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Abstract—Power electronics building block (PEBB) concept in-
volves integrating fundamental components into functional blocks
that can be stacked, extending converter power ratings for all-
electric ships (AESs). This modular approach reduces costs, size,
weight, design complexity, and maintenance. PEBBs can be realized
as modular multi-level converters (MMCs), which offer advan-
tages like modularity, low switching losses, minimal voltage/current
quantization, high reliability, and efficiency. However, effective
switching control methods are crucial to balance capacitor voltages
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and suppress circulating currents. This paper proposes an im-
proved nearest level control (NLC) method that employs smoothed
trapezoidal reference signals instead of sinusoidal references, aim-
ing to enhance capacitor voltage balancing, suppress circulating
currents, and improve the output power quality of PEBBs in AESs.
The proposed NLC method is analyzed in real-time for an N-level
PEBB connected to an induction machine (IM) with variable speed
and torque load. The real-time verification is conducted in the
Typhoon HIL606 digital real-time simulator (DRTS). The results
validate the feasibility and effectiveness of the proposed NLC
method for a three-phase N-level PEBB concept for AESs.

Index Terms—Power electronics building block (PEBB),
modular multi-level converter (MMC), nearest level control (NLC),
capacitor voltage balancing, circulating current suppression.

NOMENCLATURE

Abbreviations
AES All-Electric Ship.
DRTS Digital Real-Time Simulator.
IFOC Indirect Field-Oriented Control.
IGBT Insulated Gate Bipolar Transistor.
IM Induction Machine.
LOESS Locally Estimated Scatterplot Smoothing.
LRU Least Replacement Unit.
MLC Multilevel Converter.
MMC Modular Multilevel Converter.
ONR Office of Naval Research.
PEBB Power Electronics Building Block.
PWM Pulse Width Modulation.
QOS Quality Of Service.
SM Submodule.
THD Total Harmonic Distortion.

Parameters and Variable
λabcs, λabcr Stator and rotor flux linkages.
VC,aU , VC,aL Mean capacitor voltage of upper/lower arms.
iabcs, iabcr Stator and rotor currents.
iaL, ibL, icL Lower arm currents of all phases.
iaU , ibU , icU Upper arm currents of all phases.
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ia, ib, ic Output currents of all phases.
ica , icb , icc Circulating currents of all phases.
iCU , iCL Capacitor current of upper/lower arms.
Larm, Rarm Arm inductor and resistor.
Llr, Lmr Rotor’s leakage/magnetizing inductances.
Lls, Lms Stator’s leakage/magnetizing inductances.
LM Mutual inductance.
N , n Number of voltage levels, and SMs per arm.
nSM,L, nSM,U Connected SMs of the lower/upper arms.
rs, rr Stator and rotor resistances.
V 1
C,aU to V n

C,cL SM Capacitor voltages.

V ref
aU , V ref

aL Normalized reference voltage.
V ref
PEBB Nearest integer value for the PEBB.

V ∗
C Nominal capacitor voltage.

Vabcs, Vabcr Stator and rotor voltages.
Vab, Vbc, Vcs Line-to-line voltages.
VaL to VcL Lower arm voltages of all phases.
VaU to VcU Upper arm voltages of all phases.
Va, Vb, Vc Line-to-neutral voltages.
VCU , VCL Capacitor voltage of upper/lower arms.
Vdc DC-link voltage.

I. INTRODUCTION

A. Literature Review

THE rising power demand in modern naval ships has spurred
the development of all-electric ships (AESs) that utilize

electrical energy for propulsion, weapons, and supply services.
These ship systems employ power electronic interfaces to con-
nect loads to their energy source, fueling interest in multi-
functional power converters for energy conversion and manage-
ment [1]. Emerging technologies like wide bandgap materials,
silicon carbide power semiconductors, and power electronics
building blocks (PEBB) are transforming marine systems, de-
parting from traditional steamships and sailing vessels. Ad-
vances in the PEBB, stemming from a 1998 proposal by the US
Office of Naval Research (ONR) to enhance converter availabil-
ity, performance, and cost-effectiveness, have had a profound
impact on converter innovation, manufacturing, commissioning,
and operation in electric ship applications [2].

A metric for assessing the quality of service (QOS) is crucial
in the shipboard power systems’ planning, certification, and
operation [3]. This metric revolves around the likelihood of
the power system delivering the necessary continuity to support
various loads essential for the ship’s missions. Key determinants
affecting QOS include prime movers’ ratings, reliability and
failure patterns, power conversion gear, load equipment, and
overall system setup. Where feasible, power conversion devices
should integrate features like hot-swappable power modules and
ample redundancy and capacity to facilitate module replacement
without compromising QOS, a principle known as the least
replacement unit (LRU). Consequently, AESs demand power
electronics equipment that maintains a compact ship size and
concurrently enhances availability and reliability. This involves
ensuring high-quality power distribution to propulsion motors
while addressing mechanical flaws and modifications. From
a control viewpoint, challenges in power converters of AESs

largely stem from power quality, thermal stress, and voltage
stresses on semiconductors [4].

The shipboards use multiple power converters, advancing
topology, voltage stability analysis, power quality, fault detec-
tion, and protection. Innovative multi-level converter (MLC)
topologies, introduced in [5], enhance power ratings, cost-
effectiveness, availability, and overall performance in AESs.
MLCs produce AC voltages using multiple DC voltage levels,
yielding benefits like reduced AC ripple, lower stress on power
semiconductors and loads, and a higher switching frequency.
Diverse MLC types, such as neutral-point clamped convert-
ers, flying capacitor converters, cascaded H-bridge converters,
and modular multi-level converters (MMC), are recent devel-
opments [6]. A comprehensive review in [7] explored MLC
applications in various fields, revealing their benefits, such as
lower total harmonic distortion (THD), reduced input current
distortion, and decreased switching frequency for lower switch-
ing losses. Yet, more components can lead to lower reliability,
increased costs, and complex controllers.

