]. Other proposed
improvements to the 3L-ANPC are the addition of floating
H-bridge (FHB) converters connected in series with the output
of the 3L-ANPC to form a five-level (5L) converter [13]. These
FHB stages do not use isolated supplies but regulate capacitor
voltages by controlling reactive power flow into the FHB [14]. A
nine-level (9L) ANPC topology using both an FC stage and an
FHB stage regulated to one-eighth the dc-link voltage, referred
to here as the 9L-ANPC, has also been proposed [15], [16],
[17], [18]. In each case, per-phase redundancy balances the
FC and FHB capacitors, allowing for high-frequency capacitor
regulation without impacting the output pole voltage. Previous
works have shown that model predictive control (MPC) is well-
suited for the selection of redundant states due to the ease at
which proper state selection can be made while considering
multiple performance objectives [19], [20], [21], [22]. Isolated
power supplies have also been proposed for the series-connected
H-bridge stage to avoid capacitor regulation and to achieve 11
output voltage levels [23]; however, isolated power supplies
add complexity, size, and losses to a design and therefore are
preferably avoided.

Inclusion of a series-connected stage can further improve
converter power quality and efficiency when using common-
mode voltage to increase the number of output voltage levels.
For instance, a 3L-ANPC converter with a single FHB will
typically achieve five output voltage levels with an FHB voltage
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of a quarter of the dc-link voltage [24], however, when
taking advantage of common-mode voltages, the FHB stage can
be regulated to a sixth of the dc-link to create a seven-level
converter, thereby reducing the output voltage step size and
reducing device switching energy [5], [13]. This approach of
using common mode voltage (i.e., joint-phase redundancies) to
achieve additional output voltage has been previously proposed
for other topologies, however, regulation has only been achieved
with low-frequency control of common mode voltage [24], [25],
[26], [27]. In addition, the series-connected stages can increase
the linear modulation limit over that of the base converter
alone [23], [28], [29]; however, this increase in modulation has
yet to be applied to the hybrid ANPC converter without the use
of isolated supplies.

This article proposes an improved hybrid neutral point con-
verter topology with a 13-level (13L) output and low voltage
FHB (one-twelfth of the dc-link voltage), which substantially
increases performance over other topologies within its class.
The salient features of the proposed topology and associated
control scheme are as follows.

1) A low voltage (Vdc/12) FHB stage is connected in series
with a 5L-ANPC to generate a 13-level pole-voltage wave-
form with only 12 switches per phase and without the use
of isolated power supplies.

2) The FC and FHB stages are regulated to their nominal
voltages of Vdc/4 and Vdc/12, respectively, on a switching-
frequency basis using joint-phase redundancy while oper-
ating up to M = 1.154, thus keeping required capacitor
sizes small. The FHB capacitors can only be balanced
using joint-phase redundancies, as there are insufficient
per-phase redundancies to regulate the FHB to this reduced
voltage.

3) The modulation approach capitalizes on the proposed con-
verter’s joint-phase redundancies to minimize switching
losses by modulating the highest voltage-blocking devices
at line frequency and modulating the lowest voltage-
blocking devices switch at the highest frequency while
regulating floating capacitor and midpoint voltages.

4) The proposed topology can operate in an extended lin-
ear modulation region utilizing its series-connected FHB,
specifically up to M = 1.223, irrespective of the power
factor, as compared to the M = 1.154 limit typical of
converters without boosting capability such as 5L-ANPC.
Operation in extended linear modulation uses 15 output
pole voltage levels.

II. CIRCUIT TOPOLOGY AND SVS

A. Power Circuit

The proposed topology consists of a 5L-ANPC stage and a
series-connected FHB stage, as shown in Fig. 1. The input to
the converter uses a single dc source. A midpoint is formed
internally to the converter via the dc-link capacitors Cdc1 and
Cdc2 of equal capacitance Cdc. The objective of the 5L-ANPC
stage is to generate the fundamental component of the output
waveform, while the FHB stage improves output power quality.
This configuration allows the 5L-ANPC stage to have a reduced

Fig. 1. Power circuit topology of the proposed 13L-ANPC.

TABLE I
SWITCHING STATES OF 5L-ANPC STAGE OF PHASE LEG X

switching frequency to minimize losses. The 5L-ANPC stage
is a hybrid combination of a 3L-ANPC converter and a 3L-FC
converter. The switches selecting the dc-link capacitor (S1 and
S2) block Vdc/2. These higher voltage blocking switches have
line frequency switching, which reduces the switching loss of the
converter. Therefore, the design of S1 and S2 should prioritize
low on-resistance because switching losses will be negligible
relative to conduction losses. As in a typical 5L-ANPC, the
FC voltage VFC is regulated to Vdc/4, thus, switches S3 and
S4 block Vdc/4 . The switching states of the 5L-ANPC stage
of the converter are summarized in Table I. The table also
marks the polarity of the phase output current IX sunk by
the capacitor, where X denotes separate phase legs of the
converter (where X ∈ {A,B,C}). There are five output voltage
states (S5L-ANPC,X ) of the 5L-ANPC stage. Redundancies of
S5L-ANPC,X = 0 enable S1 and S2 to be modulated at line
frequency because S1 remains on for the positive half cycle of
the output voltage and S2 remains on for the negative half cycle
of the output voltage, as indicated by the “period used” column.
Redundancies of S5L-ANPC,X = ±1/2 are used to regulate the
voltage of CFC. Further details regarding capacitor regulation
are discussed in Section III.

The second stage of the proposed converter is a series-
connected H-bridge module. The FHB capacitor (CFHB) has no
external power supply, similar to the FC stage. The controller
regulates the capacitor voltage of the FHB stage to Vdc/12;
hence, the blocking voltage of S5 and S6 is Vdc/12. The switch-
ing states of the FHB stage are shown in Table II. The three
output voltage states of the FHB stageSFHB,X either bypass, add,
or subtract the FHB capacitor voltage VFHB to the output pole
voltage VXO of the proposed converter. Therefore, for each of
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TABLE II
SWITCHING STATES OF FHB STAGE OF PHASE LEG X

TABLE III
SWITCHING STATES OF PROPOSED CONVERTER OF PHASE LEG X

the five voltage levels of the first stage of the proposed converter,
an additional two voltage levels can be generated, creating 15
distinct voltage levels.

