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Multi-phase multilevel inverters have become more popular in contemporary
applications due to their many benefits, which include lower switching
losses, decreased common mode voltage, and reduced stress from voltage on
switches. This study focuses on enhancing total harmonic distortion (THD)
performance in a five-phase multilevel neutral point clamped (NPC) inverter
using various multi-carrier pulse width modulation (PWM) techniques,
including PD, POD, APOD, IC, PSC, and VFC. These approaches are
particularly suitable for electric vehicle and industrial motor applications.
Several PWM approaches were used in the SIMULINK environment to
model and simulate a 5-phase, 3-level NPC inverter. In this study, the
performance of load voltage THD is compared using R and RL loads
connected to a multilevel inverter. Additionally, 5-phase induction motor
and permanent magnet synchronous motor models are developed as loads for
electric vehicle applications, and variations in torque, speed, and stator
current are analyzed. The PD modulation technique showed the lowest THD
among the various PWM methods, demonstrating its effectiveness in
maximizing inverter performance.
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1. INTRODUCTION

Multilevel inverters are capable of controlling high voltage and power drives more efficiently and
with less electromagnetic interference [1]. They have become quite popular in the power industry. Multi-
carrier pulse width modulation (MCPWM) approaches can further improve the performance of neutral point
clamped (NPC) inverters [2], which are frequently employed in commercial uses. Multilevel inverters
utilizing MCPWM techniques, such as interleaved carriers (IC), phase shifting carriers (PSC), variable
frequency carriers (VFC), and alternative phase opposition disposition (APOD), can effectively mitigate
power quality issues, common mode voltage, and DC-link capacitor imbalance. However, when compared to
the PD PWM method [3], these methods may also result in increased total harmonic distortion (THD). The
proposal is to improve the THD performance of a 3-level, 5-phase NPC inverter [4]. Lower THD levels in the
inverter's output waveform are desired because they can result in increased efficiency, decreased losses, and
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higher quality power output [5], [6]. Multiphase inverters are preferred in high-power applications for their
superiority over single-phase counterparts. These benefits include decreased harmonic distortion, enhanced
output waveform quality, and increased dependability. Variable frequency motors have numerous
applications, including high voltage DC transmission, conveyors, pumps, uninterruptible power supply (UPS)
systems, and high-power applications [7]. Electric vehicles (EVs), where there is a growing need for
dependable and high-power electrical drives, are one of the most important applications for multiphase
inverters. Induction motors are frequently employed as the primary drive in EVs, and for best results,
accurate speed control is crucial. Advanced control techniques like field-oriented control (FOC) and direct
torque control (DTC) enable this capability [1]. Furthermore, five-phase motor drives are especially well-
suited for industries like aerospace, automotive, and renewable energy systems that demand high power
density, high speed, and high dependability [8]. Additionally utilized in EV applications, permanent magnet
synchronous motor (PMSM) motors use FOC for speed control, which has benefits including high power
density and great efficiency at low speeds. Multiphase motors are becoming more popular because they are
better than standard three-phase motors in many ways, making them an attractive choice. These benefits
include higher power density, enhanced fault tolerance, increased efficiency, and more control flexibility,
which results in smoother operation. They are especially useful in traction (including electric and hybrid
cars), electric ship propulsion, and aircraft [9]. Improved torque-speed characteristics, lower harmonic
current, and reduced each phase's current without increasing each phase's voltage are all benefits of multi-
phase motors. Due to its dependability and safety, multiphase induction motors with more phases are utilized
in a wide range of applications [10], [11].

