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Application of the Newton—Raphson algorithm for enhanced harmonic reduction
in seven-level packed U-cell multilevel inverters

Introduction. Recently, multilevel inverters (MLIs) have been widely investigated for industrial and renewable energy systems as they
are valuable in applications where they can produce clean, high-fidelity electrical signals that minimize harmonic content and distortion.
Problem. Among the modulation strategies, selective harmonic elimination pulse width modulation (SHE-PWM) is highly effective, but
solving its nonlinear transcendental equations requires accurate numerical methods. Goal. To improve the performance of the 7-level
packed U-cell (PUC) inverter by applying the Newton—Raphson method to compute optimal switching angles for SHE-PWM, thereby
minimizing total harmonic distortion (THD), improving waveform quality, and achieving a more compact and cost-effective design with
fewer components. Methodology. The Newton—Raphson iterative algorithm was implemented in MATLAB/Simulink to solve the
nonlinear equations of SHE-PWM, and a hardware prototype of the 7-level PUC-MLI was fabricated and tested to validate real-world
performance. Results. The application of the Newton—Raphson algorithm significantly improved the system’s performance. After
implementation, the THD was reduced to 13.19 % in the simulation and 18.14 % in the hardware prototype, whereas both initially
exhibited considerably higher THD levels. Scientific novelty. The proposed method demonstrates the capability of the Newton—Raphson
algorithm as a reliable numerical solution for selective harmonic elimination in the 7-level PUC MLI, ensuring rapid convergence and
precise determination of switching angles. Practical value. The study shows that significant harmonic reduction can be achieved without
additional hardware or complex circuitry, making the approach applicable to other inverter topologies and suitable for advanced power
electronic and renewable energy systems. References 22, tables 4, figures 9.

Key words: multilevel inverter, packed U-cell, selective harmonic elimination, Newton—Raphson algorithm, switching angle
optimization, total harmonic distortion.

Bcemyn. Ocmanniv wacom bazamopisnesi ineepmopu (MLI) akxmusHo 00cniodxcylomvcst 0t NPOMUCTIOBUX 3ACMOCY8AHb MAd CUCTEM
BIOHOBIIOBAHOT eHep2emUKU, OCKUIbKU 6OHU 30aMHI YOPMY8AMU BUCOKOSIKICHI eleKMPUYHI CUSHAU 3 MIHIMAIbHUM DIGHEM 2APMOHIK |
cnomeopenw. Ilpoonema. Ceped memooie Mooynayii ceneKmueHe YCYHEHHsT 2QPMOHIK HA OCHOGI Wupomuo-imnyibcHoi mooynsayii (SHE-
PWM) € sucokoepexmusrum, npome po3s a3amuns 6i0NOGIOHUX HENTHIUHUX MPAHCYEHOEHMHUX PIGHSAHb NOMPedyEe 3ACMOCY8AHHS MOYHUX
uucenbHux memoois. Mema. Iliosuwenns epexmusrnocmi 7-pisnesoco b6azamopignegozo ingepmopa 3 komnaxmuoro U-komipkoro (PUC)
wiAxom 3acmocyeanns memoody Hviomona—Pagpcona ons eusnauenmns onmumanvhux xKymie nepemuxanns ¢ SHE-PWM 3 memorio
3MEHUIeHHs CYMAapHo20 Koeiyichma eapmoniynux cnomeopensv (THD), nokpawents gopmu 6uxionoi Hanpyeu ma 00CseHeHHs Ol
KOMNAKMHOT 1l eKOHOMIUHO epeKmueHoi KOHCMpYKyii 3 MeHwtolo Kinbkicmio komnouenmie. Memooduka. Imepayiiinuii areopumm
Hviomona—Paghcona  peanizoeano 6 cepeoosuwyi MATLAB/Simulink o0ns  po3e’azanna  ueninitinux  pisnane SHE-PWM. [
niomeepodceHHs npaye30amnHocmi pospooieHo ma eKCHepUMeHMAIbHO 00CHiOdceHo anapamuuti npomomun 7-pienesoco PUC-
ingepmopa. Pezynomamu. 3acmocysanns aneopummy Heiomona—Pagcona cymmego noxpawuno xapakmepucmuku cucmemu. Ilicas
tioeo enpoeadcenns snavenns THD 3nudiceno 0o 13,19 % y mooentosanni ma do 18,14 % 6 exchepumenmansHomy npomomuni, mooi sAx
novyamxogo yi snauenus oyau suwumu. Haykoea nosuzna. 3anpononoganuii nioxio oemoHcmpye egpexmugnicms memooy Hvromona—
Pagcona sax naoiinozo uucenvnozo incmpymenmy Ons CeleKMUSHO20 YCYHEHHs 2apMOHIK Y 7-pienesomy 6acamopisnesomy PUC-
ingepmopi, 3abesneuyiouu WeUOKy 30ixcnicme i moune gusnavenHs Kymie nepemuxanns. Ilpaxkmuuna snauumicme. Iloxaszano, wo
3MeHWeHHs 2apMOHIK Modice 6ymu 0ocscHyme 0e3 YCKIAOHeHHs anapamioi YacmuHu YU 6UKOPUCIAHHS 000AMKOBUX eleMEeHMIs, o
pobumb 3aNpPONOHOBAHUL NIOXIO NPUOAMHUM O THUWUX MONOAO0RI THEEpMOpPI8 1 NepCneKmMueHUM O CYYACHUX CUCTEM CULO0BOT
e/leKmpoHIKY ma 8i0H06108aHoi enepeemuku. bidomn. 22, Tabin. 4, puc. 9.

