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ABSTRACT This paper proposes a generalized space vector modulation (SVM) strategy for 3-level
neutral-point-clamped (NPC) converters. The proposed strategy, here referred to as multiphase 3-level SVM
(MP3L-SVM), is developed as a generic modulation technique applicable for 3-level NPC converters with
any number of phases, while for showcasing in this paper the proposed MP3L-SVM is applied to a wind
turbine with a direct drive multiphase permanent magnet generator (PMG) whose output is rectified using a
3-level NPC converter before connection to a high-voltage DC (HVDC) grid. A key challenge in 3-level NPC
converters is maintaining a balanced voltage across the HVDC-link capacitors, particularly at low speeds. To
address this issue, the paper integrates the proposed MP3L-SVM strategy with a voltage balancing algorithm
(VBA), which mitigates capacitor voltage imbalances by choosing the three nearest switching states that
result in minimal energy deviations across the capacitors. The paper discusses the mathematical modeling
of a multiphase PMG interfaced to a 3-level NPC and derives generalized models that govern the proposed
strategy based on a visual space vector diagram (SVD). Analytical models are validated through simulations
across various 3-level NPC configurations, including 3-phase, 6-phase, and 9-phase NPC converters. Further,
the analytical models and simulation results are validated by test results from a scaled-down laboratory
prototype 3-level NPC converter that has been prototyped in-house.
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turbine.

I. INTRODUCTION

Multiphase multilevel converters offer enhanced characteris-
tics compared to conventional 3-phase multilevel converters,
such as improved control [1], [2], increased power density
[31, [4], better fault tolerance [5], enhanced reliability, and
increased energy accessibility [2], [6]. Furthermore, in appli-
cations where different generating units are connected, these
converters can play an important role in maximizing power
transfer from generation to the grid [7]. Among the variety
of multilevel topologies such as neutral point clamped (NPC)
converters, cascaded H-bridge (CHB) converters, and flying
capacitor (FC) converters, and the topologies derived from
these, the NPC topology is one of the most popular owing
to its simple topology, relatively low number of switches and
capacitors, small-sized filters to eliminate harmonics, abil-
ity to better regulate reactive power, and generally lower

cost [8]. Different studies have been conducted for these
converters, e.g., the reduced capacitor in NPC leads to en-
hanced reliability due to high failure rate of capacitors [9]; the
NPC single input requirement reduces the number of compo-
nent counts [10]; and the voltage balancing is facilitated in
NPC due to clamping feature [11]. Different control meth-
ods have been developed for multilevel converters, such as
conventional pulse width modulation (PWM) [12], selected
harmonics elimination technique (SHE) [13], sliding mode
control (SMC) approach [14], and other methods that are de-
rived from these techniques [15], [16], [17], [18], [19]. Among
these methods the space vector modulation (SVM) has been
increasingly used for multilevel converters, particularly where
the current harmonics are small while obtaining output volt-
age as large as possible is of interest [20], [21], [22]. However,
for multiphase converters there are a limited number of studies
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related to control and modulation techniques. The authors in
[23] introduced an SVM method for a 5-phase 3-level NPC
converter, which is split into two d-g components: one for the
fundamental harmonic, d; — g1, and another for the third har-
monic, d3 — ¢3. This technique effectively eliminates the third
harmonic of the voltage by manipulating the voltage vector in
the d3 — g3 vector space to be zero, consequently resulting
in a sinusoidal output voltage. They employed a vector space
decomposition method to separate the inverter states and de-
fined a decagon region to locate the reference voltage vectors.
In [24] a similar SVM technique for a 5-phase 3-level NPC
converter was explored without resorting to two d-g compo-
nents, with a subsequent comparison between SVM and PWM
techniques regarding total harmonic distortion (THD) of the
phase voltage, harmonic distortion of phase voltage compo-
nents in mutually perpendicular planes, and common mode
voltage harmonic distortion. However, the conclusions drawn
in reference [24] are confined to the 5-phase 3-level converter
and lack generalization, i.e., they cannot be applied to other
multilevel converters with different phase numbers. In [25]
a SVM technique for an asymmetrical 6-phase 3-level NPC
converter is proposed, relying on vector space decomposition
to establish asymmetrical sectors and subsectors. However,
this method presents challenges in calculating higher numbers
of levels and cannot be applied to converters with different
phase configurations. Expanding on the work in [24] the au-
thors in [26] focus on developing an SVM algorithm for a
7-phase 3-level NPC converter using vector space decomposi-
tion and analyzing multidimensional space vector projections
in mutually orthogonal planes. This simplifies calculations
and reduces the number of switching states, yielding com-
parable performance to conventional PWM techniques. In
[27] a feedforward SVM approach is proposed for multiphase
and multilevel converters based on analytical modeling. This
method relies on measuring the DC voltages of the multilevel
converter to generate switching signals, ensuring the averaged
output waveforms align with the desired reference. Authors in
[28] investigate a PWM technique equivalent to SVM for a
5-phase 5-level converter and provide a comparative analysis
between the two methods. However, a generalized approach
for multiphase 3-level SVM techniques is absent in current
literature. Existing techniques commonly follow similar pro-
cedures for dwell time calculations, involving transformation
and projection of reference voltages onto a-f or d-q planes,
defining sectors based on these transformations, optimizing
switching sequences, and calculating dwell times using volt-
time equations of the system.

This paper introduces a hierarchical calculation approach,
establishing a framework for applying a SVM technique
to multiphase 3-level NPC converters with any number of
phases. The authors have previously discussed the proposed
framework in [29], [30], [31], [32], covering various ap-
plications and introducing the fundamental calculations and
visualization concepts. In previous works by the authors,
fundamental calculations of SVM were initially provided
to introduce the generalized SVM concept. Subsequently,
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TABLE 1. Summary of Improvements

Existing literature

Gaps

Paper’s contribution

Limited number of
phases considered, e.g.
3-ph [12], 5-ph [24], 6-
ph [25], or 7-phase [26]

No  generalized
SVM approach for
all phase numbers

A generalized SVM
developed  that is
applicable to any
number of phases, odd
and even.

Limited number of
phases considered for
creating SVD, e.g. 3-ph
[12]

No  generalized
SVD for all phase
numbers and
configurations

Development of SVD
for asymmetrical
configurations

Limited number of
phases and levels are
considered, e.g. 3-ph 5-
level [36]

No  generalized
VBA  algorithm
and integration for
all phase numbers

Voltage
studies

balancing

Limited number of
phases considered, e.g.
3-ph [12], 5-ph [24], 6-
ph [25], or 7-phase [26]

No  generalized
experimental
studies for all
phase numbers

Experimental studies
for 3-ph, 6-ph, and 9-
ph configurations

Limited number of
phases considered, e.g.
3-ph [12], 5-ph [24], 6-
ph [25], or 7-phase
[26].