The existing literature on multilevel and multiphase inverters has predominantly focused on three-
phase systems or higher-level inverters, with relatively limited attention given to five-phase, three-level NPC
inverter configurations [12]. Most prior studies evaluate multi-carrier PWM (MCPWM) techniques primarily
in terms of voltage waveform quality or THD under simplified resistive or RL load conditions, without
extending the analysis to realistic motor-drive applications [13], [14]. Furthermore, comparative
investigations often consider only a limited subset of PWM strategies, such as PD, POD, or space vector
modulation, leaving a clear gap in comprehensive performance benchmarking across multiple MCPWM
techniques within a unified framework [15], [16]. In addition, the majority of reported works do not
simultaneously assess both electrical (voltage and current THD) and electromechanical (torque, speed, and
stator current dynamics) performance metrics, which are critical for EV drive systems [17]. Another notable
limitation in earlier research is the lack of integrated evaluation of different motor types, particularly five-
phase induction motors and PMSMs, when fed from the same multilevel multiphase inverter topology [18],
[19]. To address these research gaps, the present study offers a distinct and original contribution by providing
a systematic and unified comparative analysis of six widely used MCPWM techniques, PD, POD, APOD, IC,
PSC, and VFC applied to a five-phase, three-level NPC inverter [20], [21]. Unlike previous works, this study
extends beyond static load analysis by incorporating both a five-phase induction motor and a PMSM as
dynamic loads, thereby closely reflecting practical EV operating conditions. The uniqueness of this work lies
in its integrated inverter—motor performance evaluation, where voltage and current THD characteristics are
directly correlated with motor dynamic responses such as torque ripple, speed stability, and stator current
quality. This comprehensive assessment establishes clear guidelines for selecting an optimal PWM strategy
for high-performance, low-distortion, and reliable electric vehicle drive applications. This study will
primarily focus on multi-carrier PWM approaches, including PD, POD, APOD, IC, PSC, and VFC. To obtain
the waveforms of the load voltage, current, and THD analysis, a simulation analysis using Simulink with R
and RL loads will be conducted. To illustrate potential EV applications, a 5-phase induction motor and a
PMSM motor will also be modeled. The outcomes of this study will help choose the best PWM strategy for
high-power applications by THD performance of various multi-carrier PWM strategies in NPC inverters. The
remaining paper is organized into various sections as follows. Section two discusses the multi-phase multi-
level inverter, section three talks about the simulation results and conclusions presented in section four.

2. MULTI PHASE MULTI LEVEL INVERTER
2.1. Block diagram

Figure 1 depicts the structure of the 3-level, 5-phase inverter [22]. It features 5 legs, with four
switches on each leg that can only be used in two complementary combination pairs. Table 1 depicts the
phase A switching configurations for 5-phase NPC Inverter. A 3L inverter employs a DC-link capacitor and
neutral point to clamp the voltage stress on switches at Vdc/2. There is an NPC leg for each of the 5 phases
(designated A, B, C, D, and E). Three output voltage levels can be generated by the inverter due to the two
clamping diodes and four switches used to set up each leg: +Vdc/2, 0, and -Vdc/2. Effective multilevel
inversion and control are made possible by specifically turning on switches S1A and S2A, which produce
+Vdc/2, and turning on switches S3A and S4A, which produce -Vdc/2. When SIA and S4A are
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simultaneously turned on, the output becomes zero. Meanwhile, switch pairs S2A - S4A and S1A - S3A
operate in a complementary manner. The switching table for the other phases will be identical.

el

Figure 1. Simple diagram of the three-level NPC inverter for a load with five phases

Table 1. Phase A switching configurations for 5-phase NPC inverter
SIA  S2A  S3A  S4A  Output voltage ~ Mode

ON ON OFF OFF Vdc/2 High
OFF ON ON OFF 0 Neutral
OFF OFF ON ON -Vdc/2 Low

2.2. Control logic

Multilevel inverter systems often employ sinusoidal pulse width modulation. A sinusoidal
waveform's width is changed to adjust the output voltage level. Compared to conventional binary PWM
techniques, this method offers more voltage levels, which improves power quality and lowers harmonic
distortion. Sinusoidal PWM is also suitable for motor drives [22], [23], electric car charging, and renewable
energy systems that need a steady and smooth output voltage waveform [24], [25]. Multilevel inverter
systems can operate more dependably, efficiently, and with improved power consumption by utilizing
sinusoidal PWM. The six categories of level-shifted PWM approaches are ‘PD, POD, APOD, IC, PSC, and
VEC’.