Kniouosi cnosa: 6GararopiBHeBmii inBepTop, komnakTtHa U-koMmipka, cejleKTHUBHe YCYHeHHSI TapMoOHik, aaroputM Herotona-
Padcona, onTumizanisi kyra nepeMukaHHs, cyMapHuii koedilieHT rapMOHIiYHUX CIOTBOPEHb.

Introduction. The rapid expansion of renewable
energy systems, electric vehicles, and distributed energy
resources has created an increasing demand for highly
efficient power conversion systems that ensure reduced
losses and improved power quality. Multilevel inverters
(MLIs) are widely recognized as promising solutions
because they can synthesize nearly sinusoidal voltage
waveforms from multiple voltage levels, thereby lowering
device stress and suppressing harmonic distortion [1, 2].

These features make MLIs attractive for medium-
and high-power applications where grid compliance and
reduced electromagnetic interference are critical [3].
Among the existing MLI topologies, the packed U-cell
(PUC) inverter offers significant advantages due to its
ability to achieve multiple output voltage levels with
fewer power electronic components, making it more
compact, cost-effective, and modular. Compared to
conventional topologies for instance, neutral point
clamped (NPC) and cascaded H-bridge (CHB) converter
structures, the PUC inverter demonstrates superior
scalability, hardware simplicity, and reduced component
count while maintaining high-quality output performance
[4, 5]. In particular, the 7-level PUC (7-PUC) inverter
provides a practical trade-off between hardware
complexity and output waveform quality.

However, a major problem arises from its inherent
harmonic distortion, especially low-order harmonics, which
degrade voltage quality and shorten the lifetime of
connected loads [6]. The selective harmonic elimination
pulse width modulation (SHE-PWM) is a powerful
modulation approach for minimizing harmonics by
calculating optimal switching angles. However, solving the
SHE nonlinear transcendental equations requires substantial
computational effort, particularly for PUC topologies with
asymmetric DC sources where the equations become more
complex and convergence of numerical methods is less
guaranteed [7]. Optimization techniques such as particle
swarm optimization, genetic algorithms and ant colony
optimization have been applied to SHE metaheuristic
solutions for selective harmonic elimination in MLIs [8, 9],
but they typically involve high computational costs and are
unsuitable for real-time applications. Alternative control
strategies have been explored for harmonic suppression. In
[10] fuzzy logic control was proposed for harmonic
mitigation in power converters, demonstrating effective
reduction of low-order harmonics. In [11] was investigated
power quality enhancement in inverter-based renewable
energy systems through optimized control strategies.
However, these approaches either require complex tuning