The MMC configuration, a recent advancement in MLC tech-
nology, consolidates the benefits of MLC topologies sans the
necessity for isolated DC sources and intricate phase-shifting
transformers. Operating across voltage levels ranging from
medium (2.3-13.8 kV) to high-voltage (33-400 kV), MMCs
support power ratings spanning from 226 kW to 1000 MW [8].
This versatility renders MMCs applicable across diverse trans-
portation sectors, including electric railway traction [9], rail-
way power supplies [10], energy storage systems [11], bat-
teries [12], electric vehicles [13], and notably, naval electric
ship systems [14]. MMC topology offers structural modularity,
simplicity, scalability, robust fault ride-through capability, min-
imal voltage/current quantization, minimal filter requirements,
low switching frequency, submodule (SM) bypassing without
converter tripping, high reliability, and efficiency [5]. Recent
developments based on MMC configuration aim to refine the
PEBB concept for enhancing shipboard electric power systems,
focusing on improving reliability, modularity, scalability, and
fault-ride-through capability while reducing production and
maintenance costs and minimizing voltage and current quan-
tization [15].

In fundamental switching frequency modulation, the NLC
method, known for its carrier-less approach, has gained popular-
ity over carrier-based ones for its flexibility and simplicity [16].
NLC derives switching configurations and durations directly
from the desired voltage without carrier signals. Traditional
NLC works best in MMCs with a reasonably high number
of SMs per arm (e.g. 80 SMs in [17], 20 SMs in [18]) to
maintain an acceptable voltage quality [19], which may reduce
the voltage quality of MMCs with only a few SMs. In one
approach [20], NLC is combined with carrier-based pulse width
modulation (PWM) to enhance output quality, though at the
expense of increased switching losses compared to traditional
NLC. Another technique [21] introduces a new NLC method
to enhance MMC output as the number of levels increases,
validated via simulations and comparisons with traditional NLC
in MMCs with 18 SMs. An alternative NLC variation [22] aims
to increase voltage levels using sinusoidal signal references and
a modified rounding function, validated through simulations and
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experiments with 10 SMs. Ref. [23] addresses THD reduction
through third-harmonic injection-based schemes, comparing
them with traditional NLC, with good outcomes depicted using
30 SMs. Ref. [16] presents an improved NLC method that
uses first-order two-variable relations to suppress circulating
current, which is particularly beneficial for MMCs with 7 SMs.
The method’s effectiveness is validated through simulations
and experiments in a single-phase MMC system. Also, [24]
introduces an enhanced NLC technique involving slight offset
addition and alternating at twice the fundamental frequency
in reference signals, with performance verification conducted
through simulations and experiments using 8 SMs.

The aforementioned NLC methods can raise several chal-
lenges, such as poor output voltage and current quality, high
THD, high SM capacitor voltage ripples, unsuppressed circu-
lating currents, and computational burden. These issues become
more pronounced as the number of SMs increases, such as the
PEBBs concept used in AESs. To ensure optimal performance,
the NLC method must simultaneously maintain effective control
of capacitor voltage balancing, suppress circulating current, mit-
igate arm voltage stresses, meet the power quality requirements,
and reduce complexity.

B. Contribution of the Paper

This study endeavors to enhance the performance of PEBB in
AESs via the proposed NLC method. Implementing an improved
switching method can further elevate PEBB’s power quality
while controlling the SM capacitor voltages and circulating
currents. The proposed method is a significant extension of
our previous work [25] where the NLC method was intro-
duced using sinusoidal references, and only a 5-level PEBB
connected to a resistive-inductive RL load was analyzed in
MATLAB/Simulink. The main contributions of this paper are
as follows:
� Introduction of an improved and adaptable N-level NLC

switching method tailored for N-level PEBBs in AESs,
offering flexibility to adjust voltage levels as required while
reducing the complexity by using smoothed trapezoidal
voltage references rather than sinusoidal ones.

� Enhancement of PEBB’s performance through simulta-
neous improvement of power quality, capacitor voltage
balancing, and circulating current suppression.

� Real-time validation on an IM, representative of AES
conditions, featuring variable speed and torque loads con-
trolled through a closed-loop indirect field-oriented control
(IFOC) method.

� Evaluation of the performance of the proposed NLC
method across varying load conditions, including variable
speed and torque loads, highlighting its real-time feasibil-
ity.

� Real-time validation of the proposed NLC method using
the Typhoon HIL606 DRTS, affirming its effectiveness in
practical applications.

The paper is structured as follows. Section II introduces the
PEBB concept and its mathematical model. Section III presents
the traditional and the proposed NLC method with smoothed

Fig. 1. Three-phase MMC configuration and SM connection [25].

trapezoidal reference signals, along with its impact on enhancing
the performance of the PEBB connected to an IM. Section IV
presents the mathematical model of the IM, including voltage
and torque equations in machine variables. Section V presents
real-time simulation results of 9 L/7L/5 L PEBBs using the
proposed NLC method under various speed and torque load
conditions, as well as THD analyses and comparisons. Finally,
Section VI concludes the paper.