No  comparison

studies for
different number
of phases

AC side voltage and
current evaluation for
3-ph, 6-ph, and 9-ph
(simulation and
experimental studies)

various benchmark systems were presented to implement the
multiphase NPC converter, controlled by generalized SVM,
to enhance overall system performance. Simulation studies
were conducted to evaluate the proposed strategy’s perfor-
mance for systems with an even number of phases. However,
systems with an odd number of phases, such as symmetrical
and asymmetrical six-phase systems commonly used in var-
ious applications, were not addressed. In the literature, there
are studies that only consider one configuration e.g., three-
phase [12], five-phase [24], or seven-phase [26]. Moreover,
the Space Vector Diagram (SVD) concept was introduced
only for symmetrical systems both in the previous work of
the authors and in the literature, which is not always ap-
plicable since asymmetrical six-phase systems can also be
employed. Furthermore, previous simulation studies by the
authors did not include AC side evaluations, such as the
terminal voltage and current of the generator. This research
aims to address these gaps by conducting detailed simulation
and experimental studies for both even and odd-numbered
phase systems. The performance of the proposed strategy is
evaluated using a scaled-down real-world experimental test
setup. Additionally, this paper examines how the proposed
modulation strategy balances the voltage across the converter
capacitors and compares the results of the widely used PWM
strategy with the proposed control strategy. Although this pa-
per integrates the generalized SVM with a voltage balancing
algorithm to improve system performance, it requires more
calculations compared to previous works. Table 1 summarizes
the significant improvements of this research compared to the
authors’ previous works.

The proposed modulation strategy, here referred to as
multiphase 3-level SVM (MP3L-SVM), addresses the inher-
ent challenges of modulation technique including identifying
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FIGURE 1. (a) Wind turbine conversion in Walney wind farm. (b) High-voltage wind turbine conversion system connected to a DC collector grid proposed
in [5], [6], [7]. (c) Wind turbine conversion system overview with multiphase 3-level NPC converter.

suitable switching states for the multiphase 3-level NPC con-
verters while mitigating potential short-circuit occurrences.
It leverages the SVD to determine switching states and
synthesize a reference voltage. The paper integrates a volt-
age balancing algorithm (VBA) with the MPML-SVM to
address voltage imbalance issues across the high-voltage DC
(HVDC) capacitors. Analytical models of multiphase systems
and MP3L-SVM are derived and verified via simulation stud-
ies for a 3-level NPC converter with 3-, 6-, and 9-phases.
Further, a laboratory prototype multiphase 3-level NPC con-
verter configurable for 3-ph, 6-ph, and 9-ph has been built and
tested to confirm the analytical and simulation results.

The modulation strategy is formulated to generalize the
modulation process across any number of phases, providing a
versatile solution adaptable to different system requirements
without the need for reconfiguration. An innovative integra-
tion of a voltage balancing algorithm (VBA) is included to
address capacitor voltage imbalances, which is critical for
stable and efficient converter operation. Traditional methods,
as discussed in [23], [24], [25] often require intricate vector
transformations and a detailed understanding of the converter
topology to be implemented effectively. In contrast, the SVM
process is simplified by the MP3L-SVM using a hierarchi-
cal approach to determine switching states directly from the
space vector diagram, reducing computational complexity and
enhancing real-time applicability. Previous approaches are
generally optimized for a fixed number of phases and levels, as
seen in [23] for a five-phase system and [26] for a seven-phase
system. This limitation is not shared by MP3L-SVM, which
offers scalability to any number of phases, a significant advan-
tage in systems requiring customization or future upgrades.
Furthermore, the experimental test setup of this research uti-
lizes a modified generator that can be configured as a three-,
six-, or nine-phase system to assess performance, a unique
characteristic of this paper.

Il. BENCHMARK WIND TURBINE AND MULTIPHASE
SYSTEMS

To provide a practical application to real-world scenarios, this
paper selects the Siemens wind turbine model SWT-3.6-107
as a benchmark system [3]. This wind turbine is used in Wal-
ney, one of the world’s largest offshore wind farms, situated
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in the Irish Sea off the coast of the U.K.. The benchmark wind
turbine incorporates a 3-phase induction machine (IM) with
a rating of 690 V and 3.6 MW, along with two fully rated
conventional 2-level back-to-back voltage source converters
(VSCs), and step-up transformer that connects the wind tur-
bine to a 33 kV AC grid as shown in Fig. 1(a).

In an effort to introduce high-voltage conversion systems
that facilitate connection of wind turbines to a DC collec-
tor grid the authors in [5], [6], [7] proposed a multiphase
high-voltage hybrid generator design interfaced to a passive
rectifier as shown in Fig. 1(b). In their topology the active
rectification stage has been eliminated and the entire con-
trol functionality has been shifted to the hybrid generator.
Although this will provide control on the wind turbine out-
put voltage, the current cannot be fully controlled over the
entire region of operation as there are no active switches.
Additionally, given the uncontrolled nature of passive rectifier,
when the wind turbines are connected in parallel any disparity
among the output voltage of wind turbines will force the
rectifier stage to turn-off hence putting the wind turbine out of
operation. An improvement to the scheme in Fig. 1(b) would
be to use an active rectifier. However, as the power electronics
switches are not available at high voltages a 2-level topology
would not be suitable, thus a 3-level NPC converter topology
may be used as shown in Fig. 1(c).