The output pole voltage levels of the proposed converter are
shown in Table III. The symbol ∗ marks that the FHB stage
bypasses, i.e., S5 and S6, are either both on or both off. Note
that there are insufficient redundancies in the pole voltages to
regulate the FHB capacitor; for instance, for VXO = −Vdc/3,
the FHB current is always equal to the phase output current
so will continually charge if the phase current is positive and
continually discharge if it is negative.

Prior works using the proposed circuit structure (5L-ANPC
with a series-connected FHB) regulate the FHB stage toVdc/8 to
allow for complete per-phase redundancy when |VXO| < Vdc/2,
i.e., all output pole voltage, which use the FHB capacitor can
either pass positive or negative phase current to the FHB capac-
itor. However, this will only generate 11 unique output poles
voltages [15], [16], [17], [18] compared to the 15 achieved in
the proposed topology.

Capacitor regulation in this work instead uses a joint-phase re-
dundancy scheme to regulate the FHB capacitor voltage instead
of per-phase redundancy, as detailed in Section III-B. Joint-
phase redundancy can regulate the FHB capacitor to Vdc/12,
thereby increasing the number of voltage levels and, therefore,
power quality while simultaneously lowering device-blocking
voltages, which decreases size and semiconductor losses as
shown in Section IV-C.

The proposed converter can also generate output voltages
greater than the input voltage. Specifically, the converter may
output VXO = ±7Vdc/12, as shown in Table III. These addi-
tional voltage levels are used in Section III-C to extend the linear
modulation range of the converter, thus increasing the power
rating of the converter.

Details regarding the modulation of the proposed converter
are best explained using space vector structures (SVSs); there-
fore, in the following section, the generation of the SVS for the
proposed converters is described.

B. SVS Generation

It can be seen from Table I that the 5L-ANPC stage generates
five distinct voltage levels across nodes X5L and O (VX5LO)
marked in Fig. 1. These five distinct voltages with a resolution of
Vdc/4 will result in the generation of a 5L hexagonal SVS of cir-
cumradius Vdc and a resolution of Vdc/4. For all the nonzero dis-
tinct voltage levels inVX5LO, there is at least one redundancy that
draws power from the dc-link, as shown by the dc-link capacitor
current in Table I. This ensures that active power can be drawn
from the dc source for any active space vector (SV) location in
the 5L SVS. Using this feature, the 5L-ANPC stage generates
the fundamental component of the output waveform, which is
responsible for the active power delivered to the load. Thus, the
FHB stage only provides reactive power and increases the con-
verter output power quality without relying on isolated supplies,
which would otherwise increase converter cost, losses, and size.

The proposed 13-level SVS is obtained by the superposition
of the 5L SVS of circumradius Vdc generated by the ANPC
stage and the SVS of the FHB stage, as shown in Fig. 2. The
FHB stage generates 3-level hexagonal SVS of circumradius
Vdc/6 and a resolution of Vdc/12 using the three distinct voltage
levels across voltage nodes VX and VX5L

, as shown in Table II.
Assuming stiff regulation of the capacitor voltages, the output
voltage of the converter in the stationary orthogonal reference
frame (αβγ) used for SV analysis can be written as in (1). Here,
S5L-ANPC,X andSFHB,X are the switching states of the 5L-ANPC
stage and the FHB stage, as shown in Tables I and II, respectively.
Similar to the superposition technique used in linear circuits,
to independently analyze the SV generated by one stage, the
switching states of the other stages are forced to zero. That is,
if 5L-ANPC SV is being analyzed, SFHB,X (X ∈ {A,B,C}) is
substituted as zero in (1)

⎡
⎢⎣Vαout

Vβout

Vγout

⎤
⎥⎦

=
Vdc

3

⎡
⎢⎣
1 − 1

2 − 1
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1
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12 − 1
12
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√
3
2 −

√
3
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√
3
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√
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1
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1
12
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12
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12

⎤
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⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

S5L-ANPC,A

S5L-ANPC,B

S5L-ANPC,C

SFHB,A

SFHB,B

SFHB,C

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
.

(1)
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TABLE IV
5L-ANPC STAGE STATES FOR THE SVS SHOWN IN FIG. 2(A)

TABLE V
FHB STAGE STATES FOR THE SVS SHOWN IN FIG. 2(B)

Fig. 2. Derivation of the SVS for the proposed 13L-ANPC. (a) 5L-ANPC
SVS. (b) Resultant SVS by the addition of the FHB SVS to the 5L-ANPC SVS.

Fig. 2(a) shows the SVS for the 5L-ANPC stage of the
converter, notated with �0– �14 for the possible output vectors
within the first sector of the SVS, i.e., in the first 60◦ of the
output waveform. Due to three-phase and half-wave symmetry,
this sector is representative of the other sectors. Table IV shows
the output states of the 5L-ANPC to achieve these vectors, with
joint-phase redundancies shown using subscripts. In addition
to the per-phase redundancies (see Table I), there are more
redundancies for the same SV using joint-phase redundancy
(shown in Table IV). These additional redundancies are used
in Section III-D to balance the midpoint of the dc-link.

Similarly, Fig. 2(b) shows the SVS of the FHB stage, with the
SVs notated with �a–�s. Table V summarizes the corresponding
switching states of the FHB stage, with FHB stage joint-phase
redundancies marked with subscripts, i.e., �b1 and �b2 generate
the same SV point, however, have different pole voltages and
common mode voltage. In the FHB stage SVS, the zero vector (�a)
has three redundancies, the short vectors of magnitude Vdc/12

(�b–�g) have two redundancies each, and both the intermediate
of magnitude

√
3Vdc/12 (�h–�m) and long vectors of magnitude

Vdc/6 (�n–�s) do not have redundancies.
In Fig. 2(b), the SVS of the FHB stage is superimposed

onto the first sector of the 5L-ANPC SVS, thus creating the
SVS for the first sector of the proposed 13L-ANPC converter.
It can be seen from the resultant SVS obtained from super-
position that there are additional overlaps of SV locations,
leading to increased redundancies to obtain the same output
voltage.

The overlapping SV points shown in Fig. 2(b) from the super-
position of the 5L-ANPC SVS and FHB SVS enable the FHB to
be balanced to Vdc/12 on a high-frequency basis. Without these
joint-phase overlaps, the FHB could not be regulated to Vdc/12.
By achieving an FHB voltage Vdc/12 rather than the traditional
Vdc/8 value, the circuit configuration is improved by increasing
the number of output levels for the same number of switches,
which increases power quality, while in the meantime reducing
the FHB capacitor and switch voltage ratings, thus increasing
power density and reducing cost. The specifics of how the SVS
overlaps enable Vdc/12 FHB capacitor regulation are discussed
in the next section.