II. MODULAR MULTI-LEVEL CONVERTER (MMC)

A. Principal

Fig. 1 illustrates the three-phase MMC configuration, con-
sisting of three legs corresponding to the three phases. Each leg
comprises two arms (upper and lower), with each arm housing
n identical half-bridge SMs connected in series. These SMs
can be full-bridge, half-bridge, or a combination. In this paper,
the half-bridge SM configuration is used, which includes two
complementary IGBTs with anti-parallel diodes and a parallel
capacitor. Additionally, each leg includes an inductor (Larm) to
limit short-circuit currents and may incorporate a series resistor
(Rarm) to reduce MMC’s power losses.

It bears noting that the equations are presented for phase a,
and similar steps can be applied to the phases. In Fig. 1, the
output terminals of the SMs are connected in series to form an
arm voltage (VaU in this case), with VaU,1, VaU,2, VaU,3, and
VaU,4 representing the output voltages of the SMs. VaU denotes
the arm voltage. In this study, subscripts a, b, and c indicate
the three phases, U and L denote the upper and lower arms,
and n = 1, 2, 3, . . ., n signifies the number of SMs. In Fig. 1,
Larm represents the arm inductance; VaU , VbU , and VcU are
the upper arm voltages; VaL, VbL, and VcL are the lower arm
voltages; iaU , ibU , and icU denote the upper arm currents; iaL,
ibL, and icL represent the lower arm currents; iOA, iOB , and iOC

are the output currents; ica , icb , and icc signify the circulating
currents; Vdc represents the DC source voltage, and VC,aU,1 to
VC,cL,n are the SM capacitor voltages. The number of SMs in

Authorized licensed use limited to: CLEMSON UNIVERSITY. Downloaded on July 23,2026 at 16:37:04 UTC from IEEE Xplore.  Restrictions apply. 



MOGHASSEMI et al.: REAL-TIME IMPROVED NEAREST LEVEL CONTROL FOR POWER ELECTRONICS BUILDING BLOCKS 7659

TABLE I
SWITCHING STATES OF AN SM (E.G., SMaU,1) [25]

the arm determines the converter output level. With n SMs in
each arm, the line-to-neutral and line-to-line voltages haven+ 1
and 2n+ 1 levels, respectively, based on the state of each SM,
which can be connected or bypassed. Note that the IGBTs in
each SM are complementary. When one IGBT is ON, the other
is OFF, and vice versa. Thus, an SM is connected when the upper
IGBT is ON and bypassed when the upper IGBT is OFF. Table I
presents the switching states of the SM.

B. Mathematical Model

Applying Kirchhoff’s current law (KCL) in Fig. 1, the output
current can be expressed as:

iOA = iaU − iaL (1)

The circulating current is obtained as the mean value of the
upper and lower arm currents, expressed as:

ica = (iaU + iaL)/2 (2)

Applying Kirchhoff’s voltage law (KVL), the upper and lower
voltage legs are expressed in (3) and (4), respectively:

Vdc

2
− VaU − Larm

diaU (t)

dt
−RiOA − L

diOA(t)

dt
= 0 (3)

−Vdc

2
+ VaL + Larm

diaL(t)

dt
−RiOA − L

diOA(t)

dt
= 0 (4)

Using iOA from (1) and adding it to the sum of (3) and (4),
the output voltage of phase a (VOA) is expresses as follows:

VOA = RiOA + L
diOA(t)

dt
=

VaL − VaU

2
− Larm

2
diOA(t)

dt
(5)

The upper and lower arm voltages of phase a can also be
expressed as follows:

VaU = nSM,UVC,aU (6)

VaL = nSM,LVC,aL (7)

In (6) and (7), nSM,U and nSM,L represent the number of
connected SMs in the upper and lower arms of phase a, respec-
tively. VC,aU and VC,aU denote the mean values of the capacitor
voltages in the upper and lower arms of phase a, respectively.
Assuming the SM capacitor voltages remain constant at their
nominal levels (V ∗

C = Vdc/(N − 1)) and the voltage drop across
the arm inductors is negligible, the output voltage of phase a can
be expressed as follows:

VOA = ((nSM,L − nSM,U )/2)V ∗
C (8)

Fig. 2 depicts an MMC implementation using a switching
function, representing the equivalent circuit of the MMC leg.

Fig. 2. Equivalent circuit of an MMC leg.

III. PROPOSED NEAREST LEVEL CONTROL (NLC) METHOD

For proper MMC operation, it’s essential to maintain the
average voltage stress across each SM capacitor atVdc/(N − 1).
Here, Vdc stands for the DC-link voltage, and N = n+ 1 is
the number of levels. The output phase voltage VOA can be
represented by using either the upper or lower arm SM capacitor
voltage, as follows:

VaU =
Vdc

2
−

n∑
j=1

SUjVCUj − Larm
diaU (t)

dt
(9)

VaL = −Vdc

2
+

n∑
j=1

SLjVCLj + Larm
diaL(t)

dt
(10)

The voltage across any selected SM capacitor in phase a,
whether from the upper or lower arms, can be described with
either of the below equations as follows:

VCUj =
1
C

∫
SUjiaU (t) dt (11)

VCLj =
1
C

∫
SLjiaL(t) dt (12)

As shown in Fig. 2, the arm current (iaU for the upper arm
or iaL for the lower arm) is taken and based on the switching
pulses (SU for the upper arm or SL for the lower arm) created
by the proposed NLC, the capacitor current (iCU for the upper
arm or iCL for the lower arm) is calculated. Then, based on this
current, the capacitor voltage (VCU for the upper arm or VCL for
the lower arm) is calculated, which will be used for calculating
the arm voltage (VaU for the upper arm or VaL for the lower
arm).