Note, since the NPC converter provides an active con-
trol over the wind turbine output the hybrid generator can
be replaced by a commonly used high-voltage permanent
magnet generator (PMG), hence making the conversion sys-
tem simplified. The system specifications, including voltage,
power, and speed for the scheme in Fig. 1(c) are adopted
from the scheme presented in Fig. 1(b) [5], and presented
in Table 2. Specifically, one of the features of the conversion
system that the authors in [5] have designed is a machine with
multiphase winding that results in improved power-density,
efficiency, reliability, and fault tolerance [5]. Specifically, in
multiphase (greater than 3-phase) winding as the number of
phases increases, the machine’s back-EMF, and consequently
the rectified voltage at the output of power electronics in-
terface increases due to improved winding factor [33], [34].
Increasing the number of phases reduces phase-shifts between
voltages and currents in HVDC systems, resulting in lower
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TABLE 2. Wind Turbine System Specifications [3]

Wind Turbine model Siemens SWT-3.6-107

Cut-in wind velocity (m/s) 4

Rated velocity (m/s) 14

Cut-out wind velocity (m/s) 25

. 0.1 —3.6 @ (cut-in — rated

hybrid generator rated power (MW) velocity)
169 — 600

Rotor speed (RPM) (@ (cut-in — rated velocity)
2.89-10.29

9-phase per-phase RMS back-EMF (kV)

(@ (cut-in — rated velocity)

TABLE 3. Multiphase Winding and Rectified DC Characteristics [31]

Winding coil Back-EMF Rectified HVDC voltage
gl_l Turn | Windin | RMS Ifr;(c;ela; ¢ Average Ripple
- 0
s g factor | (kV) ph (%) (kV) (%)
3 ne 1 10 - 23.4 15.5
5 | 5/gn| 10292 | 1029 2.92 26.6 543
7 | 7/3n| 10383 | 1038 3.83 27.6 2.76
9 3n, 1.042 10.42 4.20 28 1.66

39 180
Average Value = = =Rippl
verage Value ipple 160

140

Voltage (kV)
Ripple (%)

IS
o

O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Number of Phases

FIGURE 2. Rectified average voltage and ripple factor of multiphase
systems.

ripple in rectified voltage and current. Table 3 compares the
back-EMF and rectified VDC voltage for a machine with
different number of phases. Note, for a multiphase machine an
odd number of phases is selected as compared to even phase
numbers it results in further gains in average voltage and
reduced ripple [29]. Additionally, the gains for the phase num-
bers beyond the 9-phase system reduce, as shown in Fig. 2.
Thus, the higher phase numbers are usually not considered,
unless the application has such requirements [30].

11l. MULTIPHASE 3-LEVEL SVM

Fig. 3(a) shows a schematic view of an n-phase 3-level NPC
converter that interfaces the PMG in the benchmark wind
turbine to the HVDC grid. The generator is modelled as
PMG back-EMF (Epy;;) in series with Ry, and L (per-phase
resistance and inductance). The 3-level NPC converter has 4
switches per leg, while three switching states based on ON (1)
and OFF (0) state of the switches is realized. This results to
an output phase voltage (vppi—ro—n & Vpp1—io—G) With three
levels, i.e., zero, %Uvac, and vyypc. For an n-phase, 3-level
converter the total number of switching states (74,,5), switches
(nsw), diodes (ng), and HVDC capacitors (n.) are:

Mows = 3" —neonn=2k+1, k=1, 2, ...
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FIGURE 3. Proposed modulation strategy and 3-level NPC. (a) 3-level NPC
converter schematic. (b) MP3L-SVM switching strategy overview.

gy =4n, ng =2n, n. =2 (D

where, 7., is the number of common switching states that they
result in zero voltage or the same output voltage.

A. SWITCHING STRATEGY

The switching strategy for the proposed MP3L-SVM is illus-
trated in Fig. 3(b). Given a desired modulation index (m,), and
the fundamental output frequency (fy), the n-phase reference
modulation signals (Vpp1, Uph2, -.. Uphn) are generated as in
(2). The amplitude of the phase voltage signal, is defined by
the modulation index and HVDC voltage, while a sinusoidal
at a frequency of fp, and the phase shift of ( W) defines
its angle:

2w (i—1
Uph; = Ma.VHVDC- SN <2n fot — %)
Vref
i=1,2,..., n and my = )
Vuvpc

where, |\7,ef| is the amplitude of a reference voltage calculated
based on the n-phase reference modulation signals.
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The multiphase modulation signals are transformed to 2-
axis signals (vy, vg) using multiphase-to-a8 transformation
[32]:

|:Va:| 2 |:1 cos & 0054’—1” cos@ i|
== i 2T o Am . 2(n—Dr
Vg n |0 sin = sin =7 —sin ===

Uphl

Vph2

p

x| . 3)
Uphn

Therefore, a reference voltage vector ‘7,6 r is calculated as:

—

Vref =Vu+ jVﬂ

|Vref| = V(xz + Vﬁz

6 = tan"! (%) o)

o

where, 6 is the reference voltage angle.
Given the reference voltage the switching states for the
MP3L-SVM are realized in process as follows:

1) An SVD is formed, as exemplified for a 9-phase 3-
level converter in Fig. 4. For an n-phase converter, the
SVD comprises 2n active vectors spanning 360°, with
each vector phase-shifted by (%) from its adjacent
counterpart. These active vectors connect to create a
polygon, denoted as the main polygon in Fig. 4, with
2n sides. The polygon is further divided into 2n sec-
tors, delineated by two adjacent active vectors and one
main polygon side. In the case of the 9-phase 3-level
converter, there are 18 active vectors, each with a 20°
phase shift from the next, thus forming an 18-sided main
polygon. Consequently, there are 18 sectors, labeled
as Sector I to Sector XVIII, with Sector I highlighted
in green in Fig. 4. For an m-level converter, multiple
polygons are formed concentrically within one another.
The amplitude (length) of active vectors in each poly-
gon corresponds to the voltage level defined in (1). In
the illustrated 3-level converter in Fig. 4, two polygons
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exist, where the amplitude of active vectors for the main
polygon is Vyypc, while it is %VHVDC for the active
vectors in the inner polygon. Notably, the number of
polygons depends on the converter’s levels and remains
independent of the number of phases. For the 3-level
converter, each sector is divided into four triangles, as
indicated by the dotted lines in Fig. 4. Each triangle
vertex represents a voltage vector, defining a specific
switching state for the 3-level NPC converter. Each vec-
tor possesses an amplitude, an angle, and an associated
switching time, referred to as dwell time, which specify
the duration within the switching period (7).

2) The reference voltage, given its amplitude (Ve 1) and
angle (), is laid inside the SVD. For the 9-phase 3-level
converter the reference voltage (\7,6 ), in this example, is
laid in Sector I in a triangle highlighted in blue in Fig. 4.
The reference voltage may be synthesized based on the
three nearest vectors (\71, Vz, \73) and their dwell times
(Ty, T», T3) using the volt-second equilibrium [31]:

— — — _
VITi + I+ 3Tz = Vi T
i+ L+ =T 5

The switching states and their dwell times obtained
from (5) are applied to the 3-level NPC converter in
a repetitive switching period. For any combination of
phases and converter levels, the synthesis of the ref-
erence voltage necessitates only three voltage vectors.
It’s important to note that the reference voltage can
be synthesized using any three voltage vectors within
the SVD. However, this approach can introduce higher
harmonic distortion and increased losses.
3) For an n-phase and 3-level converter:

—
7

~ —
ejelTl + ‘Vz

, —
ejngz + ‘V3

el? = Vrefejg T

N

g b4 b4
0<b6<—,0<6=—,0=<63=<—,0=<60=<—
n n n n
(6)
where, 61, 6>, 65 are the angle for vectors 171, \72, \73,
respectively.