III. CAPACITOR REGULATION

Proper operation of the proposed 13L-ANPC hybrid converter
relies on regulating the capacitors in the power circuit without
the use of external power supplies. The capacitors in the topology
can be grouped into three types based on their position on the
power circuit, namely: the FC capacitors (CFC), the dc-link
midpoint forming capacitors (Cdc1 and Cdc2), and the FHB ca-
pacitors (CFHB). First, in Section III-A, the regulation of the FC
voltages and midpoint voltage (i.e., dc-link capacitor voltages) is
discussed. The discussion regarding FHB capacitor regulation is
split into two sections; Section III-B, discusses the joint-phase
redundancy regulation of the FHB capacitor to Vdc/12 in the
typical modulation range when M ≤ 1.154. Section III-C then
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covers FHB capacitor regulation in the extended modulation
range.

A. Balancing of 5L-ANPC Stage Capacitors

Regulation of CFC capacitor to Vdc/4 voltage using per-phase
redundancy balancing can be found throughout literature [11],
[30], [31]. In summary of the approach, VFC is regulated by
selecting between the two redundancies available whenever
the FC is in the conduction path (i.e. S5L-ANPC,X = ±1/2),
e.g., redundancies in S5L-ANPC,X = 1/2 takes opposing currents
through the FC capacitor per Table I. If the phaseX FC capacitor
(where X ∈ {A,B,C}) is overcharged and phase current IX
is positive, the redundancy where IFC,X = −IX is selected.
This will result in a negative current flowing through CFC,X ,
leading to a reduction in the overcharged capacitor voltage.
This is similarly the case where S5L-ANPC,X = −1/2. States
S5L-ANPC,X = {−1, 0, or 1} leave VFC undisturbed, therefore,
neither impacts nor is impacted by FC regulation. Therefore,
per-phase redundancies in the 5L-ANPC enable high-frequency
regulation of the FC voltage, regardless of the output voltage
of the proposed converter, thus keeping the required FC capac-
itance to a minimum.

The worst-case FC capacitor ripple is, thus, determined by
FC capacitance, maximum output current Ipk and the longest
duration between converter switching state changes, i.e., the
entirety of a switching period Tsw, as shown in the following
equation: ∣∣∣∣VFC − Vdc

4

∣∣∣∣ < TswIpk

CFC
. (2)

The midpoint voltage of the 5L-ANPC stage must also be reg-
ulated to ensure proper output voltage and power quality. Reg-
ulation of the midpoint voltage of the proposed topology uses
common-mode voltage as the per-phase redundancies shown
in Table I are used to regulate the FC and to line-frequency
modulate S1 and S2, similar to 3L-ANPC and 5L-ANPC con-
verter [12], [32]. The available redundancies are used to regulate
the midpoint voltage because the current is drawn from the
dc-link capacitors based on S5L-ANPC,X , as marked in Table I.
The regulation of the dc-link midpoint voltage is dependent
on the regulation action of the FC capacitor because dc-link
capacitor current draw depends on the per-phase redundancy
used in the S5L-ANPC,X = ±1/2 output state. Section III-D
discusses the method to manage this. The selection of dc-link
capacitance in the proposed converter is the same as in other
neutral-point-clamped topologies [3].

B. Regulation of VFHB in the Typical Modulation Region

The charge balancing of CFHB is analyzed for SV points
�Vex.1– �Vex.7 in Fig. 2(b) describes the balancing of FHB capacitor

using joint-phase redundancies. The abovementioned example
SV points cover all the possible scenarios for balancing of FHB
capacitor in the entire resultant SVS. For a nominal voltage of
Vdc/12 in the FHB stage, every SV point within the hexagon of
circumradius Vdc there exists at least 3 joint-phase redundancy
(see �Vex.1– �Vex.3 in Fig. 2(b), and will be explained in-depth

in this section). This region of operation is referred to as the
“typical modulation region,” as this is the modulation region for
a conventional 3-phase inverter without boosting capabilities,
such as 3L-ANPC or 5L-ANPC. The typical linear modulation
limit is M = 1.154, or equivalently |�V αβ | = 0.866Vdc if the
magnitudes of the modulation index M and desired SV voltage
�V αβ have magnitudes according to the following equation:

1

2
VdcM =

2

3
|�V αβ | = |VXN|. (3)

For any SV point outside the normal modulation region, i.e.,
SV points outside the hexagon of circumradius Vdc, the joint-
phase redundancies reduce to two or fewer [see �Vex.4– �Vex.7 in
Fig. 2(b)]. This region is referred to as the “extended modulation
region” as this region is obtained by additional levels above
Vdc/2 obtained from the FHB stage. The extended modulation
region is discussed in Section III-C.

SV points within the typical modulation region have three
joint-phase redundancies and are the same, in principle, as either
of the example vectors �Vex.1– �Vex.3 in Fig. 2(b). Specifically, each
SV point obtains its three redundancies as follows.

1) As in �Vex.1, where a single SV from 5L-ANPC SVS is used
along with either of the three zero vectors from the FHB
SVS; i.e., vectors �a1– �a3. For �Vex.1, �71–�72 is used along
with vectors �a1– �a3.

2) As in �Vex.2, where either an SV from 5L-ANPC SVS is
used with either of the two short redundant vectors of the
FHB stage; i.e., vectors �b1, �b2 or �c1, �c2 ... or �g1, �g2; or
a different SV from 5L-ANPC SVS is used with a long
vector of the FHB stage; i.e., vectors �n–�s. For �Vex.2, �71–�72
is used along with either �c1 or �c2, or �12 is used along with
�r.

3) As in �Vex.3, where three different SV from 5L-ANPC SVS
is used along with three different intermediate magnitude
vectors of the FHB stage; i.e., vectors �h–�m. For �Vex.3,
�71–�72 is used along with �h, �12 is used along with �l, and
vector �10 is used along with �j.