As an example, in the case of a five-level MMC (n = 4),
the arm voltage ranges from 0 to 4VC , with 4VC representing
the highest level (achieved by turning ON all switches) and
0 the lowest level (achieved by turning OFF all switches).
The intermediate levels are generated through various switching
combinations, known as redundancy switching states, designed
to balance the capacitor voltages of the SMs. Fig. 3 shows
phase unit stages and voltages of the single-phase 5L MMC
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Fig. 3. Phase unit stages and voltages of a single-phase 5 L PEBB [25].

TABLE II
SWITCHING STATES AND VOLTAGE LEVELS OF A 5 L MMC [25]

configuration. For instance, the switching states, SM output
voltages, and arm voltages are presented in Table II in which
the arm voltage can be expressed as follows:

VaU =

n∑
i=1

VaU,i =

n∑
i=1

SiVC (13)

Switching control methods for MMC can be categorized
based on the switching frequency range. Low-frequency switch-
ing control methods benefit high-level MMC applications (e.g.,
PEBBs in AESs). They allow the effortless generation of
staircase-like output voltage, reducing voltage and current quan-
tization. Consequently, this leads to lower filter requirements
(often no filter) and decreased power losses. Note that the NLC
method is more suitable for high-level MMC applications with
many SMs, as it may compromise voltage quality when applied
to low SM configurations.

The output voltage in Fig. 2 can be also expressed as:

Va = M
Vdc

2
sin(ωt+ θ) (14)

WhereM ,ω, and θ represent the modulation index, fundamental
angular frequency, and phase angle, respectively. Thus, the

upper/lower arm voltages can be re-written as follows:

VaU =
Vdc

2
−M

Vdc

2
sin(ωt+ θ) (15)

VaL = −Vdc

2
+M

Vdc

2
sin(ωt+ θ) (16)

Considering VC = Vdc/n or VC = Vdc/(N − 1)), the above
equations can be re-written as follows:

VaU =

(
nVC

2

)
−M

(
nVC

2

)
sin (ωt+ θ) (17)

VaL = −
(
nVC

2

)
+M

(
nVC

2

)
sin (ωt+ θ) (18)

The NLC method, known as the round method, selects the
nearest voltage level produced during the conversion process
to match the desired output voltage reference. This approach
enables independent control of the three phases through separate
comparisons. Fig. 4(a) shows a single-phase MMC (5 L, 7 L,
and 9 L) phase unit’s stages and voltages. Fig. 4(b) shows
how the reference value is compared with the current voltage
level to create a staircase pattern. The NLC output voltage is
determined by comparing the reference voltage with the current
output voltage. To specify the number of SMs required to reach
the next voltage level, the round function is used, which rounds
the input signal to the nearest value. These reference values are
initially normalized. The normalized reference voltage can be
expressed as follows:

V ref
aU =

(n
2

)(
1 −M sin (ωt+ θ)

)
(19)

V ref
aL =

(n
2

)(
1 +M sin (ωt+ θ)

)
(20)

To create V ref
aU or V ref

aL , the error between the IM speed and
speed desired by the user is taken and three reference voltages
are then created as per the desired speed. These are a function
of Vpusin(ωt+ θ), where Vpu can act as the modulation index
ranging within 0 < Vpu < 1, ω and θ denote angular frequency
and phase angle, respectively. Then, these normalized reference
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Fig. 4. Working principle of the proposed NLC method with smoothed trapezoidal reference signals.

Fig. 5. Sinusoidal [25], traditional [27], and the proposed smoothed trape-
zoidal signals.

voltages undergo rounding to find the nearest integer value for
the MMC topology:

V ref
PEBBU

= round(V ref
aU ) (21)

V ref
PEBBL

= round(V ref
aL ) (22)

The round function provides the closest integer of the input
value (e.g., round(1.4)=1, or round(−2.9)=−3). Fig. 4(c) illus-
trates the principle of the NLC method for producing switch-
ing pulses considering SM capacitor balancing and circulating
current suppression. In this paper, an improved trapezoidal
signal is used instead of the sinusoidal signal as a reference
waveform to obtain improved output quality and control the
modulation process. A trapezoidal waveform can be realized as
an intermediate waveform between a square-wave signal and a
triangular signal [26]. As can be seen in Fig. 5, it is composed of
four segments: the rise time (tr), high time (tH ), fall time (tf ),
and low time (tL). For an alternating trapezoidal signal with a

normalized amplitude of M , the voltage varies linearly from
the minimum value (−M ) to the maximum value (+M ) during
the rise time (tr). During tH , the signal is held to the highest
value (+M ). During tf , the signal changes linearly from the
highest value (+M ) to the lowest value (−M ). During tL, the
signal is held to the lowest value (−M ). A complete period
of the trapezoidal signal consists of these four segments, as
follows [26]:

T = tr + tH + tf + tL (23)

It bears noting that the trapezoidal signal is symmetry if tr =
tf and tH = tL. The signal is a square wave with a 0.5 duty
cycle if tr = tf = 0. In other words, tH = tL = T/2. Similarly,
it is a triangular waveform if tr = tf = T/2. In other words,
tH = tL = 0. Thus, equation (14) can now modified by using a
trapezoidal waveform (tr), as follows [27]:

Va = M
Vdc

2
tr(ωt+ θ) (24)