2.2.1. In-phase carrier disposition PWM

In the PD PWM method, multiple carrier signals with identical frequency and amplitude are
positioned at different levels. This technique uses high-frequency carriers [26]. A certain formula can be used
to quantitatively represent the ratio of frequency and index of modulation.

Am
a7 (m-1)A. (1)
fe
M = T )

Where M, provides a way to quantify the level of modulation and the relationship between the modulating
and carrier frequencies [27]. The carrier and modulating signal frequencies are indicated by the parameters fc
and fm, and their corresponding amplitudes are indicated by A. and A,. Figure 2(a) shows the waveforms of
these signals using the phase PD - PWM approach.

2.2.2. Anti-phase carrier disposition PWM

The POD PWM technique employs carrier signals with uniform frequency and amplitude, where
carriers above the zero reference are inverted (180-degree phase shift) relative to those below [28]-[30]. The
phase opposition and phase disposition approaches are both incorporated into this approach. Carriers
positioned above the zero axis generate positive output levels, whereas those below the zero axis produce
negative output levels. No carrier signals are used in the production of the zero level. The POD PWM
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technique's modulating and carrier signals are displayed in Figure 2(b). Figure 2 illustrates the reference
sinusoidal signal and the corresponding carrier signal arrangements for the six multi-carrier PWM techniques
considered in this study, namely PD, POD, APOD, IC, PSC, and VFC. These carrier configurations are
critical, as their phase relationships and frequency characteristics directly influence the harmonic distribution
and THD performance of the five-phase, three-level NPC inverter.

2.2.3. Phase opposition PWM with alternating carriers

All carriers in APOD - PWM have uniform frequency and amplitude, but their phase angles are 180
degrees apart. This makes it possible to produce both positive and negative levels by using carriers above and
below zero references. Figure 2(c) depicts the APOD PWM carrier and modulating signals. With this
method, the voltage stress is somewhat decreased. For 3 level inverters, POD and APOD approaches will
yield comparable findings; however, for higher level inverters, they will yield different outcomes.

2.2.4. Carrier interleaving PWM

All carrier signals in ICPWM have the same frequency and amplitude throughout the entire signal.
On the other hand, there will be instances in which they overlap one another; specifically, there will be
instances in which the higher and lower carrier signals will overlap. THD will be reduced with this method,
and the output voltage will be increased. For the purpose of generating the positive and negative levels, upper
and lower carriers will be utilized. An illustration of the arrangement of carrier and reference signals for the
three-level IPC, PWM method may be found in Figure 2(d).

2.2.5. Carrier phase shift PWM

In the PSC-PWM technique, multiple carrier signals with identical frequency and amplitude are
phase-shifted relative to each other. This process generates a stepped output waveform that reflects the
combined effect of the shifted carriers. The number of carriers determines the phase shift amount, as
illustrated in the 3-level PSC-PWM configuration shown in Figure 2(e).