The capability of each of the abovementioned SV points to be
balanced can be represented by finding the natural-number (N)
nullspace of the matrix containing the redundant switching states
(RSSs) (AV , formed from the columns of Table V) of a desired
output vector �V [e.g., �Vex.1 in Fig. 2(b)]. This nullspace solution
represents the different ways the redundancies may be used that
have a net-zero effect on capacitor voltage. This will be apparent
when applied to the example vectors �Vex.1– �Vex.3 marked in
Fig. 2(b). The N nullspace approach is mathematically shown
as

Null(AT
V ) =

{
�xV ∈ Nn

∣∣AT
V x̃V = 0̃

}
(4)

where �xV is a vector making up the nullspace, i.e., a solution
to modulate the proposed topology. Each �xV is in Nn space
due to n redundant vectors. Strictly, there is always the trivial
zero solution to the nullspace; however, in this application, the
zero solution, i.e., �xV = �0, is ignored. It is sufficient to find one
nonzero �xV for each vector point to prove that the capacitors
may be regulated on a switching-frequency basis.
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Fig. 3. SVS of the proposed 13L converter, showing typical SVM limit (M =
1.154), the derivation of extended linear modulation limit (M = 1.223) based
on additional levels generated by the FHB stage, and the maximum modulation
limit (M = 1.347) when the power factor is zero.

Vector �Vex.1 can be achieved with redundant vectors �a1 to
�a3 of the FHB stage. Therefore, as seen from (5), a solution to
maintain capacitor voltage is to exclusively use the noncharging
state ( �a1) and not to apply states �a2 and �a3. Alternatively, states
�a2 and �a3 may be used alternating to maintain a net-zero change
in capacitor voltages

AVex.1 =

⎡
⎢⎣ã1ã2
ã3

⎤
⎥⎦ =

⎡
⎢⎣ 0 0 0

−1 −1 −1

1 1 1

⎤
⎥⎦⇒ �xVex.1 =

⎡
⎢⎣10
0

⎤
⎥⎦
,

⎡
⎢⎣01
1

⎤
⎥⎦ .
(5)

Balancing at �Vex.2 is achieved with redundant vectors �c1, �c2, and
�r of the FHB stage. If each of these states is used an equal number
of times, then a net-zero capacitor change can be maintained

AVex.2 =

⎡
⎢⎣c̃1c̃2
r̃

⎤
⎥⎦=
⎡
⎢⎣ 0 0 −1

1 1 0

−1 −1 1

⎤
⎥⎦⇒�xVex.2 =

⎡
⎢⎣11
1

⎤
⎥⎦ . (6)

Similarly, balancing at �Vex.3 is achieved with redundant vec-
tors�h,�l, and�j of the FHB stage. Also, in this case, if each state is
used an equal number of times, then a net-zero capacitor charge
can be maintained

AVex.3 =

⎡
⎢⎣h̃l̃
j̃

⎤
⎥⎦=
⎡
⎢⎣ 1 0 −1

0 −1 1

−1 1 0

⎤
⎥⎦⇒�xVex.3 =

⎡
⎢⎣11
1

⎤
⎥⎦ . (7)

This analysis shows that the FHB capacitors can be regulated to
Vdc/12on a switching-frequency basis. In summary, the example
vectorsVex.1–Vex.3, which are representative of the entire normal
modulation region, are shown to offer sufficient joint-phase
redundancies to control the polarity of FHB capacitor current,
thus keeping the FHB capacitor voltage regulated to Vdc/12. A
further implication of this analysis is that worst-case capacitor
voltage deviation would occur only for one switching cycle;

specifically, if the capacitor were initially at its nominal value,
the output current is at its peak value Ipk, and the duty cycle is
such that one state is used for the entire switching period Tsw.
The worst-case FHB capacitor error is shown in (8). This is the
worst-case value because, in practice, depending on the power
factor and modulation index, the ripple will be lower than this
worst-case value

∣∣∣∣VFHB − Vdc

12

∣∣∣∣ < TswIpk

CFHB
. (8)

C. Regulation of VFHB in the Extended Modulation Region

Topologies with series-connected stages can produce ex-
tended pole voltages beyond that possible with the base stage
alone [33], [34] thereby enabling operation in the extended
modulation region and, therefore, increased linear modulations,
i.e., M > 1.154. When an external power source supplies these
series-connected stages, operation in this extended modulation
range is only limited by the maximum output voltage that can
be established [23]. However, in the proposed topology, the
series-connected stage is not supplied by an external supply
so operation in the extended modulation range is more nu-
anced [35], [36].

Vectors �Vex.4– �Vex.7 marked in Fig. 2(b) exemplify the vectors
found in the proposed 13L-ANPC hybrid that are due to the
boosting capability of the topology and, hence, reside outside the
typical modulation region. In these cases, there are insufficient
per-phase and joint-phase redundancies to regulate the FHB
capacitors, i.e., no nonzero solutions exist to (4). Thus, when
operating in the extended modulation range, the capacitor charge
balancing must occur on a line-frequency basis instead of the
switching-frequency basis achieved in the typical modulation
region.

The extended linear modulation range of the proposed con-
verter is limited by two factors. First, all output real power must
be supplied by the 5L-ANPC stage of the converter because
the FHB does not include an isolated supply and thus can
only supply reactive power. Second, linear modulation must be
preserved to maintain power quality performance. Thus, due
to the power constraint, the extended modulation limit for an
arbitrary power factor is limited by the unity power factor case
due to the power constraint.

Maximum output power of the 5L-ANPC is achieved by
selecting the highest magnitude 5L-ANPC SV [see Fig. 2(a)] for
any joint-phase redundancies in the 13L-ANPC [see Fig. 2(b)].
For example, to modulate Vex.4 in Fig. 2(b), redundancy �12 from
the 5L-ANPC and �m from the FHB should be used rather than �10
from the 5L-ANPC and�i from the FHB because the magnitude
of �12 is greater than �10 for the 5L-ANPC stage, therefore, more
power will be supplied by the 5L-ANPC stage. The resulting
maximum fundamental output of the 5L-ANPC stage (�V αβ,max

5L-ANPC )
is a staircase waveform, as mathematically shown in (9). Due
to three-phase and quarter-wave symmetries, only two firing
angles, θ1 and θ2, are required to define this waveform. Fig. 3
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shows the definitions of θ1 and θ2

�V αβ,max
5L-ANPC =Vdc

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1 −θ1 ≤ θ < θ1
7
8+ j

√
3
8 θ1 ≤ θ < θ2

3
4+ j

√
3
4 θ2 ≤ θ < 60◦− θ2

5
8+ j 3

√
3

8 60◦− θ2 ≤ θ < 60◦− θ1
1
2+ j

√
3
2 60◦− θ1 ≤ θ < 60◦+ θ1

1
4+ j

√
3
3 60◦+ θ1 ≤ θ < 60◦+ θ2

j
√
3
2 60◦+ θ2 ≤ θ < 120◦− θ2
...