© O0.A.Y. Amran, N.A. Windarko, I. Syarif, T.B.J. Gemilang

Electrical Engineering & Electromechanics, 2026, no. 3

79



procedures or involve higher computational overhead
compared to analytical methods In contrast, the Newton—
Raphson (NR) method offers fast convergence and high
accuracy when provided with good initial estimates, and has
been effectively used in other inverter topologies such as
CHB and NPC [12, 13]. However, the application of NR to
7-PUC inverters with asymmetric voltage sources remains
underexplored, which represents a clear research gap.

This study investigates the application of the NR
algorithm to the 7-level PUC inverter under asymmetric
DC input conditions with a focus on solving the nonlinear
switching angle equations of SHE-PWM. The subject of
investigation includes the analysis of harmonic
performance, algorithm convergence, and total harmonic
distortion (THD) reduction in order to evaluate the
feasibility and efficiency of this numerical approach for
real-time inverter control.

The goal of this work is to improve the performance
of the 7-level PUC inverter by applying the Newton—
Raphson method to compute optimal switching angles for
SHE-PWM, thereby minimizing THD, improving
waveform quality, and achieving a more compact and cost-
effective design with fewer components.

The main contributions of this study include:

1) formulation of the SHE-PWM problem for 7-PUC
under asymmetric DC sources;

2) implementation of the NR algorithm in Simulink
and hardware for computing switching angles and
evaluating convergence.

This work demonstrates that the NR algorithm
provides a computationally efficient solution with reduced
processing demand, making it suitable for real-time
applications on microcontrollers such as Arduino, based
embedded inverter systems.

Methodology of packed U-cell MLI. The employed
circuit topology is a compact and efficient MLI topology
designed to generate superior output performance
waveforms using a reduced number of components. The
inverter comprises three cascaded U-cells, each composed
of 2 complementary IGBT switches. The entire
mechanism functions using six switches and two primary
DC voltage sources [14].

The PUC converter was originally proposed by
Al-Haddad in earlier studies and later adapted for 7-level
configurations [15]. Figure 1 shows a configuration featuring
6 operational switches and
2 DC sources, namely the 1%
and 2" sources. The
significant benefit of PUC lies
in the total component count
relative to other topologies. A
reduced number of switches
leads to diminished power
losses, fewer gate drives and
lower costs. The correlation
between the quantity of
voltage levels attained and the
L number of sources employed
Fig. 1. 7-level PUC inverter ~ can be formulated as:

N, =2%"1_1; (1)

N,=2"; )

where N, is the number of voltage levels; N, is the number
of power switches; N; is the number of DC voltage sources.

The PUC configuration achieves elevated voltage
generation by reconfiguring the 2" DC source (V)

AC Load

topology, with bottom switches (S; and S¢) inverted to
suppress unwanted diode conduction. All feasible
switching combinations are detailed in Table 2. The
inverter produces 7 voltage levels ranging from 0 to 4E
when V; equals 3V,. The maximum output voltage of
4E results from the series combination of both DC
sources.

Table 1
Switching states for 7-PUC inverter
Switching states | S; | S, | S; | Sy | Ss | Sg | Voltages
1 1 10 1] 0] 1]0 V,+V,
2 1 {0 ]0]O0]1 1 \4
3 0 0 1 1 1 0 vV,
4 0 0 0 1 1 1 0
5 1 11 0]0]0 1 -V,
6 0 |1 1 1100 -V,
7 Ojl1]J]o0]1]0]1 V-V,
The study utilizes the SHE-PWM on a 7-PUC

inverter to target specific low-order harmonics, primarily
the 5™ and 7" thereby improving spectral purity by limiting
THD. To accomplish this, it is essential to identify 3
switching angles. A notable advantage of the PUC is its
utilization of fewer components compared to alternatives
such as the CHB, resulting in diminished power losses,
reduced gate drive requirements and lower system costs. In
this method, 3 switching angles (¢, &, o) are determined
within the 1* quarter-cycle of the fundamental waveform to
shape the stepped output. To ascertain these angles, it is
essential to resolve several nonlinear transcendental
equations through Fourier analysis. This is subsequently
followed by the implementation of the NR method to
achieve a prompt and precise solution [16, 17].