2.2.6. Variable carrier frequency PWM

All carrier signals in ICPWM have the same frequency and amplitude throughout the entire signal
and it is shown in Figure 2(f). On the other hand, there will be instances in which they overlap one another;
specifically, there will be instances in which the higher and lower carrier signals will overlap. THD will be
reduced with this method, and the output voltage will be increased. For the purpose of generating the positive
and negative levels, upper and lower carriers will be utilized.
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Figure 2. Three level NPC inverter reference and carrier signal configuration for (a) PD, (b) POD, (c) APOD,
(d) IC, (e) PSC, and (f) VFC PWM approaches
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An illustration of the arrangement of carrier and reference signals for the three-level IPC, PWM
method may be found in Figure 2(d). A gate driver circuit receives this pulse-width modulated signal and
uses it to create the gate pulse for every switching device. The PWM signal is amplified and transformed into
a signal that may be utilized to regulate the gate voltage of the switching device by the gate driver circuit.
The gate driver circuit activates the switching device when the PWM signal is high and deactivates the
device when the PWM signal is low. The relationship between each multi-carrier PWM (MCPWM)
technique and its corresponding impact on THD, the control logic, and results discussion sections describe
the carrier arrangement, phase disposition, and frequency characteristics of each PWM method influence
harmonic distribution in the inverter output. Specifically, the PD technique is explained as yielding lower
THD due to the in-phase alignment of carriers, which promotes effective harmonic cancellation. In contrast,
the POD and APOD techniques introduce phase reversals between carriers, leading to increased low-order
harmonics and higher THD. The IC approach is discussed in terms of harmonic spreading caused by
overlapping carriers, resulting in moderate THD reduction. Similarly, the PSC and VFC techniques are
explained as redistributing harmonic energy across a wider frequency spectrum, which reduces dominant
harmonic peaks but does not outperform PD in overall THD minimization. These clarifications strengthen the
physical interpretation of the simulation results and improve the reader’s understanding of how each PWM
strategy affects harmonic performance.

3. SIMULATION ANALYSIS AND RESULTS

The software model of the 5-phase 3-level NPC inverter has been investigated using
MATLAB/Simulink, and a number of different MCPWM techniques have been utilized. The switching
frequency of the system is 10 kHz, and it is driven by a 300 V DC power source that is supported by a 100
WF capacitor during operation. Assuming that R is equal to 10 Q and L is equal to 2 mH, we proceed to
investigate an RL load. Figure 3 shows the line voltage waveforms and their corresponding FFT-based
voltage THD spectra for the six MCPWM techniques. The comparison provides a quantitative assessment of
how different carrier arrangements affect harmonic distortion and output voltage quality.

A comparatively smooth and symmetrical line voltage waveform with a fundamental voltage
magnitude of approximately 170 V is shown in Figure 3(a) using the PD, PWM approach. A THD of
20.07%, the lowest of all researched approaches, is shown by the related FFT analysis, emphasizing PD
PWM's exceptional harmonic performance. The POD, PWM approach, on the other hand, shows results in
Figure 3(b), where the waveform shows more abrupt transitions because of the 180° phase shift between
adjacent carriers. As a result, the THD is much greater at 40.87%. The output for the APOD, which has
structural similarities to POD and produces a THD of 39.83%, is similarly illustrated in Figure 3(c). The
Interleaved carrier PWM technique, shown in Figure 3(d), has overlapping carrier signals that somewhat
lower harmonic content, although the THD is still more than the PD. Figures 3(e) and 3(f) illustrate the PSC
and VFC methods, respectively. Because of their distinct carrier arrangements, both generate a variety of
harmonic profiles, but neither outperforms the PD approach in terms of reducing distortion. When taken as a
whole, these subfigures offer a comparative view of the effects of each PWM scheme on the quality of the
voltage waveform. The PD approach is the most effective at reducing THD, which is crucial for enhancing
inverter performance in EV applications.

Figure 4 depicts the dynamic performance of the PMSM drive, including motor speed,
electromagnetic torque, and stator current waveforms. These results demonstrate the effectiveness of the
inverter and PWM strategy in achieving smooth speed control and stable torque response. The simulation
results for a three-phase PMSM operating under the proposed control approach are given in Figure 4.
Figure 4(a) displays the motor speed in radians per second to illustrate the results. This indicates that the
dynamic performance is efficient and that the reaction time is short. The speed profile demonstrates a
consistent and smooth climb to the steady-state value that is planned. Figure 4(b) illustrates the
electromagnetic torque that is produced by the motor. This torque is relatively stable and generates only a
little amount of ripple, which indicates that the torque is controlled precisely. This is an essential
characteristic for ensuring that electric car applications continue to function smoothly. The stator currents of
the three-phase motor are shown in Figure 4(c), and they are balanced and sinusoidal. This demonstrates that
the inverter is capable of delivering current waveforms of high quality. The results of the simulation show
that the proposed control strategy is effective for controlling current as well as smooth speed and torque
management. As a consequence, it is suited for electric vehicle drives that are based on PMSM technology.