...

.

(9)
The values for θ1 and θ2 are calculated to maximize the output

fundamental while preserving power quality, i.e., maintaining
linear modulation. For this, the reference vectors �Vref.1 and �Vref.2

in Fig. 3 are used. These reference vectors represent the extrema
of two 5L-ANPC output SV vector modulation ranges. For
instance, �Vref.1 is the furthest vector that can be achieved from
the 5L-ANPC SV �13; when �V αβ is outside the 3-level SVS
of circumradius Vdc/6 superimposed on �13, �13 cannot be used.
Thus, firing angle θ1 is calculated by the relation between �V αβ

and �Vref.1. If the magnitude of �V αβ is greater than that of �Vref.1,
then θ1 occurs at the intersection of �V αβ(θ) and a line projected
0◦ from �Vref.1. Otherwise, θ1 occurs at the intersection of �V αβ(θ)

and a line projected 240◦ from �Vref.1. These projected lines are
marked in Fig. 3. The firing angle θ1 is, therefore, calculated
as shown (10), where the magnitude of �Vref.1 is calculated as in
(11)

θ1 =

⎧⎨
⎩

asin
(

2
12

√
3
2

Vdc

|�V αβ |

)
|�V αβ | ≥

∣∣∣�Vref.1

∣∣∣
acos

(
10
12

√
3
2

Vdc

|�V αβ |

)
− π

6 |�V αβ | <
∣∣∣�Vref.1

∣∣∣ (10)

∣∣∣�Vref.1

∣∣∣ =
√√√√( 2

12

√
3

2
Vdc

)2

+

(
11

12
Vdc

)2

. (11)

The calculation of θ2 is similar to θ1. Using the intersection
between �V αβ(θ) and the same projections (0◦ and 240◦) from
�Vref.2, θ2 can be calculated according to (12) and (13)

θ2 =

⎧⎨
⎩

asin
(

5
12

√
3
2

Vdc

|�V αβ |

)
|�V αβ | ≥

∣∣∣�Vref.2

∣∣∣
acos

(
7
12

√
3
2

Vdc

|�V αβ |

)
− π

6 |�V αβ | <
∣∣∣�Vref.2

∣∣∣ (12)

∣∣∣�Vref.2

∣∣∣ =
√√√√( 5

12

√
3

2
Vdc

)2

+

(
19

24
Vdc

)2

. (13)

Next, the power constraint of the FHB stage is applied by
ensuring the 5L-ANPC stage can provide the entire fundamental
output component so the FHB stage supplies only reactive
power. The actual output magnitude of the 5L-ANPC stage can
be reduced by changing the values of θ1 and θ2 or by modulating
between 5L-ANPC vectors rather than using a staircase wave-
form used in (9). Thus, if the maximum output of the 5L-ANPC
stage �V αβ,max

5L-ANPC meets the constraint shown in (14), then the FHB
stage is not required to provide real power. The fundamental
magnitude of �V αβ,max

5L-ANPC is calculated from the first coefficient

of the Fourier series, as shown in (15). Recall that θ1 and θ2
are functions of |�V αβ | and, subsequently, �V αβ,max

5L-ANPC is a function
of |�V αβ |. Therefore, the maximum output fundamental may be
calculated by applying the (14) constraint to (15). The resulting
magnitude is shown in (16), or equivalently M = 1.223 based
on (3). The firing angles associated with this magnitude are
θ1 = 8.1◦ and θ2 = 23.2◦ and are marked in Fig. 3. Thus, the
proposed 13L-ANPC converter topology can modulate 5.9%
higher than the typical linear modulation limit, regardless of
power factor

|�V αβ | ≤ |�V αβ,max
5L-ANPC | (14)

|�V αβ,max
5L-ANPC | = | 1

2π

∫ 2π

0

(
	
{
�V αβ,max

5L-ANPC (θ)
}
e−jθ

)
dθ| (15)

|�V αβ | = |�V αβ
5L-ANPC| = 0.917Vdc. (16)

Extended modulation range operation changes the dynamics
of the capacitor ripple compared to operation in the typical
modulation region. Primarily, capacitor ripple depends on the
output frequency f rather than the switching frequency, as was
the case for the typical modulation region (8). Depending on
operating conditions such as output frequency and switching
frequency, the capacitor ripple in the extended modulation range
can be greater than the switching frequency ripple calculated in
(8). The worst-case capacitor ripple in the extended modulation
is shown in (17). This assumes peak current is drawn throughout
the period when �V αβ,max

5L-ANPC = Vdc, which has the highest cur-
rent for unity power factors, while simultaneously having the
longest duration between firing angles, i.e., 2θ1 or 16.2◦ when
M = 1.223. These assumptions create a worst-case calculation
because actual operating conditions such as sinusoidal current,
noncontinuous FHB conduction, power factors less than unity,
and lower modulation indexes will each result in a lower ripple∣∣∣∣VFHBextended −

Vdc

12

∣∣∣∣ < 16.2◦

360◦
Ipk

f · CFHB
=

0.045Ipk

f · CFHB
. (17)

For lower power factors, the linear modulation limit can be
further extended. In the bounding case where the power factor is
zero, the modulation index is limited only by maintaining linear
modulation. This limit is equal to the radius of the inscribing
circle of the resultant converter SVS (see Fig. 3), thus, is calcu-
lated as in (18), which is equivalently M = 1.347 based on (3).
Hence, for a power factor of zero, the proposed converter can
achieve modulations 16.7% higher than the typical modulation
limit while having linear control over the modulation∣∣∣�V αβ,max

PF=0

∣∣∣ = (Vdc +
1

6
Vdc

)
cos
(π
6

)
= 1.010Vdc. (18)

D. Control Implementation

The control implementation of the proposed topology uses
space vector modulation (SVM) due to its reliance on joint-
phase redundancies to regulate the converter’s FHB and dc-link
midpoint voltages. The SVM algorithm selects the SV points
and dwell times to create the desired switching period-averaged
SV output. SV selection and dwell time calculations are not
specific to this multilevel topology and, thus, can be found in
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other texts [37], [38]. Once the required SV points and dwell
times are selected, specific switching states that create those SV
points must be selected.