As denoted by the range of angles in (6), the reference
voltage, if laid in any sector, is shifted to the first sector,
Sector I, where its angle is between zero and 7-. This simpli-
fies the calculation and facilitates development of a general
framework for an MP3L-SVM with any number of phases
and levels. Once the reference voltage vector is in the first
sector, depending on the number of triangles in Sector I, i.e.,
converter levels, the three nearest voltage vectors are selected
and replaced in (6), whereby separating the equation into real
and imaginary parts and solving for dwell times, 77, 7>, and
T; are obtained.

B. GENERALIZED DWELL TIMES
For n-phase 3-level SVM the dwell times are listed in Ta-
ble 4. For 3-level converters the SVD consists of two polygons
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TABLE 4. Generalized Dwell Times for an N-Phase 3-Level MP3L-SVM [33]

Dwell Times Expression
ﬁV,Ef(sin(B—%)—sin(G))
Ty T,(1+ Tm(g))
n.
Tri. 1 T, L;D"CS;S(%(”
T —ﬁTsVrefsin(B—%)
3 VDcsin(%)
T 3T5(VDCsin(%)—vrefﬁsin(e—%)—\/gsin(s—%)))
1 Ve (6sin(2=)-v3sin(%))
. —V3Ts(Vpe sin(Z)+3V ¢ (sin(0) - sin(6-X))
Tri. 2 T Vbc(gﬁan(i)_fmn(g)) -
r 3T5(Vpc Sin(2) +Vyep(3sin(6-2) -V sin(6))
3

Vbpe (ssin(%)—\ﬁ sin(g))

where each sector is divided into four triangles, (Tri. 1, Tri. 2,
Tri. 3, and Tri. 4) as seen from Fig. 4. Therefore, the refer-
ence voltage, once shifted to Sector I, is synthesized based
on the triangle in which is lays, hence resulting in different
dwell times based on four triangles as listed in Table 4. NPC
converters are known for their versatility in both inverter and
rectifier operations. However, NPC rectifiers present unique
challenges. One such challenge arises from the discrepan-
cies in switching states between rectifiers and inverters. For
example, what constitutes a zero-voltage level in an inverter
equates to a short-circuit condition in a rectifier. Moreover, in
arectifier, if all switches are turned off, the converter functions
as a passive rectifier. In contrast, in an inverter, if all switches
are off, the converter effectively shuts down. As a result, the
inclusion of emergency shut-down switches becomes impera-
tive for ensuring the safe operation of rectifiers.

One important aspect of the proposed modulation strat-
egy is its applicability to asymmetric configurations, such
as the well-known asymmetric six-phase configuration. As
mentioned earlier, the calculations remain exactly the same
for every configuration and conversion type. However, the
input to the equations comes from the SVD. Therefore, the
same calculations can be applied to every configuration, but
the SVD must be adjusted accordingly. In an asymmetric six-
phase configuration, there are two sets of three-phase systems
shifted by 30 °C from one another. Thus, the SVD can be re-
alized based on the same analysis: two hexagons with a 30 °C
shift between them. Based on this explanation, the realized
SVD is shown in Fig. 5(b). It is evident that the SVD is no
longer a symmetric shape due to the uneven phase shifts in
this system. Fig. 5(a) illustrates how the vectors of this system
are positioned relative to each other.

Furthermore, to compare the performance of the proposed
modulation strategy with conventional methods such as Si-
nusoidal PWM (SPWM), the SVDs of both strategies are
shown in Fig. 6. Both are designed for a nine-phase configura-
tion. One of the main advancements of MP3L-SVM is better
voltage utilization. As seen, the largest reference vector that
can be used in SPWM (V_(ref-SPWM)) is the radius of its
SVD. However, this vector (V_(ref-SVM)) is larger for the
MP3L-SVM method. In other words, for the same input, SVM
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can result in a higher output voltage compared to SPWM.
Additionally, simulation studies show that for a multiphase
converter, the total harmonic distortion (THD) of the output
voltage is between 3-10% for SVM and 5-15% for SPWM.
SVM can potentially offer lower THD compared to standard
PWM because it maximizes DC bus utilization and provides a
more uniform distribution of the switching vectors throughout
the switching cycle, leading to smoother voltage transitions
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and less harmonic generation. Both strategies can achieve
reduced THD with higher switching frequencies. However,
SVM has an improved THD at comparable frequencies due to
its more efficient vector utilization. Nonetheless, SVM is gen-
erally more complex to implement than PWM, as it requires
more intricate calculations for determining the switching
times and sequences. PWM, especially simple SPWM, is eas-
ier to implement but might not optimize the DC bus voltage
as efficiently.

For multiphase systems that can be built based on multiple
three-phase systems, such as six-phase and nine-phase sys-
tems, MP3L-SVM is the most optimized strategy to use. A
straightforward approach is to use multiple sets of three-phase
strategies to achieve multiphase configurations. However, this
method presents several difficulties. One major disadvantage
is the synchronization process between multiple sets of three-
phase configurations. To obtain the desired results, multiple
systems must be introduced, and multiple constraints must
be implemented to create switching states for each set. Ad-
ditionally, as the number of phases increases, such as in a
nine-phase system, optimizing the best switching states be-
comes more challenging. Considering the difference between
switching states of an inverter and a rectifier, this strategy fails
to generalize for both operation modes. Furthermore, in recti-
fier mode, switching states are very sensitive and can result in
short circuits in the system. Introducing multiple three-phase
systems makes it harder to prevent switching overlaps and
short circuits. In contrast, MP3L-SVM addresses these chal-
lenges within its fundamental concept, SVD, and at each step,
it selects the most optimized switching state and checks the
best one for voltages across the capacitors.