This signal uses linear segments for the rise and fall times,
which leads to abrupt transitions between different regions
(rise, flat, fall). These sharp transitions generate higher-order
harmonics, which can degrade the output waveform quality. In
this paper, the trapezoidal waveform is improved by smoothing
out the transitions between the flat and sloped regions of the
trapezoidal signal to reduce the generation of higher-order har-
monics. To this end, some smoothing techniques exist, such as
spline interpolation or a low-pass filter. The goal is to generate
a more gradual change in the signal, which helps in reducing
high-frequency harmonics. Sharp changes in a waveform con-
tribute to a wide range of higher-order harmonics. Smoothing
these changes lowers the harmonic content, which is desirable
in motor drive systems, particularly this paper’s application,
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the PEBBs concept for AESs. In this paper, the Locally Es-
timated Scatterplot Smoothing (LOESS) was applied. LOESS
smoothing is a local regression method that fits smooth curves
to sections of the data. It works by performing a weighted least
squares regression in localized neighborhoods of the signal. If
the traditional trapezoidal waveform can be formed by (25):

tr(t) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
−A

2 + A
tr
t 0 ≤ t ≤ tr

A
2 tr < t ≤ tr + tH
A
2 − A

tf
(t− tr − tH) tr + tH < t ≤ tr + tH + tf

−A
2 tr + tH + tf < t ≤ T

(25)

Where A is the amplitude change. Thus, equation (24) can be
re-expressed using (25). This can be smoothed using techniques
such as spline interpolation or low-pass filtering, reducing the
sharpness of the transitions, as follows:

trsmoothed(t) = smooth(tr(t),method) (26)

Where smooth() refers to the smoothing function (e.g.,
LOESS or spline). The idea is that it creates a locally fitted
polynomial for each section of the signal, producing smoother
transitions, as expressed below:

trsmoothed(t) = fLOESS(t) (27)

Where fLOESS(t) is a polynomial that fits the local data
points, ensuring the slope of the signal changes more gradually
than in the traditional trapezoidal case. This smoothing can
be visualized as rounding the sharp corners of the traditional
trapezoidal signal, making it easier for the converter to track
the waveform and reducing stress on the power electronics
components, as shown in Fig. 5.

It should be noted that the proposed smoothed trapezoidal
may look similar to the sinusoidal signal with the third harmonic
injection. But they are different. The smoothed trapezoidal signal
demonstrates clear advantages in terms of compatibility with the
NLC and reduced switching losses, thanks to its discrete nature
and smoother transitions. Its lower THD compared to sinusoidal
signals with the third harmonic injection ensures better power
quality and reduced torque ripple in IM. Conversely, the sinu-
soidal signal excels in achieving a higher modulation index and
lower intrinsic THD, making it ideal for scenarios prioritizing
high efficiency and minimal EMI. However, its continuous na-
ture and associated level quantization challenges make it less
practical for discrete-level control in MMC systems. Overall, the
proposed smoothed trapezoidal signal strikes a superior balance
for MMC-based IM drives, combining practical implementation
ease with improved harmonic performance.

A. SM Capacitor Voltage Balancing and Circulating Current
Suppression

For an N-level PEBB concept with n SMs per arm, n SMs
per leg are always ON to create n+ 1 line-to-neutral voltages,
meaning that the SM capacitor voltages must be selected ac-
cording to the SM switching sequences. This paper balances
the SM capacitor voltages in increasing or decreasing order,

as shown in Fig. 4(a), depending on the direction of the arm
current. For instance, in phase a of a five-level MMC, if one
upper SM is ON (the other three upper SMs are OFF), three
SMs of the lower arm are ON (the other lower SM is OFF). If
two upper SMs are ON (the other two upper SMs are OFF), two
SMs of the lower arm are ON (the other two lower SMs are OFF).
With this modulation, the voltages across the capacitors in the
converter are kept the same, leading to a completely symmetrical
regime. This SM capacitor voltage balancing in the proposed
NLC method is shown in Fig. 4(a) for the PEBB concept and
how the staircase waveforms are shaped by switching SMs ON
and OFF.

To suppress the circulating current while balancing the SM
capacitor voltages, the direction of the arm current helps the
decision-making strategy for the SM selection process. If the arm
current is positive (greater than zero), the SMs with the lowest
voltages are chosen in increasing order, and the rest of the SMs
are bypassed. Similarly, if the arm current is negative (less than
zero), the SMs with the highest voltages are chosen in decreasing
order, and the rest of the SMs are bypassed. In other words, if
the upper arm current is positive, it turns OFF the SMs with
the highest voltages in the upper arm. Otherwise, it turns OFF
the modules with the lowest voltage in the upper arm. The
same procedure is applied to the lower arm current. This helps
the circulating current suppression and SM capacitor voltage
balancing simultaneously.

IV. MATHEMATICAL MODEL OF INDUCTION MACHINE

The electrical and electromechanical behavior of most syn-
chronous machines can be understood using the equations for
a three-phase salient-pole synchronous machine. This section
establishes the voltage and electromagnetic torque equations in
machine variables.

A. Voltage Equations in Machine Variables

The stator windings are identical and sinusoidally distributed,
spaced 120◦ apart, with Ns equivalent turns and resistance rs.
Similarly, for this analysis, the rotor windings are also treated
as three identical sinusoidally distributed windings, spaced 120◦

apart, with Nr equivalent turns and resistance rr. The voltage
equations in machine variables are given as follows [28]:

vabcs = rsiabcs + pλabcs (28)

vabcr = rriabcr + pλabcr (29)

Where p represents the operator d/dt, the subscript s refers
to variables and parameters associated with the stator circuits,
and the subscript r refers to variables and parameters associated
with the rotor circuits. Both rs and rr are diagonal matrices with
identical, nonzero elements.

rs =

⎡
⎢⎣ras 0 0

0 rbs 0

0 0 rcs

⎤
⎥⎦ , rr =

⎡
⎢⎣rar 0 0

0 rbr 0

0 0 rcr

⎤
⎥⎦ (30)
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Fig. 6. Real-time setup simulation and IFOC block diagram for IM driven by N-level PEBBs concept in Typhoon HIL606 DRTS.