Finite control set model predictive control (FCS-MPC) [19],
[20], [21], [22] is used to select between the available redundant
options. In this technique, first, all available RSS that achieve
the desired SV point are calculated from (1) and Table III for
joint-phase and per-phase RSS, respectively. Next, the predicted
effect of the RSS choice is calculated based on the present
and predicted states of the converter (e.g., capacitor voltage,
output current). For instance, capacitor voltages are predicted
by extrapolating capacitor voltage from their value at the start
of the SVM dwell period to the end of the SVM dwell period.
Similar predictions are included for any other characteristics
used to calculate MPC costs. Then, the score of each RSS choice
is calculated based on the predictions of the system states. The
RSS with the lowest cost is selected.

The cost function (J) used for the FCS-MPC includes weights
(λ) for several predicted performance attributes (19)–(23). The
predicted capacitor voltage error is the most heavily weighted
performance metric for the proposed topology, as it is critical to
the operation of the converter. Additional costs are also included
in the FCS-MPC calculation to improve other performance met-
rics, specifically reducing switching loss and limiting common
mode stresses. These additional costs may be readily included in
the cost calculation by ignoring predicted FHB capacitor error
if it is acceptably low (i.e., using a deadband region). A further
advantage of FCS-MPC for this application is that the extended
modulation range requires no additional control design. The cost
function (19), includes costs for midpoint error JNP, common
mode voltage, and for each phase, FHB capacitor voltage error
JFHB, FC capacitor voltage error JFC, and switching loss Jloss.
For voltage errors costs (20)–(22), a deadband voltage (Vdb)
is used to ignore low errors in the predicted voltage, where
predictions are denoted with a prime symbol ′, for example
V ′

FHBX
is the predicted FHB capacitor voltage of phaseX (where

X ∈ {A,B,C}). The costs related to capacitor voltage errors
are squared in (19) to further prioritize capacitors with the most
significant error. The common mode voltage stress cost, i.e.,
λγV

′
γout

in (19), is a linear relationship with the γ-axis term of
(1). The switching loss cost (23) is proportional to the estimated
switching energy of each high-frequency modulating switch,
where n denotes a given switch (see Fig. 1), SSn,X

and S ′
Sn,X

are, respectively, the previous and predicted switch state (either
1 or 0) of a given switch (see Table III), and VSn,X

is the blocking
voltage of a given switch

J =
∑

X=A,B,C

(
J2

FHBX
+ J2

FCX
+ JlossX

)
+ J2

NP+ λγV
′
γout

(19)

JFHBX
=λFHB

{
0 |V ′

FHBX
− Vdc

12 |<Vdb

|V ′
FHBX

− Vdc
12 | otherwise

(20)

JFCX
=λFC

{
0 |V ′

FCX
− Vdc

4 |<Vdb

|V ′
FCX

− Vdc
4 | otherwise

(21)

Fig. 4. Photograph of experimental setup marked with 1) output waveforms,
2) DC-connection, 3) AC-connection, 4) controllers, 5) 3L-ANPC stage, 6) FC
stage, 7) FHB stage, 8) phase leg A, 9) phase leg B, and 10) phase leg C.

JNP =λNP

{
0 |V ′

dc1 − V ′
dc2| < Vdb

|V ′
dc1 − V ′

dc2| otherwise
(22)

JlossX =λloss

6∑
n=3

(
|IX |VSn,X

|S ′
Sn,X

− SSn,X
|
)
. (23)

The weight selection in the proposed converter should prior-
itize capacitor error costs. Each weight for voltage error costs,
i.e., λFHB, λFC, and λNP, are of similar magnitude. The switching
loss weight λloss is then set such that JlossX is at least an order
of magnitude lower than the capacitor voltage error costs. Sim-
ilarly, the common mode voltage weight λγ is set to have Jγ an
order of magnitude lower than JlossX . With this weight selection
approach, the capacitor voltage balancing is prioritized when-
ever the predicted error is greater than the deadband voltage,
otherwise, loss minimization will be prioritized, with common
mode stress being a tie-breaker of similarly lossy options.

Next, in Section IV, the control principles discussed above
are applied to a hardware prototype to validate and verify the
proposed topology.

IV. RESULTS AND INFERENCES

A. Experimental Setup

Fig. 4 shows the prototype hardware for the proposed 13L-
ANPC. This prototype has separate modules for the different
converter stages, so can also be operated as either the proposed
topology, 3L-ANPC, 5L-ANPC, or 9L-ANPC (i.e., 5L-ANPC
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TABLE VI
HARDWARE PARAMETERS OF EXPERIMENTAL SETUP

with a V dc/4 FHB stage). The hardware parameters and com-
ponent selections for the experimental setup are summarized
in Table VI. The converter uses a carrier frequency of 3 kHz,
i.e., three output SVs are used every 333 μs. Based on this
hardware configuration, the peak phase current is 4.61 A at
the typical modulation limit (M = 1.154), and 4.88 A at the
extended modulation limit (M = 1.223). According to (8) and
(17), the FHB capacitor ripple expected is less than ±1.7 V for
M = 1.154 and ±4.9 V for M = 1.223. The modulation and
control are programmed onto the digital signal processor, and
a field programmable gate array is then used to generate com-
plementary switching signals with appropriate dead time. The
capacitor regulation control is configured as discussed in Sec-
tion III-D, with the costs included for capacitor voltage errors,
midpoint regulation error, switching loss, and common-mode
voltage stress. The implemented FCS-MPC uses a deadband
voltage Vdb of ±0.65% Vdc (±2.5 V) to allow for switching loss
optimization while capacitor voltage errors are low.

B. Experimental Results

Experimental results were obtained from the prototype hard-
ware to validate the operation of the converter. Fig. 5 shows
waveforms for the proposed converter operating at the typical
modulation limit, i.e., M = 1.154, at the rated power (1.5 kW)
of this operating point.

Fig. 5(a) shows the output waveforms of the converter and
validates the overall operation of the proposed topology. The
line voltage (VAB) shows the correct creation of the output
SVs to generate high-quality output current without filtering.
Fig. 5(b) demonstrates the capacitor regulation of the proposed
13L converter. The maximum capacitor ripple of the FC and
FHB capacitors is ±2.5 V, consistent with the deadband voltage
selection discussed in Section IV-A. Capacitors are regulated at
the switching frequency, thus keeping the required capacitance
low.