C. VOLTAGE BALANCING ALGORITHM
Assuming two identical HVDC-link capacitors, the total en-
ergy of them can be calculated by (7).
2 2
% (CIVC12 +C2Vc22) — E=% <C1% +C2%
(7

According to the definition of voltage deviation for the
capacitors, a cost function can be realized, and the ultimate
purpose of this method is to minimize the cost function. In
order to do so, the derivative of the cost function should be
equal or less than zero. Equation (7) is denoted as the "min-
imum energy property" [35], and it serves as the foundation
for achieving HVDC-link capacitor voltage balancing. During
regular operation, the HVDC-link capacitor voltage tends to
deviate from its intended value, which is %UDC for a 3-level
NPC converter. As a result, the objective is to minimize this
deviation in order to achieve the desired voltage balance. Con-
sidering all [36]:

1 VDC 2 VDC 2
J==C||Vo1— — Voo — —
) |:< Cl > ) + | Vo )

yields dJ AZS
g —_— = (jl
dt dt

E =

dav,
AV, + czd—;zAvcz <0 (8)
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TABLE 5. Simulation System Characteristics

Fundamental Frequency 60 Hz
Switching Frequency 6 kHz
HVDC Voltage (rated) 18.5 kV
HVDC Power (rated) 3.6 MW
Generator’s Per-phase resistance 0.7Q
Generator’s Per-phase synchronous 226.91 mH
inductance

Applying the average operator over one switching period
(Ty) and assuming that the capacitor voltage fluctuations are
close to zero in this period, yields:

1 (k+1)Ts

o liciAVer +ic2AVer] <0

Ts Jkr,

— ic1AVe +icaAVer <0 ©)

where ic; and icy can be calculated by (8) or measured.

ici (k) = ic1 (k, Sx)Th +ica (k, Sx2) T +ic3 (k, Sx3) T3
(10)
where Sy1, Sx2, and S,3 represent the phase switching states
corresponding to the switching vectors Vi, V,, and V3,
respectively.

Equations (9) and (10), corresponding to the switching
vectors derived from space vector modulation, are solved si-
multaneously for all potential device switching states. The
converter is then operated in the switching state that yields
the smallest energy variation throughout the operation. To
provide further clarity, in the analysis of HVDC-link capacitor
voltage balancing within one triangular sector, the nearest
three switching vectors are considered along with their cor-
responding switching times, obtained from the MP3L-SVM
calculations. The HVDC-link capacitor currents are estimated
for all possible switching states using (10). Utilizing the
instantaneous values of HVDC-link capacitor currents, the
average HVDC-link capacitor current is computed for one
sampling interval using (9). Finally, the mathematical condi-
tion outlined in (8) is evaluated using the average HVDC-link
capacitor current values obtained for device switching states.
The switching state that minimizes the energy deviation
among all possible switching states is selected and applied to
phase A over a sampling interval. This process is iterated for
other phases.

IV. SIMULATION RESULTS

In order to validate the performance of the developed MP3L-
SVM modulation, simulation studies were conducted on a 3-
level NPC converter connected to an HVDC grid in a wind
generation system. Simulation specifications are indicated in
Table 5.

Fig. 7 illustrates the power-speed curve for the wind tur-
bine. In the startup region, wind velocity remains below
the cut-in threshold, and the wind turbine does not generate
power. Once the wind velocity surpasses the cut-in point,
power generation begins. Within the Maximum Power Point
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FIGURE 7. Power-speed characteristics of the wind turbine.

Tracking (MPPT) region, both output power and HVDC volt-
age increase to their rated values at a wind velocity of 14 m/s.
In the rated power region, the wind turbine consistently oper-
ates at its rated values. Beyond the cut-in velocity of 25 m/s,
the wind turbine initiates its shutdown process, gradually re-
ducing rotor speed and power output to zero. Throughout this
phase, the HVDC voltage remains at the rated value. Subse-
quently, as wind velocity drops below the cut-out threshold,
the wind turbine recommences power generation.

To assess the performance of the proposed MP3L-SVM
modulation strategy, three simulation scenarios were selected:
1) wind velocity of 10 m/s (PMG power of 1.8 MW), ii) wind
velocity of 5 m/s (PMG power of 0.2 MW), and iii) wind
velocity of 15 m/s (PMG power of 3.6 MW). Each scenario
evaluates three commercially used systems: 3-phase 3-level,
6-phase 3-level, and 9-phase 3-level. It’s noteworthy that mul-
tiphase systems inherently offer greater fault tolerance. For
instance, in a 3-phase generator, if one phase faults, 33.34%
of the power is lost, and the remaining phases experience an
overload of 50% of their rated value. Conversely, in a 9-phase
generator, only 11.11% of the power is lost if one phase is
faulty, and the other phases endure a manageable overload of
just 13%, a factor already considered in the design process.

Fig. 8(a) depicts the rectified voltage for each system across
different scenarios. It’s evident that the 3-phase system ex-
hibits the highest ripple and the lowest average HVDC-link
voltage, whereas the 9-phase system demonstrates the lowest
ripple and the highest output voltage compared to the others.
This observation aligns with theoretical principles suggesting
that as the number of phases increases, the rectified voltage
rises due to enhanced winding factor and improved harmonic
content, while the ripple decreases. Employing a generator
wound for a higher number of phases than the 3-phase setup
reduces the HVDC current for the same application, owing to
the increased output voltage. Essentially, for the same output
power, an increase in the number of phases leads to a reduc-
tion in HVDC current, indicating a decrease in the current
flowing through the switching components. These trends are
illustrated in Fig. 8(b) and (c), representing HVDC current
and power, respectively. Fig. 8 demonstrates that the proposed
modulation strategy effectively rectifies the voltage across
different scenarios and various numbers of phases. Transitions
between scenarios are smooth, and the system remains stable
throughout.
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FIGURE 8. Simulation results for wind velocities of 5, 10, and 15 m/s.
(a) HVDC-link voltage waveforms. (b) HVDC-link Current waveforms.
(c) HVDC-link power waveforms.

Fig. 9 shows the per-phase AC voltage at the generator
terminal along with the generator’s back-EMF. The back-
EMF waveforms are nearly pure sinusoids, but the terminal
voltage is distorted due to the switching activity. Notably,
this distortion decreases as the number of phases increases,
as illustrated in the figures. Additionally, Fig. 10 displays the
per-phase AC current of the generator. The switching distor-
tion is apparent, and as the number of phases increases, the
per-phase current decreases, which aligns with the theoretical
discussions presented earlier. Furthermore, to delve into the
voltage imbalance issue across the HVDC-link capacitor and
evaluate the efficacy of the proposed MP3L-SVM modulation
strategy in mitigating this problem, models of 3-phase 3-level
and 9-phase 3-level converters are modeled. Each converter
is controlled by three approaches: (1) PWM, (2) MP3L-SVM
without VBA, and (3) MP3L-SVM with VBA.