A 5-phase induction motor's simulation results, including motor speed (rad/s and rpm) and torque
values and stator currents, are shown in Figure 5. These results have been obtained using the paper outlines a
control technique designed to maximize performance in five-phase induction motors. The simulation results
provide a deeper understanding of the motor's behavior across different operating scenarios, informing design
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and control parameter optimization. Key metrics like motor speed and torque profile reveal the motor's
dynamic response and load-handling capabilities, while stator current waveforms indicate efficiency and
load operation.
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Figure 3. Voltage THD and line voltage results for (a) PD, (b) POD, (¢) APOD, (d) IC, (e¢) PSC, and
(f) VFC PWM approach

Figure 5 presents the simulation results of the 5-phase induction motor fed by the proposed inverter
system, including speed response, torque characteristics, and stator current waveforms. This figure is crucial
for evaluating the suitability of the proposed PWM strategy for EV traction applications. The torque and
stator current responses are shown in Figure 5, demonstrating the effectiveness of the proposed PWM
strategy in improving the 5-phase induction motor performance. The electromagnetic torque exhibits reduced
ripple and faster settling time, indicating improved dynamic stability and smoother operation under load.
The stator current waveforms are balanced and nearly sinusoidal, confirming reduced harmonic injection
from the inverter. These characteristics directly contribute to lower copper losses, reduced thermal stress, and
enhanced reliability of the motor drive, which are critical requirements for electric vehicle propulsion
systems.

The results are shown in Figure 5, show how effectively the suggested control method works when
controlling the speed and torque of a five-phase induction motor. With minimum torque and speed changes,
the motor may function smoothly and efficiently, which is crucial for numerous industrial and renewable
energy applications, according to the results obtained. All things considered, the findings offer insightful
information about how well a five-phase induction motor performs, allowing us to enhance its design and
control parameters for use in electric vehicles.
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In Table 2, the values of the numerous parameters that are utilized in the process of simulating an
electric machine are presented. These parameters include the base frequency, the number of poles, the
moment of inertia, the friction factor, the rotor and stator resistance, the rotor and stator inductance, and the
magnetizing inductance. Experimental or theoretical analysis is often used to identify these characteristics,
which are essential for modeling and simulating the electrical, mechanical, and magnetic properties of the
machine. These parameters are typically determined through the use of experiments. The values are subject
to change based on the particular design of the machine and the application it is used for.

Table 2. Parameters used for simulation

Parameter Value
Rotor resistance (R;) 0.6
Stator resistance (Ry) 0.8
Rotor inductance (L;,.) 0.0026
Stator inductance (L) 0.0026
Magnetizing inductance (L,,)  0.151
Base frequency (f;) 100
Number of poles (P) 4
Moment of inertia (J) 0.047

4. CONCLUSION

A performance study of a five-phase, three-level NPC inverter was provided in this work. The test
was conducted for EV applications and utilized a variety of multi-carrier PWM approaches. The results of the
simulation showed that the PD PWM method achieved the lowest THD of all the techniques, which made it
the most effective method for increasing the quality of the output waveform. In further research, a
comparison was made between the performance of a five-phase induction motor and a three-phase PMSM
when they were used as loads. A maximum torque of 32.33 N-m and a speed of 277.7 rad/s, 1452 rpm were
both demonstrated by the five-phase induction motor, which also exhibited balanced stator currents and
improved transient response. These are only some of the dynamic properties that the motor exhibited. To
summarize, the combination of the PD-PWM approach with a five-phase multilevel inverter and an induction
motor provides an EV drive system that is both reliable and environmentally friendly. To improve the overall
performance of the system, future work will concentrate on the installation of closed-loop control and
advanced modulation methods such as space vector PWM.
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