The notable advantage of PUC is its reduced
component count compared to alternative topologies, such
as the CHB, fewer switches result in diminished enhanced
efficiency through reduced losses, fewer control circuits,
and lower financial investment in the system. The voltage
magnitudes produced at the output of the single-phase
inverter topology seen in Fig. 1 are enumerated in Table 1.
There are 8 possible states, in which Sy, Ss and Sg work in
reverse with respect to the switches S;, S, and S; are
controlled in a manner that prevents short circuits across
the DC buses. It is important to note that switches Sy, S
and S¢ function as complementary pairs to S;, S, and S;,
respectively. As a result, each switch pair (S;, Sy), (S;, Ss)
and (S;, S¢) is designed to avoid simultaneous conduction
[18]. While the PUC can generate multiple discrete
voltage magnitudes from various DC sources, achieving
the maximum output voltage V,,. The output voltage V,,
can generate 7 distinct levels [19].

Selective harmonic elimination. Various control
procedures govern output voltage profiles in converter
stages, primarily categorized into 2 types:

¢ low-frequency switching modulation techniques including
phase disposition, phase opposition disposition and SHE;
o high-frequency switching methods employing PWM [20].

SHE decreases switching losses and noise levels,
facilitating the use of smaller output filters. It operates by
waveform symmetry and advances in a sequentially
increasing manner. The design offers a lower number of
circuit elements, thereby minimizing power losses and gate
drive requirements.

Equation (3) ensures that the switching angles (¢,
o, o) are properly ordered within one quarter of the
output waveform. This constraint maintains the
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waveform’s symmetry and guarantees correct pulse
positioning. It is essential for achieving accurate harmonic
elimination using SHE techniques:
O<a1<a2< (Z3<900. (3)
Equation (4) defines the modulation index m with
respect to the magnitude of the fundamental voltage V;
relative to the maximum and represents the V. which is the
total direct current supply voltage provided to the inverter:
mz”—Vl:<3m: i “4)
4+ 3Vdc 4Vdc
Equations (5)—(8) represent the SHE conditions, where
the switching angles o; — o5 are calculated to achieve the
desired modulation index m while eliminating the 3%, 5™
and 7" harmonics from the inverter output voltage:

cos(ap) + cos(ay) +cos(az) =3m ; (5)
cos(3a)+cos(3ay) +cos(3a3) =0 (6)
cos(5aq) +cos5(ay)+cos(Saz)=0; @)
cos(7ay)+cos(7ap) +cos(7a3)=0. ()

The resolution of the SHE equations is a
significantly non-linear endeavor, as it produces a
transcendental system. Traditional methods, such as
sequential and recursive algorithms, particularly the NR
method, are frequently favored; however, as inverter
levels increase, the task becomes more challenging,
necessitating more accurate initial estimates [21].

The Newton—Raphson approach is a commonly
employed iterative technique for resolving nonlinear
equations. It is especially efficacious when an accurate
initial estimate is supplied. The approach relies on the
Taylor series expansion and linear approximation of the
function in question [22]. The standard formulation of the
NR method is expressed as:

X=X

ACH) , )
BRAC)
where X, is the current approximation; X, is the next
approximation; f{x,) is the function value at x,; f'(x,) is
the derivative of the function at X,.

In the context of SHE, the target is to find the
switching angles that resolve the system of nonlinear
mathematical models /*(&) = 0. The NR method requires
the computation of the Jacobian matrix J of the equations
system, which consists of the partial derivatives of the
nonlinear functions corresponding to each switching angle

The proposed NR technique begins by selecting a
random initial estimate for the switching angles within the
range of 0—90°, where the iteration count is denoted as J
and the tolerance as e. The optimization process for
determining the switching angles is structured as follows.

