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The proposed technique is applied to a Shunt Active Power Filter
(SAPF) system to effectively reduce Total Harmonic Distortion

Keywords (THD) in power systems. By dynamically balancing the voltages of
Shunt Active Power Filter (SAPF), the inverter’s DC-link capacitors, the proposed technique
harmonics, DC-link voltage minimizes overshoot and ripple in the output waveform, ensuring
unbalance, cascaded H-Bridge (CHB) a more stable and efficient operation. Simulation results

demonstrate that the proposed technique significantly
outperforms traditional voltage balancing technique, achieving
improved harmonic suppression and reduced THD under varying
load conditions. This approach provides a robust solution for
enhancing power quality in modern power systems.

1. Introduction

The global shift towards sustainable energy has necessitated the integration of renewable sources into Malaysia's
distributed generation systems. As this trend accelerates, ensuring effective power quality management is
essential for seamless grid interaction. One predominant issue is harmonic distortion, which can severely degrade
system performance. The SAPF has emerged as a critical technology for addressing these challenges, effectively
mitigating harmonic distortions [11.

The SAPF operates by injecting compensating currents into the grid to eliminate harmonic currents and
reactive power caused by non-linear loads. In recent years, multilevel inverter-based active power filter (MI-APF)
have garnered significant attention for their superior ability to enhance power quality and efficiency compared to
traditional SAPF that utilize two-level inverters. Traditional SAPF are prone to high switchinglosses and increased
risk of switch failure, making MI-APF a more reliable and efficient alternative. Hence, MI-APF has become a reliable
and efficient method instead of 2-level inverter based APF. Moreover, MI-APF also can eliminates the need for
passive filter, bulky transformer, and lower the switching loss and stress of switches [2-41.

Furthermore, multilevel inverter has three common topologies, like diode-clamped multilevel inverter, flying
capacitor multilevel inverter and CHB multilevel inverter. A comparison of multilevel inverter topologies indicates
that the CHB inverter is preferable due to its modular structure and reduced component count. Hence, CHB
multilevel inverter can decrease the switching frequency and easier to scale up for higher voltage and power levels
due to its modular design [>-7]. However, CHB inverter has a serious problem which is voltage imbalance. This issue
prevents the CHB multilevel inverter from achieving optimal performance. The reason of this voltage imbalance
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issue is the switching sequence for each H-bridge cell is different, so it causes the charge and discharge rates of
the DC-link capacitors unequal. As a result, the performance and reliability of the SAPF can be compromised, so a
robust voltage balancing algorithms emerges as a promising solution [8l.

Typically, voltage balancing control needs two types of algorithms which are feedback control algorithms and
switching control algorithms. Feedback control algorithms is to decrease the voltages error between the DC-link
capacitors and then the switching control algorithm is to control the power switches of multilevel inverter to
achieve voltage balancing. Normally, feedback control and switching control algorithms need to work together to
get the optimal performance.

For the feedback control, the most common and general technique is proportional-integral (PI) control due to
its simplicity and performance. However, the performance of a PI controller may fall short in voltage balancing
algorithms, primarily due to intrinsic response delays, particularly when managing non-linear loads [°.

Furthermore, switching control algorithms are crucial for voltage balancing as they manage the timing and
sequence of switching actions to regulate the system's output voltage, current, and overall performance. A widely
used technique for managing many power switches is multicarrier sinusoidal PWM (MCSPWM). This algorithm
involves comparing multiple carrier signals with a reference sinusoidal waveform to produce the required
switching pulses for each power switch. The carriers are arranged in different configurations, such as phase
disposition PWM (PDPWM), phase opposition disposition PWM (PODPWM), alternative phase opposition
disposition PWM (APODPWM), quarterly fundamental cycle rotation PWM (QRPWM) and more, depending on the
desired output waveform characteristics and harmonic performance. Although alternative MCSPWM algorithms
have been effectively utilized to manage the basic operation of CHB inverters, research remains limited on their
performance when applied to control CHB inverters as SAPF. In such applications, the control processes become
significantly more complex due to the need to mitigate harmonics present in the power system [10-12],

As FLC technology develops, the integration of FLC into voltage balancing algorithms has become a reliable
solution for this voltage imbalance issue and the problems faced by existing techniques. This is because FLC can
provide robust and adaptive control capabilities, making it highly suitable for managing the challenges of power
system dynamics and non-linear loads [913.14],

This research seeks to explore and tackle the challenges related to the implementation of SAPF, especially
concerning voltage imbalance in 5-lv CHB inverters. This work proposes an FLC-based voltage balancing
algorithm to solve the problem of unequal DC-link voltages in CHB inverters. By integrating FLC into the voltage
balancing technique, the primary scope of this work is to improve the overall performance and reliability of the
MI-APF for power quality problems mitigation. The effectiveness of the proposed technique is evaluated through
a comprehensive test environment using MATLAB/Simulink. Simulations are conducted under distorted supply,
with both capacitive (RC) and inductive (RL) non-linear loads. The performance is analyzed during steady-state
and dynamic-state conditions, and a comparative analysis is carried out against an existing benchmark technique
to ensure that the proposed technique delivers superior results for optimal SAPF operation.