Fig. 11(a) depicts the HVDC-link capacitors of the 3-
phase system, while Fig. 11(b) illustrates the voltages of
the 9-phase system. It is evident that utilizing the PWM
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FIGURE 10. Per-phase current of the generator. (a) Three-phase generator.
(b) Six-phase generator. (c) Nine-phase generator.

method results in a significant imbalance across the HVDC-
link capacitors, whereas for the other two approaches, the
imbalance is notably improved. An important observation is
that the MP3L-SVM performs admirably in maintaining a
balanced voltage across the capacitors. A slight enhancement
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FIGURE 11. Voltage profile of the HVDC-link capacitors under different
control strategies (PWM, SVM without VBA and SVM with VBA). (a)
Capacitor voltages of a 3-phase 3-level NPC. (b) Capacitor voltages of a
9-phase 3-level NPC.

is observed with the introduction of the voltage balancing
algorithm. This is attributed to the fact that the proposed
modulation strategy of MP3L-SVM seeks the three nearest
switching states at each stage, ensuring the most optimized
switching command. Consequently, the voltages of the capac-
itors are maintained within a satisfactory range even without
the voltage balancing algorithm.

The VBA is designed to address the common challenge
in NPC converters related to the fluctuation and imbalance
of voltages across the DC-link capacitors. These imbalances
can arise due to uneven power distribution, mainly switching
irregularities, or load variations, potentially leading to inef-
ficient converter operation, increased stress on components,
and reduced lifespan of the system. The switching states of
the converter are actively monitored and adjusted by the al-
gorithm to manage the charging and discharging cycles of the
capacitors, keeping the voltage across each capacitor within
a target range. This is achieved through the careful selection
of switching vectors to minimize deviation from the desired
voltage levels. In PWM, the switching states are determined
by the intersection of the reference voltage and a triangular
waveform, making voltage control across the capacitors im-
possible. Consequently, significant voltage imbalances occur
across the capacitors, as shown in Fig. 11. However, in the
proposed modulation strategy, the most optimized switching
state is selected at each step, inherently balancing the volt-
age across the capacitors. To further enhance this balance,
the strategy integrates the voltage balancing algorithm, ensur-
ing optimal system performance. Fig. 11 demonstrates that
the proposed system, even without VBA, performs well in
balancing the voltage across the capacitors. Thus, the modu-
lation strategy not only provides a general framework but also
significantly reduces voltage imbalance across the capacitors
compared to conventional methods such as PWM.
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FIGURE 12. Experimental test setup: NPC converter modules, multiphase
generator, and test-rig. (a) Multiphase generator. (b) MP3L converter.
(c) Experimental test setup.

V. EXPERIMENTAL RESULTS

To validate the simulation results and assess the effectiveness
of the MP3L-SVM approach, a laboratory experiment was
conducted using a prototype multiphase 3-level NPC con-
verter and a multiphase generator. The generator, depicted in
Fig. 12(a), consists of nine concentric coils in the stator, en-
abling various winding connections such as 3-phase, 6-phase,
and 9-phase configurations. The NPC converter is designed in
a modular structure, as shown in Fig. 12(b), where each leg is
fabricated independently.

The test-rig, illustrated in Fig. 12(c), comprises several
components: (1) a 3-level NPC converter, (2) a multiphase
generator, (3) a 3-phase permanent magnet motor functioning
as a prime mover (wind turbine) for the multiphase generator,
(4) a 3-phase inverter to control the prime mover, and (5) the
setup also includes a microcontroller, DC power supplies, and
monitoring equipment. To evaluate the proposed MP3L-SVM
approach, various tests were conducted. Three scenarios, cor-
responding to the simulation implementation scenarios, are
presented: (i) a 3-phase 3-level system, (ii) a 6-phase 3-level
system, and (iii) a 9-phase 3-level system. The specifications
of the experimental setups are summarized in Table 6.

In the initial phase of the experiments, the generator is
configured as a 3-phase generator and connected to three NPC
modules, forming a 3-phase 3-level converter. The modulation
algorithm is adapted to operate on a microcontroller. During
the first stage, the speed of the prime mover is set to be vari-
able, and three scenarios are considered: 700 rpm, 2200 rpm,
and 4500 rpm. This setup emulates different wind velocities
effectively. Fig. 13(a) displays the rectified voltage for all
scenarios. As depicted, the controller swiftly and accurately
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TABLE 6. Experimental Test Setup Characteristics

Generator’s Number of Phases 3-ph, 6-ph, 9-ph
Number of Coils (Stator) 9 — concentrated coils
Number of Poles 6

Rated Speed (Maximum Speed) 3000 rpm (4500 rpm)
3-phase per-phase RMS back-EMF | 30 V

3-phase per-phase peak back-EMF | 23 V

Converter’s Per-leg Ratings 200 V—12 A—2400 W
Switching Frequency 6 kHz

Voltage (V)

2200 RPM

4500 RPM 700 RPM

40
30
20
10
0
4 8 12 16 20 24
Time (ms)
(a) Output DC voltage (variable speed: 2200 rpm — 4500 rpm — 700 rpm)
Voltage (V)
m,=0.85 m, 1 m,=0.7
30
25
20
15
10
5
0
4 8 12 16 20 24
Time (ms)

(b) Output DC voltage (variable modulation index: 0.85 — 1.0 —0.75)

FIGURE 13. First and second stage of the 3-phase 3-level experiments (DC
voltage). (a) Output DC voltage (variable speed: 2200 rpm - 4500 rpm -
700 rpm). (b) Output DC voltage (variable modulation index: 0.85 - 1.0 -
0.75).

adjusts itself to variable input without significant transients
in all transitions, indicating the exceptional performance of
the controller. In the second stage, the generator’s speed is
fixed at 2200 rpm, and the output voltage is controlled by
adjusting the modulation index (m, ). This setup closely sim-
ulates real-world scenario, where the wind speed is fixed, and
variable output voltage is required. Three modulation indices
are considered: 1, 0.85, and 0.7. The converter begins with a
modulation index of 0.85, then transitions to 1, followed by
0.75. Fig. 13(b) illustrates the output voltage. It is evident that
the controller adeptly adjusts the output voltage based on the
desired modulation indices, affirming the controller’s robust
performance.