In a magnetically linear system, the flux linkages, as deter-
mined by the fundamental harmonic, can be represented as:[

λabcs

λabcr

]
=

[
Ls Lsr

(Lsr)
T Lr

][
iabcs
iabcr

]
(31)

Neglecting the mutual leakage between the stator and rotor
windings, they can be represented as:

Ls =

⎡
⎢⎣Lls + Lms −Lms/2 −Lms/2

−Lms/2 Lls + Lms −Lms/2

−Lms/2 −Lms/2 Lls + Lms

⎤
⎥⎦ (32)

Lr =

⎡
⎢⎣Llr + Lmr −Lmr/2 −Lmr/2

−Lmr/2 Llr + Lmr −Lmr/2

−Lmr/2 −Lmr/2 Llr + Lmr

⎤
⎥⎦ (33)

Lsr = Lsr

⎡
⎢⎣ C(θr) C(θr +

2π
3 ) C(θr − 2π

3 )

C(θr − 2π
3 ) C(θr) C(θr +

2π
3 )

C(θr +
2π
3 ) C(θr − 2π

3 ) C(θr)

⎤
⎥⎦ (34)

Where Lls and Lms denote the leakage and magnetizing
inductances of the stator windings, respectively, while Llr and
Lmr refer to those of the rotor windings. The inductance Lsr

represents the amplitude of the mutual inductance between the
stator and rotor windings. And C stands for the cosine function.
The referred rotor variables can be found in [28].

B. Torque Equation in Machine Variables

If P is the number of poles in the machine, so the motion
equation is as follows:

∂ωr

∂t
=

(
P

2

)
Te − TL

J
(35)

Where J represents the rotor’s inertia, and TL denotes the load
torque, and the electrical torque is calculated with the following:

Te =

(
P

2

)
(iabcs)

T ∂

∂θr
[Lsr]iabcr (36)

V. REAL-TIME IMPLEMENTATION RESULTS

The MATLAB simulations of the proposed NLC were pre-
sented in [25] for a five-level PEBB. In that work, the NLC
method was introduced using sinusoidal reference signals, and
only a 5-level PEBB connected to an RL load was studied in
MATLAB/Simulink. Here, the MATLAB simulation transitions
into real-time implementation, introducing three significant ex-
tensions. First, smoothed trapezoidal reference signals are used
to obtain improved output quality and control the modulation
process. Second, the PEBB is connected to an IM, modeled
in machine variables to capture the motor’s dynamic behavior,
featuring variable speed and torque loads. Third, the efficacy
of the proposed NLC method expands to encompass N-level
PEBBs to adjust voltage levels as required, broadening the
scope and applicability of the study with Typhoon HIL606
DRTS. The real-time simulation is conducted for 9-level PEBBs,
using parameters provided in Appendix A. Fig. 6 illustrates the
real-time setup of the N-level PEBB and the IM within the
Typhoon HIL606 DRTS. The model incorporates the DC-link,
three PEBB legs, the proposed NLC method, the IM model,
and the IFOC algorithm, with a block diagram also provided for
illustration.

The proposed NLC method allows for the adjustment of the
number of levels within the NLC block’s component properties.
The IFOC method is utilized for closed-loop IM speed and
torque load control. This model is implemented in Typhoon HIL
Control Center software to enable us to perform the real-time
simulation which features a SCADA panel, as shown in Fig. 6,
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Fig. 7. Visualization dashboard and monitoring real-time results of the 9 L PEBB with proposed NLC method in Typhoon HIL SCADA.

providing users with a comprehensive view of the system’s
operation through various widgets and scopes. The simulation
model, created in the Typhoon HIL Control Center, is compiled
and loaded to the Typhoon HIL606 DRTS, which is connected
to the Tektronix Digital Oscilloscope TDS2024 C through the
Typhoon HIL Breakout Board 3.3 to monitor the results. The
PC used for the simulation has 12th Gen Intel(R) Core(TM)
i7-12700 2.10 GHz CPU and 16.0 GB RAM. In the following,
the 9 L, 7 L, and 5 L PEBBs will be presented to assess the
performance of the proposed NLC method for the PEBB concept
with the IM model with machine variables. Lastly, the 9 L PEBB
performance with variable speed and torque load, controlled by
the IFOC method, will be analyzed.

A. Nine-Level PEBB Concept With IM

The results of a nine-level PEBB concept integrated with
the IM model are outlined here. The results include simulation
data from Typhoon HIL SCADA and real-time measurements
obtained by Typhoon HIL606 DRTS using a Tektronix Digital
Oscilloscope TDS2024 C. In the case of a nine-level (9 L) PEBB
configuration, each arm comprises eight (8) SMs or PEBBs.
The designed visualization dashboard and monitoring real-time
results of 9 L PEBB are shown in Fig. 7. This figure presents
several parts related to all different parts of the model including
the parameters and settings related to IM such as IM and IFOC
speeds, electrical and load torques, SM capacitor voltages, arm
and circulating currents, input and output voltages and currents,
and the THD analysis. This is further shown in Fig. 8. SM capac-
itor voltages of all phases are shown in Fig. 8(a), (c), and (e). As
can be seen, the SM capacitor voltages are effectively balanced,
hovering between 74.90 and 75.05 V. The arm and circulating
currents are shown in Fig. 8(b), (d), and (f). They illustrate
well-suppressed circulating currents, fluctuating around 330 to
520 mA. Finally, the line-to-line voltages, about 592.24 V, and
phase currents which are nearly sinusoidal waveforms, about
4.36 A, are illustrated in Fig. 8(g) and (h), respectively.