Experimental results shown in Fig. 5(c) verify that the pro-
posed converter has a favorable distribution of device blocking
voltages and switching frequency;Vdc/2 blocking switches (S1–
S2) switch once a line-cycle, Vdc/4 blocking switches (S3–S4)
have an average switching frequency of 500 Hz, and Vdc/12
blocking switches (S5–S6) have an average switching frequency
of 2.2 kHz. Therefore, switching losses are kept low because
the higher blocking voltage switches, which have the greatest

Fig. 5. Experimental waveforms for the proposed converter showing operation
at the rated power of the converter within the typical modulation index (M =
1.154) (a) steady-state operation, (b) capacitor regulation, (c) semiconductor
switching waveforms, and (d) simultaneous frequency-modulation index ramp,
keeping a constant Volts/Hz ratio.

switching energies, are switched less frequently than lower
blocking voltage switches.

The startup and transient performance of the proposed con-
verter is verified in Fig. 5(d). In this experiment, the floating
capacitor voltages are initially zero. When the converter is turned
on, the output reference is ramped from M = 0 to M = 1.154
with a constant volt-hertz ratio. Fig. 5(d) shows that before
capacitor voltage regulation is complete, the waveform quality
is degraded because the operation of the converter is closer to
that of a 3L-ANPC converter than the proposed converter’s 13-
level capability; however, the floating capacitor voltages quickly
arrive at their nominal values (less than 200 ms). This transient
experiment verifies the proposed converter’s ability to regulate
capacitor voltages for any output voltage in this modulation
range.

Experimental results are also taken at the maximum extended
modulation range, at the rated power of this operating point
(1.68 kW). Fig. 6(a) shows the increased output voltage, demon-
strating that waveform quality is maintained for the higher mod-
ulation and current. The capacitor regulation at the maximum
extended modulation is shown in Fig. 6(b). This shows the FHB
capacitor ripple is ±3.7 V, whereas the calculated from (17) was
±4.9 V. This 24% difference is due to the worst-case assump-
tions of the extended modulation ripple equation, particularly
due to actual operating conditions such as sinusoidal current
and noncontinuous FHB conduction. The FC stage capacitor
ripple remains low during this operating mode because it is still
regulated at the switching frequency. This validates the operation
of the proposed converter in the extended linear modulation
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Fig. 6. Experimental waveforms for the proposed 13L-ANPC for the maxi-
mum unity power factor modulation (M = 1.223) for (a) output voltage and
current waveforms and (b) capacitor regulation waveforms.

Fig. 7. Experimental output voltage and current waveforms for alternative
topologies (a) 5L-ANPC [11] and (b) 9L-ANPC [13].

range, achieving 5.9% higher output voltage than a typical SV
modulated converter.

Alternate ANPC converter topologies were also tested to
provide a reference point for the performance of the proposed
topologies. Each converter tested uses the same capacitances,
carrier frequency, supply voltage, load, and control approach.
The basic output waveforms for 5L-ANPC and 9L-ANPC are
shown in Fig. 7 for M = 1.154. These experimental results
are used next in Section IV-C to demonstrate the merits of
the proposed topology and compare performance between the
proposed topology and the reference topologies.

C. Comparison and Discussion

A comparative analysis is conducted to evaluate performance
improvements of the proposed topology against the reference
designs of 3L-ANPC, 5L-ANPC, and 9L-ANPC. These specific
reference topologies because

1) they closely relate to the proposed topology and, therefore,
can share the same design for a fair and even comparison;

2) each may be tested on the hardware setup in Section IV;
3) these topologies have been used in prior topology com-

parisons so serve as a common point of reference, for
instance, these topologies have been variously compared
with 2L converter, FCC, CHB, MMC, and other hybrid
NPC variations [5], [39], [40], [41], [42], [43].

Fig. 8 compares the proposed converter to the reference con-
verter topologies. The modulation index is swept from M = 0.1

Fig. 8. Converter performance comparison of the proposed converter and
alternative designs; 3L-ANPC, 5L-ANPC [11] and 9L-ANPC [13]. Performance
metrics shown are (a) total distortion, (b) WTHD, (c) device switching frequen-
cies, and (d) normalized semiconductor loss FOM.

to M = 1.154 for the 3L-ANPC and 5L-ANPC. The modula-
tion is swept from M = 0.1 to the extended modulation limit
(16) for the proposed topology. The extended modulation limit
for 9L-ANPC was calculated as M = 1.255 using the same
approach as in Section III-B. Each test has the same carrier
frequency and hardware parameters listed in Table VI, apart
from the elimination of components in the cases of 3L-ANPC
and 5L-ANPC.

First, power quality is compared in Fig. 8(a) and (b), measured
with total harmonic distortion (THD) and weighted total har-
monic distortion (WTHD) of the output line voltages (24). This
demonstrates the substantially improved power quality of the
proposed topology compared to 9L-ANPC and other reference
topologies. In addition, it demonstrates that capacitor regulation
accuracy is sufficient to avoid negative impacts on waveform
quality

{THD,WTHD} =

⎧⎨
⎩
√√√√ 120∑

n=2

V 2
ABn

V 2
AB1

,

√√√√ 120∑
n=2

V 2
ABn

nV 2
AB1

⎫⎬
⎭ . (24)

Fig. 8(c) shows the average device switching frequencies
of the converters. Switches S1–S2 modulate at line frequency
in each of the shown converters, so it is not shown. Relative
to 5L-ANPC, the proposed converter substantially reduces the
switching frequency of S3–S4, greatly reducing switching loss.
Relative to 9L-ANPC, the proposed topology has slightly higher
device switching frequencies for both converter stages. This is
attributed to the 9L-ANPC converter having more redundant
switching options than the proposed 13L converter, which the
FCS-MPC algorithm uses to reduce switching instances without
negatively impacting capacitor regulation. Although there are
higher switching frequencies in the proposed converter, the FHB
stage has a 33% lower voltage than the 9L-ANPC, which brings
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TABLE VII
COMPARISON OF PROPOSED CONVERTER AND REFERENCE TOPOLOGIES

about savings in switching loss and the abovementioned power
quality improvement.