1) Initialization. Formulate a preliminary set of
estimations for switching angles.

2) Jacobian calculation. Determine the parameters
for the constraint equations and compute the Jacobian
matrix J for the nonlinear system The Jacobian matrix J
represents the partial derivatives of the constraint
equations f = [fi(@), fAa),..., f(c)] with respect to the
switching angles o = [«&), @,..., o], where fla) is the
system of nonlinear equations for harmonic elimination.

The correction vector Aa, corresponding to n
unknowns in the k-th iteration, is obtained using (10),
(11). Here J! is the inverse of the Jacobian matrix; ¢/ is
the current estimate of switching angles at iteration i,
which is then updated as o' = o'+ A

x+1

ooy oa,

J= 1 (10)
oo oa,,

Aa=-J""x f(a'). (11

3) Convergence check. Continue the iteration while
the tolerance & remains smaller than Aa. The process
terminates once the tolerance equals or exceeds Aa.

4) Angle update. Update the switching-angle vector
a according to (12), then repeat from Step 3 until
convergence is achieved .The convergence criterion is

defined as ||Ad|| < &, where || || denotes the Euclidean
norm and ¢ is the specified tolerance value.
al'=d' + Aa. (12)

The NR algorithm is employed to determine the
optimal switching angles for the SHE-PWM technique
through an iterative numerical procedure.

The process begins with an initial estimation of the
switching angles, followed by the computation of the
Jacobian matrix, which represents the partial derivatives
of the nonlinear system equations. A correction vector Aa
is subsequently calculated and applied to update the
switching angles iteratively until the convergence
criterion, defined by a specified tolerance ¢, is satisfied.
Upon convergence, the resulting set of switching angles is
considered optimal, effectively minimizing the THD in
the inverter output voltage.

The following organizational layout shown in Fig. 2
is intended to utilize the NR technique for solving the
mathematical complexity associated with SHE.

Start

Set initial switching-angle estimates:
(o, o, a3) € [0°,90°]

}

Initialize iteration counter:
n=0

Compute Jacobian J
and update Aa by (10), (11)

Update angles
by (12)

heck convergence
Aall<e2

Increment
counter n=n+1

Check Max iterations

@t}gut

Fig. 2. Flowchart of the NR-based SHE-PWM method

Simulation results. To validate the proposed SHE-
NR technique, comprehensive simulations were
conducted to evaluate harmonic suppression performance,
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switching angle optimization, and THD reduction. The
NR method solves the nonlinear equations required to
determine optimal switching angles that eliminate specific
harmonics while maintaining fundamental voltage across
33 V and 11 V DC links. The following subsections
present the detailed analysis and results.

This work utilized the SHE methodology in
conjunction with the NR iterative method to ascertain the
optimal switching angles for a MLI. The preferred due to
its advantages that can easily solve non-linear equations,
with special mention of its fast rate of convergence and
precision. The following features are essential in the case
of the inference of the SHE process, which is nothing but
the reduction of lower-order harmonics (for example, the
5™ and 7"™) from the output voltage waveform by keeping
the desired fundamental component. The NR method will,
through iterations of an indirect procedure, minimize the
discrepancy between the found and the desired harmonic
components, and thus the time it takes for convergence to
be realized.

Figure 3 and Table 4 present a comprehensive dual-
perspective analysis of THD in MLI operation, evaluating
performance under varying modulation indices and
switching angle configurations. Figure 3 shows an inverse
relationship between modulation index (MI) and THD
across the range of 0.35 to 1.05, where THD decreases non-
linearly from approximately 48 % to 13.91 %, with the
steepest reduction occurring below MI = 0.7 and local
extrema observed at Ml =~ 0.6 and MI = 0.7 reflecting
complex harmonic interactions in PWM strategies. Table 4
illustrates THD variation as a function of 3 independent
switching angles (&, @, @) ranging from 11° to 90°,
where all 3 parameters exhibit positive correlation with
THD, increasing from approximately 13.19 % to 49 %.
The SHE-NR optimization algorithm successfully identifies
the optimal switching angle combination (¢ = 12.57°%
a = 23.81°% a3 = 54.33°), achieving minimum THD of
13.19 %, which represents substantial improvement over
arbitrary angle selection.