Fig. 8. Real-time results of the 9 L PEBB and proposed NLC method in
Typhoon HIL SCADA.

Fig. 9 displays the real-time results (with Tektronix
TDS2024 C) for the 9 L PEBB (phase a) while the IM speed
is constant at 900 rpm and torque load is constant at 30 N.m.
Fig. 9(a) illustrates SM capacitor voltages (SM No.: 2, 7, 13,
16) at about 75 V. Arm voltages are maintained at about 600 V
(Fig. 9(b)). Arm and circulating currents remain steady at about
2.4A and 340 mA, respectively (Fig. 9(c)). Finally, Fig. 9(d)
shows the DC-link voltage of nearly 600 V, the line-to-neutral
voltage of about 298.52 V, the line-to-line voltage of almost
596.8 V, and the current of approximately 4.4A.
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Fig. 9. Real-time results of the 9 L PEBB and proposed NLC method in
TDS2024 C oscilloscope.

Fig. 10. Real-time results of the 7 L PEBB and proposed NLC method in
Typhoon HIL SCADA.

B. Seven-Level PEBB Concept With IM

The results of a seven-level PEBB concept integrated with
the IM model are outlined here. The results include simulation
data from Typhoon HIL SCADA and real-time measurements
obtained by Typhoon HIL606 DRTS using a Tektronix Digital
Oscilloscope TDS2024 C. In the case of a seven-level (7 L)
PEBB configuration, each arm comprises six (6) SMs or PEBBs.
SM capacitor voltages of all phases are shown in Fig. 10(a), (c),
and (e). As can be seen, the SM capacitor voltages are effectively
balanced, hovering between 99.89 V and 100.00 V. The arm and
circulating currents are shown in Fig. 10(b), (d), and (f). They il-
lustrate well-suppressed circulating currents, fluctuating around

Fig. 11. Real-time results of the 7 L PEBB and proposed NLC method in
TDS2024 C oscilloscope.

400 to 510 mA. Finally, the line-to-line voltages, about 592.24 V,
and phase currents which are nearly sinusoidal waveforms, about
4.36 A, are illustrated in Fig. 10(g) and (h), respectively.

Fig. 11 displays the real-time results (with Tektronix
TDS2024 C) for the 7 L PEBB (phase a) while the IM speed
is constant at 900 rpm and torque load is constant at 30 N.m.
Fig. 11(a) illustrates SM capacitor voltages (SM No.: 3, 5, 9,
11) at about 100 V. Arm voltages are maintained at about 600 V
(Fig. 11(b)). Arm and circulating currents remain steady at about
2.3A and 390 mA, respectively (Fig. 11(c)). Finally, Fig. 11(d)
shows the DC-link voltage of nearly 600 V, the line-to-neutral
voltage of about 295.32 V, the line-to-line voltage of almost
590.4 V, and the current of about 4.82A.

C. Five-Level PEBB Concept With IM

The results of a five-level PEBB concept integrated with the
IM model are outlined here. In the case of a five-level (5 L) PEBB
configuration, each arm comprises four (4) SMs or PEBBs. SM
capacitor voltages of all phases are shown in Fig. 12(a), (c),
and (e). As can be seen, the SM capacitor voltages are effectively
balanced, hovering between 149.87 V and 149.98 V. The arm and
circulating currents are shown in Fig. 12(b), (d), and (f). They il-
lustrate well-suppressed circulating currents, fluctuating around
400 to 490 mA. Finally, the line-to-line voltages, about 592.24 V,
and phase currents which are nearly sinusoidal waveforms, about
5 A, are illustrated in Fig. 12(g) and (h), respectively.

Fig. 13 displays the real-time results (with Tektronix
TDS2024 C) for the 5 L PEBB (phase a) while the IM speed
is constant at 900 rpm and torque load is constant at 30 N.m.
SM capacitor voltages (SM No.:1, 4, 5, 8) remain stable at about
150 V (Fig. 13(a)). Arm voltages are maintained at about 600 V
(Fig. 13(b)). Arm and circulating currents remain steady at about
3 A and 500 mA, respectively (Fig. 13(c)). Finally, as shown in
Fig. 13(d), the current is about 4.95 A while the DC-link, line-
to-neutral and line-to-line voltages are about 600 V, 293.56 V,
and 593.2 V, respectively.
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Fig. 12. Real-time results of the 5 L PEBB and proposed NLC method in
Typhoon HIL SCADA.

Fig. 13. Real-time results of the 5 L PEBB and proposed NLC method in
TDS2024 C oscilloscope.

D. THD Analysis and Comparison

Fig. 14(a) to (c) illustrate the THD analysis of all discussed
five-level, seven-level, and nine-level PEBBs, respectively. The
subfigures, from top to bottom, are the THD of currents, line-to-
neutral voltages, and line-to-line voltages, respectively, which
are well within the standard limits.

Table III presents a comparative analysis of various NLC
approaches for MMCs, including the improved NLC method
proposed in this work. The table evaluates each approach
based on the number of SMs per arm, circulating current
controllability, current THD, voltage THD, and complexity.
The conventional NLC method, while simple to implement,

Fig. 14. Real-time THD analysis of the different levels of PEBBs and proposed
NLC method in Typhoon HIL SCADA. Sampling time is 250 ms, and from top
to bottom: THDs of phase currents, line-to-neutral voltages, and line-to-line
voltages.