2. Research Design

In this work, a 5-lv CHB inverter as shown in Figure 1 is employed as it provides an optimal balance between
complexity and performance [1516], Figure 1 shows the schematic diagram and the output voltages (Vn, Va0, Von)
of 5-1v CHB inverter. Figure 1 also illustrates the structure of the 5-lv CHB inverter, consisting of two H-bridge
cells: an upper cell (H1) and a lower cell (H2).
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Fig. 1 5-lv CHB inverter and output voltage waveforms

To develop a fully functional 5-lv CHB Inverter APF, several additional algorithms are required beyond just
feedback and switching control. These include synchronization algorithm to align the inverter's output with the
grid, harmonic extraction algorithm to accurately identify and isolate unwanted harmonics, and voltage regulation
algorithm to maintain stable overall DC-link voltage of the multilevel inverter. Each component is essential for
ensuring the MI-APF operates efficiently and reliably in addressing power quality issues. Figure 2 shows the
overview of control system of 5-Iv CHB inverter based SAPF.
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Fig. 2 (a) Overview of control system; and (b) Algorithms applied for 5-Iv CHB inverter based SAPF
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As presented in Figure 2, the SAPF is connected to the point of common coupling (PCC) to facilitate the
injection current /;,; into the operating system to mitigate the harmonic current. The synchronization algorithm
plays a key role in this process by accurately tracking the angular position of the source voltage signal (V;). This
tracking allows the calculation of the phase angle (8), which is used to align the reference current (I,.f) from
harmonic extraction with the phase of V. This alignment ensures that the SAPF interacts effectively with the
power system, optimizing the harmonic compensation process [1.

The harmonic extraction algorithm identifies and separates the fundamental current from the harmonic
currents. Using these characteristics, it generates a reference current (/,..r), which is derived alongside signals
from the DC-link voltage regulation algorithm and feedback control (/4¢, icomp). The resulting reference current
(Irgr) is then passed to the switching control algorithm for further processing [171.

The DC-link voltage regulation algorithm ensures that the voltage across the DC-link capacitors (V,;.) remains
at the desired level by controlling their charging and discharging processes. It compares the actual V. with its
target value and generates a signal current (/;.). This current is sent to create Irgr, which controls the charging or
discharging of the capacitors. This step helps maintain the system's stability and performance [181.

The feedback control algorithm ensures that the voltages across individual DC-link capacitors within each H-
bridge cell (Vy¢1,Vyc2) are equal. Ideally, V;.4 and Vg, should be identical. The algorithm compares the two
voltages, generating a signal current (i¢c,mp), which is used to create Irgg. This reference current helps control the
charging and discharging of the capacitors, contributing to system stability and balance.

Moreover, the switching control algorithm uses Izgr to generate switching signals for the CHB inverter. These
signals control the on/off states of the switches in the inverter, allowing it to produce the desired injection current.
By carefully managing the switching actions, the 5-lv CHB inverter generates injection currents that effectively
reduce harmonics and improve system performance.

Finally, this work emphasizes the importance of the voltage balancing algorithm, making the feedback control
and switching control algorithms critical components of the system. These algorithms play an important role in
maintaining stable and balanced DC-link voltages, ensuring the effective operation of the 5-lv CHB inverter. By
enhancing these control strategies, the overall performance and reliability of the voltage balancing process are
significantly improved.

3. Voltage Balancing Technique

This section will introduce the benchmark voltage balancing technique and the proposed voltage balancing
technique and shows the difference between them. Subsequently, with reference to benchmark technique, the
improvements that lead to the development of the proposed technique will be highlighted.

3.1 Voltage Imbalance Issue in 5-lv CHB inverter

Understanding the causes for individual DC-link voltage imbalances is essential to properly tackle the issue. These
imbalances are due to differences in the control signals that activate power switches. These mismatch causes
different switching pattern of the switches, which failed to charge or discharge the DC-link capacitors of the
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inverter in an even manner. As shown in Figure 3a, the output voltages of H1 and H2 are unequal. Specifically, the
output voltage of H1 slightly exceeds the range of 200V to -200V, while the output voltage of H2 falls slightly below
this range. This results in an improper voltage balance between H1 and H2 of the 5-lv CHB inverter. After that,
Figure 3b shows the voltage waveforms of overall DC-link voltage V4., individual DC-link voltages V 4.1, V 402 and
the voltage deviation AV (V 41V 4¢c2) Without voltage balancing. From Figure 3b, the overall DC-link voltage still
reaches its operating level, although the individual voltage V4.1, V42 cannot balance against each other without
voltage balancing technique. Hence, a reliable and effective voltage balancing technique is needed to solve the
voltage imbalance issue.