60
THD, %

50
40
30
20

10
MI

0
04 05 06 07 08 09 1.0
Fig. 3. THD vs modulation index MI

Table 2
SHE-NR switching angles at various MI

The parallel upward trajectories in Fig. 3 and the
monotonic decrease in Table 4 collectively validate the
SHE-NR technique’s effectiveness in minimizing harmonic
distortion, thereby reducing inverter losses and enhancing
output waveform quality for multilevel converter
applications. Figure 4 shows the correlation between the
MI and the corresponding switching angles. As the MI
increases, the inverter strives to deliver higher amplitude of

fundamental voltage while maintaining harmonic
cancellation, thereby resulting in reduced switching angles.
100~
80 X
60 %)
40 &
20
0 MI
04 05 06 07 08 09 10

Fig. 4. Switching angles vs modulation index

Figure 5 shows the suppression of low-order
harmonics (5" and 7"), with the FFT analysis of THD,
which shows a reduction from 59.21 % (MI = 0.35) to
13.19 % (MI = 1.05). The transitory increase in THD to
45.46 % at MI = 0.7 (see Table 2), is associated with the
overlapping switching angles. This indicates that SHE-
PWM is highly sensitive to the selection of angle. Both
outcomes substantiate the notion that the NR method

enhances harmonic suppression and waveform fidelity.
Fundamental (50Hz) = 34.66 , THD= 13.19%

9

8l

Mag (% of Fundamental)
M w EN o = ~

-
T

£ Hy]

800 1000

S 100 200 300 400 500 600 700 800
Fig. 5.THD vs switching angle
In Fig. 6, the output waveforms of the topology are
shown, obtained using SHE-PWM based on the NR
method, where 7-level voltages are produced and harmonic
distortion is effectively minimized through selective
elimination of low-order harmonics.

so0F——
Vap, V
[ | [ | o | [ | o |

. L

Modulation index MI Switching angles &y, &, &3
0.35 46.30 82.37 89.94 0
0.50 40.77 65.82 89.36 o
0.55 39.77 62.13 86.57 -10
0.60 39.43 58.58 83.10 2ok | | | | | | | |
0.65 39.39 55.52 78.90 oo r ar - A
0.70 38.34 53.53 73.96 s
075 3489 5446 6855 mﬂ oo 002 003 004 005 006 007 008 009 o1
0.80 29.24 54.44 64.48 Fig. 6. Output voltage of 7-PUC MLI
0.85 22.77 49.38 64.56 As illustrated in Fig. 6, optimal switching angles are
0.95 13.82 37.19 61.92 iteratively calculated by the NR algorithm to achieve
1.00 11.68 31.18 58.58 harmonic cancellation, while the desired fundamental
1.05 12.57 23.81 54.33 component is maintained, resulting in superior power
82 Electrical Engineering & Electromechanics, 2026, no. 3



quality with minimal switching losses suitable for high-
power applications.

Hardware testing and practical implementation.
The experimental prototype (Fig. 7) consists of a 7-level
PUC MLI with 2 DC sources configured in a 3:1 ratio (33 V
and 11 V). The power stage includes IGBT switching
devices with gate drivers, heat sinks for thermal
management, and snubber circuits for protection. An
Arduino microcontroller serves as the digital controller,
executing pre-calculated SHE-PWM switching angles
derived from the NR algorithm. Gate driver circuits with
optocouplers provide electrical isolation between control
and power stages. The measurement setup includes a GW
Instek PSS-3203 programmable DC supply, digital
oscilloscope for waveform capture, and FFT analyzer for
harmonic spectrum analysis (Table 3).