In the second phase of the experiments, the generator un-
dergoes reconfiguration as a 6-phase generator and is linked
to six NPC modules, thereby constituting a 6-phase 3-level
converter. The initial and subsequent stages of the experiments
mirror those of the 3-phase configuration. Fig. 14(a) depicts
the rectified voltage for variable prime mover speeds, while
Fig. 14(b) illustrates the output voltage for different modula-
tion indices. It is evident from the figures that the controller
effectively adjusts the output voltage according to the desired
modulation indices, thereby affirming the robust performance
of the controller for the 6-phase 3-level configuration.
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FIGURE 14. First and second stage of the 6-phase 3-level experiments (DC
voltage). (a) Output DC voltage (variable speed: 2200 rpm - 4500 rpm -
700 rpm). (b) Output DC voltage (variable modulation index: 0.85 - 1.0 -
0.75).
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(b) Output DC voltage (variable modulation index: 0.85 —1.0 — 0.75)

FIGURE 15. First and second stage of the 9-phase 3-level experiments (DC
voltage). (a) Output DC voltage (variable speed: 2200 rpm - 4500 rpm -
700 rpm). (b) Output DC voltage (variable modulation index: 0.85 - 1.0 -
0.75).

In the third phase of the experiments, to align with the sim-
ulation studies, the generator is reconfigured as a 9-phase gen-
erator and connected to nine NPC modules, forming a 9-phase
3-level converter. During the first stage of this experiment, the
speed of the prime mover is again set to be variable (700 rpm,
2200 rpm, and 4500 rpm). During the second stage, the gen-
erator’s speed is fixed at 2200 rpm, and the output voltage is
controlled by adjusting the m, (1, 0.85, and 0.75). Fig. 15(a)
presents the rectified voltage for all prime mover’s speeds,
while Fig. 15(b) illustrates the output voltage for all the men-
tioned modulation indices. It is evident that the output voltage
has increased compared to the same scenarios for 3-phase and
6-phase configurations, while the ripple has reduced.

Additionally, the performance of the controller is excep-
tional, effectively controlling the output voltage within the
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FIGURE 16. Per-phase AC current of the generator. (a) Three-phase
generator. (b) Six-phase generator. (c) Nine-phase generator.

desired range. In summary, both simulation and experimental
studies demonstrate the effectiveness of the proposed mul-
tiphase 3-level general framework for SVM across various
numbers of phases and scenarios. Experimental data indicates
a consistent increase in rectified voltage with an increas-
ing number of phases, aligning well with simulation results.
Moreover, simulations suggest a decrease in the ripple factor
of the rectified voltage as the number of phases increases, a
trend that is clearly observed in the experimental findings.
Additionally, Fig. 16 shows the per-phase AC current of the
generator. The switching effect is evident, and it can also be
observed that as the number of phases increases, the per-phase
current decreases, consistent with the simulation studies.

VI. CONCLUSION

This article introduces a multiphase 3-level SVM (MP3L-
SVM) strategy for 3-lvvel NPC converters. By employ-
ing simplified calculations optimized through an SVD the
proposed MP3L-SVM strategy identifies the most efficient
switching sequence. The paper also addresses challenges
posed by voltage imbalances across the NPC topology’s
HVDC-link capacitors by integrating a voltage balancing al-
gorithm with the developed modulation strategy. Furthermore,
it discusses and implements NPC rectifier challenges within
the proposed system. Simulation studies and experimental
validation using a scaled-down prototype demonstrate the
effectiveness and accuracy of the proposed system and modu-
lation strategy.

1069



HOMAEINEZHAD AND BEIK: DEVELOPMENT OF A GENERALIZED MULTILEVEL SVM AND CAPACITOR VOLTAGE BALANCING STRATEGY

REFERENCES

(1]

[2

—

[4

[inar)

[5

—_

[6

[t

(71

[8

=

[91

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(7]

[18]

1070

O. Lopez, J. Alvarez, J. Doval-Gandoy, and F. D. Freijedo, “Multi-
level multiphase space vector PWM algorithm with switching state
redundancy,” IEEE Trans. Ind. Electron., vol. 56, no. 3, pp. 792-804,
Mar. 2009.

J. Rodriguez, J. S. Lai, and F. Z. Peng, “Multilevel inverters: A survey
of topologies, controls, and applications,” IEEE Trans. Ind. Electron.,
vol. 49, no. 4, pp. 724-738, Aug. 2002.

0. Beik and A. Al-Adsani, DC Wind Generation Systems: Design, Anal-
ysis, and Multiphase Turbine Technology. Berlin, Germany: Springer,
2020.

0. Beik, R. Yang, and A. Emadi, “Design of a 5-phase IPM machine for
electric vehicles,” in Proc. IEEE Transp. Electrific. Conf. Expo, 2018,
pp. 168-172.

A.S. Al-Adsani and O. Beik, “Design of a multiphase hybrid permanent
magnet generator for series hybrid EV,” IEEE Trans. Energy Convers.,
vol. 33, no. 3, pp. 1499-1507, Sep. 2018.

N. Schofield, X. Niu, and O. Beik, “Multiphase machines for electric
vehicle traction,” in Proc. IEEE Transp. Electrific. Conf. Expo, 2014,
pp. 1-6.

O. Beik and A. S. Al-Adsani, “Active and passive control of a dual
rotor wind turbine generator for DC grids,” IEEE Access, vol. 9,
pp. 1987-1995, 2021.

J. Rodriguez, S. Bernet, P. K. Steimer, and 1. E. Lizama, “A survey on
neutral-point-clamped inverters,” IEEE Trans. Ind. Electron., vol. 57,
no. 7, pp. 2219-2230, Jul. 2010.

R. Dermouche, A. Talaoubrid, L. Barazane, Y. Sellami, M. Tadjine, and
N. Zioui, “Qualitative and quantitative analysis of the reliability of NPC
and ANPC power converters for aeronautical applications,” Alexandria
Eng. J., vol. 61, no. 6, pp. 48634873, 2022.

O. Beik, A. Dekka, and M. Narimani, “A new modular neutral point
clamped converter with space vector modulation control,” in Proc. IEEE
Int. Conf. Ind. Technol., 2018, pp. 591-595.

A. Dekka, O. Beik, and M. Narimani, “Modulation and voltage bal-
ancing of a five-level series-connected multilevel inverter with reduced
isolated direct current sources,” IEEE Trans. Ind. Electron., vol. 67,
no. 10, pp. 8219-8230, 2019.