Using these results, a loss figure of merit (FOM) [44] is
calculated to compare the converters’ semiconductor losses.
The loss FOM χloss shown in (25), is applied to a range of
modulation indexes in Fig. 8(d). Theχloss is dependent on the ith
device switching frequency fswi

, blocking voltageVBi
, and Irmsi ,

which is proportional to M due to the fixed resistive load. The
device characteristicsR′

oni andC ′
Qi

are based on device blocking
voltage and device technology, i.e., S1–S2 are assumed to use
silicon and the remaining switches are assumed to be silicon
carbide [44]

χloss ∝ 1

Prated

Nsw∑
i=1

2IrmsiVBi

√
fswi

R′
oniC

′
Qi
. (25)

Table VII summarizes several figures of merit (FOMs) be-
tween the proposed converter and the reference topologies. The
first four FOMs relate to the circuit structure of the converters,
specifically a count of semiconductor devices, the standing volt-
age (i.e., summation of blocking voltages) of both the switches
and capacitors and the maximum number of output levels. Next,
Table VII lists the maximum linear modulation limit for an arbi-
trary power factor, as calculated in Section III-C. The modulation
limit is higher for 9L-ANPC and the proposed topology due to
the series-connected FHB stage. The higher modulation limit
increases the output power of the converter, assuming a constant
resistive load. A series of performance-based FOMs are then
shown in Table VII.

First, the THD at two operating points are shown to compare
the power quality of the converters. The higher quantity of
output levels in the proposed converter gives it superior power
quality performance relative to the reference topologies. This
power quality improvement can either reduce or eliminate output
filtering or enable switching frequency reductions to reduce
losses.

Next, the maximum χloss from Fig. 8(d) are listed, which
demonstrates the low losses of the proposed converter relative
to the reference converters. The reduced losses relative to the
3L-ANPC and 5L-ANPC can be attributed to the reductions
of switching frequency in higher blocking-voltage devices, i.e.,
S3–S4. The reduced losses relative to the 9L-ANPC are due to
the lower FHB stage blocking voltages.

An FOM for semiconductor die area χdie (26) is calculated
using the operating point with the maximum χloss [44]. The die
area FOM is proportional to the summation of the die area for
each switch, scaled by the output power of the converter. This
die area FOM relates to the semiconductor cost of the converter.

χdie ∝ 1

Prated

Nsw∑
i=1

2IrmsVBi

√
R′

oni

C ′
Qi
fswi

. (26)

A capacitor FOM (χC) is used to compare floating capacitor
sizes and cost. Capacitor energy density is roughly constant for
a given dielectric [45]. Thus, χC is proportional to the total
capacitor energy as in (27), where the ith capacitor has nominal
voltage Vi and capacitance Ci , and Ncaps is the total number of
capacitors including the dc-link capacitors as well as the floating
capacitors in three phases of the converter. The total capacitor
energy is scaled by the output power rating of the converter.
Table VII shows the results of this calculation

χC ∝ 1

Prated

Ncaps∑
i=1

1

2
CiV

2
Ci
. (27)

Lastly Table VII includes a cost FOM χcost and a volume
FOM χvol to summarize the overall design of the converters.
For these FOMs, a concept inverter is designed by scaling the
prototype results up to a dc voltage of 4 kV and an output
power rating of 40 Arms when M = 1.154. Capacitances are
scaled by the required current and acceptable voltage ripple
increase. Each design has an equal output frequency, dc-link
capacitor size, floating capacitor size, and SVM carrier fre-
quency. Cost and volume are calculated by summing the required
components, including semiconductors, capacitors, gate-drive
circuitry, and heatsinks. The semiconductor cost is scaled by
the required die area using IXBH12N300 IGBT for S1–S2 and
C2M0045170D SiC MOSFET for the remaining switches. The
capacitor cost and volume are scaled by capacitor energy based
on DCP4I061509JD4KSSD. The heatsink cost and volume are
calculated assuming a 30◦ C temperature rise based on the
6400BG heatsink, scaling with constant cost per watt and con-
stant volume per watt, and assuming 5L-ANPC achieves 99%
efficiency [46], with losses of the 9L-ANPC and the proposed
converter calculated based on χloss. The results are then scaled
based on output power and normalized to the results of the
5L-ANPC.

Several conclusions regarding the proposed converter are
drawn from Table VII. Primarily, the proposed converter im-
proves power quality, efficiency, and power density relative to al-
ternatives. These performance improvements are at the expense
of semiconductor die area; however, as demonstrated by the cost
FOM, the increase in semiconductor cost is outweighed by the
reduced capacitor size and lower losses. Although the proposed
converter requires an additional converter stage relative to the
5L-ANPC, the FHB stage is small because it requires 66% lower
blocking voltage and 89% lower capacitor energy compared to
the FC stage, i.e., S3–S4 and CFC, respectively. Furthermore,
power quality improvements of the proposed converter will
either reduce filtering requirements and, thus, further increase
power density or switching frequency may be reduced, thereby
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further increasing efficiency. Next, prior works that compare the
same reference topologies are used to draw several further con-
clusions. First, 5L-ANPC and 9L-ANPC are shown to be more
power-dense than 2L converter, FCC, and CHB [5], [39] and the
5L-ANPC was shown to be more power-dense than MMC in [8].
Thus, by extension, we may conclude that the proposed converter
can achieve power densities greater than FCC, MMC, and CHB.
In comparison to single dc source topologies considered in [4],
the proposed topology has the fewest switches per output level
and capacitors per output level.

V. CONCLUSION

This article introduced a novel three-phase converter scheme
combining the 5L ANPC topology with a series-connected FHB
to achieve a multilevel converter with 13 output voltage levels
without requiring isolated sources, surpassing existing designs
that typically achieve only 9Ls with a similar circuit structure.
The key innovation lies in the capacitor voltage regulation
approach, which employs joint-phase redundancy, enabling the
FHB capacitor voltage to be regulated to one-twelfth of the total
dc-link voltage on a switching frequency basis. This approach
not only increases the number of output levels, which improves
power quality but also increases converter power density due to
the reduced-voltage FHB stage voltage. Furthermore, converter
efficiency is enhanced by concentrating the highest frequency
switching within this low-voltage FHB stage. Furthermore, the
FHB stage was shown to enable the linear modulation limit to be
extended from 1.154 to 1.223, regardless of power factor, thus
enabling greater dc-link utilization. Experimental validations
and analytical results demonstrated the superior performance
of the proposed topology in terms of power quality, efficiency,
and footprint compared to existing solutions. These findings
underscore the proposed converter’s potential to advance the
state-of-the-art in power electronics for enhanced energy con-
version systems, including motor drives, active front ends, and
three-phase inverter applications.
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