Table 3
Component list

Components Specification
Optocoupler IC FOD 3182
Microcontroller Arduino
Gate drive power supply | GW Instek PSS-3203, PSW 30-36
IGBT switches SGL160N60UFD
Converts Hi link 220V to 12V

Heat sink

Fig. 7. Experimental setup layout and configuration

The NR algorithm was executed offline in MATLAB
to calculate optimal switching angles for harmonic
elimination. The computed angles were stored as lookup
tables in the Arduino’s memory, mapping different
modulation indices to their corresponding switching angles.
During real-time operation, the Arduino retrieves the
appropriate angles based on the desired output voltage and
generates precise PWM pulses with microsecond-level
timing accuracy. These control signals are processed
through gate driver circuits to trigger the IGBT switches at
the calculated instants. The PUC topology configuration
strategically switches the two DC sources to produce seven
distinct voltage levels: 0, £11 V, £22 V, £33 V, +44 V.
This switching sequence synthesizes a stepped quasi-
sinusoidal waveform that inherently suppresses the
specified 5™ and 7" harmonics while retaining the desired

fundamental voltage as depicted in Fig. 8.
RIGOL STOF - -

Izaml)

Fig. 8. Experimental output voltage -P

Oscilloscope measurements confirm a 7-level stepped
waveform with +44 V peak amplitude and 50 Hz
fundamental frequency. The waveform exhibits smooth
transitions between voltage levels with symmetric positive
and negative half-cycles. FFT analysis reveals the harmonic
spectrum with the fundamental component at 100 %
reference magnitude as illustrated in Fig. 9. The 5™ and 7"
harmonics are successfully suppressed to below 3 %,
compared to typical values of 15-20 % and 10-15 % in
conventional PWM methods. Higher-order harmonics (11™
and 13") remain at approximately 8 % and 6 %
respectively, as they were not targeted for elimination in
this implementation. The measured THD is 18.14 %,
representing a significant improvement over square wave
inverters which typically exhibit THD around 45 %,
validating the effectiveness of the SHE-PWM approach in

reducing low-order harmonics
RIGOL STOFP (e -

Frdil] =+

Fig. 9. FFT harmonic spectrum

The experimental results exhibit strong agreement
with the theoretical predictions across multiple
performance metrics, as presented in Table 4. The voltage
levels match the theoretical formula with 100 % accuracy,
confirming proper implementation of the PUC topology.
Targeted harmonics (5™ and 7™) are reduced to below 3 %,
validating the NR optimization effectiveness. The
measured THD of 18.14 % shows reasonable deviation
from theoretical predictions (12—15 %) due to practical
non-idealities including switching dead-time (typically
1-2 ps), device voltage drops (=2-3 V), finite rise/fall
times, component tolerances (£5 %), and DC supply
ripple (<1 %). The fundamental voltage exhibits linear
control with modulation index variation, confirming the
expected relationship between control input and output
amplitude. These results validate the practical feasibility
of SHE-PWM-based harmonic elimination in MLIs using
Arduino  implementation, demonstrating effective
reduction of low-order harmonics while maintaining
acceptable power quality for practical applications.

Table 4
Comparison of THD between simulation and hardware results
Type THD, %
Simulation results 13.19
Hardware results 18.14

Conclusions. The Newton—Raphson algorithm was
successfully applied to compute optimal switching angles
for selective harmonic elimination pulse width modulation
in 7-level packed U-cell MLIs, demonstrating rapid
convergence in solving nonlinear transcendental equations
and effectively eliminating the 5™ and 7" harmonics.

Simulation results achieved a THD of 13.19 % at a
modulation index of 1, while hardware testing validated
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practical feasibility with a THD of 18.14 %, confirming
acceptable power quality for grid-connected applications.

The 7-PUC topology provides significant advantages
including reduced component count compared to CHB
and NPC configurations, resulting in a more compact and
cost-effective design.

The  Newton—Raphson = method  offers a
computationally efficient solution suitable for real-time
implementation on resource-constrained embedded systems
such as Arduino-based microcontrollers, providing a viable
path for improving power quality in MLIs.

The proposed approach is applicable for renewable
energy integration, with future work recommended to focus
on experimental validation under varied operating conditions
and extension to higher-level inverter topologies.
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