N. P. Schibli, T. Nguyen, and A. C. Rufer, “A three-phase multilevel
converter for high-power induction motors,” /IEEE Trans. Power Elec-
tron., vol. 13, no. 5, pp. 978-986, Sep. 1998.

M. S. A. Dahidah and V. G. Agelidis, “Selective harmonic elimina-
tion PWM control for cascaded multilevel voltage source converters:
A generalized formula,” IEEE Trans. Power Electron., vol. 23, no. 4,
pp. 1620-1630, Jul. 2008.

J. F. Silva, N. Rodrigues, and J. Costa, “Space vector alpha-beta sliding
mode current controllers for three-phase multilevel inverters,” in Proc.
IEEE 31st Annu. Power Electron. Specialists Conf., 2000, pp. 133-138.
J. D. Barros and J. F. Silva, “Optimal predictive control of three-phase
NPC multilevel converter for power quality applications,” IEEE Trans.
Ind. Electron., vol. 55, no. 10, pp. 3670-3681, Oct. 2008.

J. Kolb, F. Kammerer, and M. Braun, “Straight forward vector control
of the modular multilevel converter for feeding three-phase machines
over their complete frequency range,” in Proc. 37th Annu. Conf. IEEE
Ind. Electron. Soc., 2011, pp. 1596-1601.

A. Bakeer, I. S. Mohamed, P. B. Malidarreh, 1. Hattabi, and L.
Liu, “An artificial neural network-based model predictive control for
three-phase flying capacitor multilevel inverter,” IEEE Access, vol. 10,
pp. 70305-70316, 2022.

M. R. Homaeinezhad, M. Homaeinezhad, S. Akbari, and D. N. G. Hos-
seini, “Input-decoupled discrete-time sliding mode control algorithm
for servo multi-field multi-armature DC machine,” ISA Trans., vol. 127,
pp. 283-298, 2022.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

S. Yaqubi, M. Homaeinezhad, and M. R. Homaeinezhad, “Adaptive
fuzzy-wavelet neural networks-based real-time model generation for in-
creasing tracking precision of multivariable servo actuator,” Mechatron.
Syst. Control, vol. 50, no. 1, pp. 1-6, 2022.

N. Celanovic and D. Boroyevich, “A fast space-vector modulation al-
gorithm for multilevel three-phase converters,” IEEE Trans. Ind. Appl.,
vol. 37, no. 2, pp. 637-641, Mar./Apr. 2001.

M. M. Prats, L. G. Franquelo, R. Portillo, J. I. Ledn, E. Galvéan, and
J. M. Carrasco, “A 3-D space vector modulation generalized algorithm
for multilevel converters,” IEEE Power Electron. Lett., vol. 1, no. 4,
pp. 110-114, Dec. 2003.

J. 1. Leon, R. Portillo, L. G. Franquelo, S. Vazquez, J. M. Carrasco,
and E. Dominguez, “New space vector modulation technique for single-
phase multilevel converters,” in Proc. IEEE Int. Symp. Ind. Electron.,
2007, pp. 617-622.

L. Gao and J. E. Fletcher, “A space vector switching strategy for three-
level five-phase inverter drives,” IEEE Trans. Ind. Electron., vol. 57,
no. 7, pp. 2332-2343, Jul. 2010.

0. Dordevic, M. Jones, and E. Levi, “A comparison of PWM techniques
for three-level five-phase voltage source inverters,” in Proc. 14th Eur.
Conf. Power Electron. Appl., 2011, pp. 1-10.

E. A. R. Engku Ariff, O. Dordevic, M. Jones, and E. Levi, “Space
vector PWM technique for a three-level asymmetrical six-phase drive,”
in Proc. 8th Int. Eng. Technol. Int. Conf. Power Electron., Machines
Drives, 2016, pp. 1-6.

0. Dordevic, E. Levi, and M. Jones, “A vector space decomposition
based space vector PWM algorithm for a three-level seven-phase volt-
age source inverter,” [EEE Trans. Power Electron., vol. 28, no. 2,
pp. 637-649, Feb. 2013.

J. I. Leon et al., “Multilevel multiphase feedforward space-vector
modulation technique,” IEEE Trans. Ind. Electron., vol. 57, no. 6,
pp. 2066-2075, Jun. 2010.

0. Lépez et al., “Carrier-based PWM equivalent to multilevel mul-
tiphase space vector PWM techniques,” IEEE Trans. Ind. Electron.,
vol. 67, no. 7, pp. 5220-5231, Jul. 2020.

M. Homaeinezhad and O. Beik, “Active and passive control of nine-
phase wind turbine conversion systems : A comparison,” in Proc. IEEE
Int. Electric Machines Drives Conf., 2023, pp. 1-7.

M. Homaeinezhad, O. Beik, and A. Karni, “Multiphase multilevel NPC
converter for MVDC electric ship applications,” in Proc. IEEE Electric
Ship Technol. Symp., 2023, pp. 121-128.

M. Homaeinezhad and O. Beik, “Modified space vector modulation
and voltage balancing of multiphase neutral point clamped rectifier,”
in Proc. IEEE Energy Convers. Congr. Expo., 2023, pp. 3422-3428.
M. Homaeinezhad, O. Beik, and A. Karni, “Reliability considerations
for large spacecraft propulsion system,” in Proc. IEEE Aerosp. Conf.,
2024, pp. 1-11.

0. Beik, “An HVDC off-shore wind generation scheme with high volt-
age hybrid generator,” Ph.D. dissertation, Dept. Electr. Comp. Eng.,
McMaster Univ., Hamilton, ON, Canada, 2016.

A. S. Al-Adsani and O. Beik, “Characterization of a hybrid PM genera-
tor using a 32-phase brushless excitation scheme,” IEEE Trans. Energy
Convers., vol. 34, no. 3, pp. 1391-1400, Sep. 2019.

M. Saeedifard, R. Iravani, and J. Pou, “Analysis and control of DC-
capacitor-voltage-drift phenomenon of a passive front-end five-level
converter,” I[EEE Trans. Ind. Electron., vol. 54, no. 6, pp. 3255-3266,
Dec. 2007.

A. Dekka, O. Beik, and M. Narimani, “Modulation and voltage bal-
ancing of a five-level series-connected multilevel inverter with reduced
isolated direct current sources,” IEEE Trans. Ind. Electron., vol. 67,
no. 10, pp. 8219-8230, Oct. 2020.

VOLUME 5, 2024




<<
  /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