TABLE III
COMPARISON OF DIFFERENT NLC APPROACHES

exhibits relatively poor output quality. Level-increased NLC
approaches, while improving output quality, often lack effective
circulating current control or robust SM capacitor voltage ripple
management. Recent advancements, such as Modified NLC,
additional-level-based control with model predictive control
(ALC-MPC), and nearest vector control (NVC), have incor-
porated mechanisms to control circulating currents. However,
these methods may introduce additional complexity or poten-
tially compromise output quality. The proposed improved NLC
method offers a compelling solution by achieving a significant
enhancement in output quality while maintaining a relatively
low level of complexity. This approach is adaptable to a wide
range of SM counts (N-level, 5 L/7L/9 L presented in this paper)
and effectively addresses the challenges of circulating current
control and output waveform distortion.

E. PEBB With Variable Speed and Torque Load

In order to evaluate the performance of the system further, the
load profile of an actual AES is applied in this section. In our
previous works [35], [36], we introduced the zonal ship power
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Fig. 15. Real-time results of PEBB under different torque loads and speeds
(sampling time is 250 ms) with MSO58 oscilloscope.

system, which was proposed for use in US Navy AESs. In this
system, various zones and parts have distinct load profiles, with
the Propulsion Motor Module (PMM) being the most critical.
In this case, the PMM comprises two propulsion units, making
it the primary focus in AESs. The PMM load profile was taken
for around 3500 seconds. Here, in this paper, the 9 L PEBBs are
considered for analysis of varying the load torque and speed.
The full load profile of the PMM for 12000 seconds is scaled
down and applied to the IM model used in the system.

Fig. 15(a) displays the implemented load torque profile, the
electrical load, the IFOC reference speed, and the IM speed in
Tektronix 5 series Mixes Signal Oscilloscope MSO58. The load
torque starts at 0 N.m, then steps up to 30 N.m, while the speed
briefly downward speed spikes to 895 rpm before stabilizing
at 900 rpm. Then, the load torque dramatically increases to
160 N.m when the speed drops to 850 rpm before returning
to 900 rpm. When the torque load drops to 10 N.m, opposite
upward speed spikes occur, in this case, up to around 1000 rpm
before coming back to 900 rpm. As can be seen for the rest of the
torque and speed waveform, depending on how much the load
torque changes, the electrical torque and speed change follow
the same pattern.

For further evaluation, the system’s performance is analyzed
under varying speed conditions while maintaining a constant
load torque, which is set to zero in this case. Fig. 15(b) illustrates
the load and electrical torques, the applied IFOC reference speed
pattern, and the IM speed. Initially, the speed is 900 rpm, and the
torque remains unchanged, with a steady error of 5 N.m. When
the speed abruptly drops to 300 rpm, the torque temporarily

spikes to approximately −28 N.m before stabilizing. Subse-
quently, as the speed increases to 600 rpm and then to 950 rpm,
the torque spikes to about 10 N.m and 15 N.m, respectively,
before returning to its initial value. This behavior is consistently
observed during subsequent speed variations.

VI. CONCLUSION

This paper proposes an enhanced N-level NLC method, utiliz-
ing smoothed trapezoidal reference signals instead of sinusoidal
ones to improve the performance of PEBBs in AESs. The
proposed NLC method offers a versatile solution for adjusting
voltage levels as needed while simultaneously enhancing power
quality, capacitor voltage balancing, and circulating current
suppression. The smoothed trapezoidal reference signals in the
proposed N-level NLC method provide better output voltage
quality and control the modulation process. The real-time imple-
mentation’s validation on an IM model with machine variables,
representative of real-world AESs, including variations in speed
and torque loads, is presented. Through comprehensive analysis
of Typhoon HIL606 DRTS across 9 L/7L/5 L PEBB setups,
the real-time results demonstrate the superior efficacy of the
NLC switching method, highlighting its real-time adaptability
and effectiveness. It enhances power output quality, reduces
voltage and current quantization, optimizes the balancing of
capacitor voltages in the SMs, and more effectively suppresses
circulating currents. Furthermore, this work extends to diverse
operating conditions, including variations in torque loads and
speeds controlled via the IFOC method, reaffirming the robust-
ness and adaptability of the PEBB system with the proposed
NLC switching method.

For future work, the fault ride-through capability of the
proposed NLC in the PEBB for AESs deserves consideration
to validate its performance further under unhealthy conditions.
Optimized SM sorting considering switching losses as a higher
number of SMs results in higher power losses. Similarly, voltage
stress ratios can be analyzed.

APPENDIX

PEBB parameters are DC-link voltage Vdc = 600V, num-
ber of PEBBs per arm n = 4, 6, 8, SM capacitance Cm =
5 mF, arm inductance Larm = 5 mH, arm resistance Rarm =
0.25Ω, switching frequencyFsw = 10 kHz, execution rateTs =
100μs, and simulation step time 1μs. IM parameters are sta-
tor phase resistance rs = 13.12Ω, rotor phase resistance re-
ferred to the stator rr = 11.202Ω, stator leakage inductance
Lls = 0.0276H, rotor leakage inductance referred to the sta-
tor Llr = 0.0194H, magnetizing inductance LM = 0.3482H,
number of pole pairs is 2, combined rotor and load moment
of inertia J = 0.015 kg·m2, and no machine viscous friction
coefficient. IFOC current and speed controllers’ parameters are
ki = 34.35, kp = 0.046, kiw = 60.81, and kpw = 10.52.
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