Overall DC-link Voltage of 5-level CHB Inverter, Vdc (V)
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Fig. 3 (a) Output voltage; and (b) DC-link voltage of 5-lv CHB inverter

3.2 Benchmark Voltage Balancing Technique

QRPWM is the benchmark technique in this work which is a specialized modulation technique designed to
enhance the performance of multilevel inverters. It operates by segmenting the fundamental cycle of the reference
waveform into four equal quarters and rotating the carrier signals accordingly. This approach aims to improve
harmonic performance, reduce switching losses, and achieve better voltage balancing in multilevel inverter
systems [18.19],

QRPWM was selected as the benchmark technique in this study because it represents an advanced and well-
established multicarrier modulation method that provides high-quality harmonic performance and improved
voltage utilization compared to other traditional PWM schemes. Unlike conventional PWM algorithms, which
often rely on fixed carrier arrangements, QRPWM introduces a dynamic carrier rotation mechanism. This rotation
redistributes the switching activities across the inverter's power devices, resulting in a more uniform and reduced
stress on individual switches. Additionally, the algorithm provides superior control over harmonic content,
particularly in applications requiring high power quality, such as renewable energy systems, active power filters,
and motor drives. These characteristics make QRPWM an effective reference for evaluating new control strategies
that aim to improve voltage balancing and harmonic mitigation. Figure 4 below illustrates the configuration of
reference and carrier signals for PDPWM and QRPWM, highlighting the differences between QRPWM and the more
commonly used PDPWM.
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Fig. 4 Configuration of (a) PDPWM; and (b) QRPWM

While QRPWM offers numerous advantages, it also presents certain challenges that require careful
consideration. A key issue is the increased complexity of the modulation scheme. The dynamic rotation of carriers
demands more advanced control algorithms and greater computational resources compared to traditional PWM
algorithms. During the vertical swapping of carrier signals at each quarter cycle of the reference signal, extra
unnecessary vertical signals are generated at each exchange point. These signals are not part of the original
triangular carriers, and their intersection with the sinusoidal reference signal can lead to unnecessary switching
pulses. To implement this algorithm effectively, it is crucial to understand the interaction between the reference
signal and each carrier signal. However, this becomes more challenging when dealing with many carrier signals,
as required for operating multilevel inverters [201.

3.3 Proposed Voltage Balancing Technique

While the benchmark analysis highlights that QRPWM can deliver higher performance compared to other
conventional PWM algorithms, its implementation significantly increases the system's complexity and operational
challenges. To address this, a new voltage balancing technique is utilized instead of QRPWM.

For switching control algorithm, PDPWM is a widely adopted and straightforward switching control
technique for multilevel inverters. In this algorithm, all carrier signals are aligned in phase, with their amplitudes
vertically shifted to cover the inverter's DC bus voltage range. The sinusoidal reference signal is then compared
with these carriers to generate switching pulses for the inverter's power devices. This simple structure makes
PDPWM easier to implement and manage, reducing the system’s computational and control requirements.
However, PDPWM is not well-suited for handling non-linear loads, as it can lead to reduced effectiveness in system
performance. To address this limitation and enhance PDPWM's effectiveness, improvements must be
implemented in the feedback control algorithms.

For feedback control algorithm, the PI controller is the most used feedback control technique, it suffers from
inherent limitations, particularly when handling non-linear loads. These limitations include time delays, higher
THD, and slower system response. To address these issues, this work proposes the use of Fuzzy Proportional
Control (Fuzzy-P), a type of FLC, to enhance feedback control performance.

Fuzzy-P combines the simplicity of traditional proportional (P) controllers with the flexibility and
adaptability of fuzzy logic. It is designed to handle the limitations of conventional P controllers, particularly in
systems with non-linearities, uncertainties, or varying operating conditions. Previous research has explored
Fuzzy-P for nonlinear plant systems [21l. This concept is extended in the present study to the voltage balancing
control of a five-level CHB inverter. Figure 5 shows the control structure of Fuzzy-P. Figure 5 shows the control
structures of PI controller and Fuzzy-P controller.

In a standard P controller, the control action is directly proportional to the error signal. While effective in
many linear systems, it can struggle in dynamic or complex systems where precise tuning and adaptability are
required. Fuzzy-P addresses this limitation by replacing the fixed proportional gain with FLC that adjusts the
control gain dynamically based on the system's current state.

The Fuzzy-P controller operates by regulating the voltage balancing of the multilevel inverter’s DC-link
capacitors. The controller is implemented using a Mamdani-type fuzzy inference system, which is well-suited for
rule-based reasoning and interpretable control structures.

In this design, the controller uses a single-input, single-output structure. The input is the voltage deviation
across the DC-link capacitors. The reason for selecting a one-input one-output scheme is to keep the controller
simple and practical for real-time execution while maintaining sufficient effectiveness in correcting voltage
imbalances. Since the rate of change of error is relatively slow for capacitor voltage in steady-state grid-connected
systems, incorporating only the error as input is adequate to drive proportional corrective actions.
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The fuzzy logic system uses five membership functions (MFs): Negative Big (NB), Negative Small (NS), Zero
(ZE), Positive Small (PS), and Positive Big (PB). This five-level partition strikes a good trade-off between control
resolution and design complexity. Fewer MFs could result in insufficient resolution and coarser control, while too
many MFs would complicate the rule base without significant benefit for this application.

For the MF shapes, a combination of triangular and trapezoidal membership functions is selected. The
triangular MFs are used for central linguistic terms (e.g., NS, ZE, PS) to provide a sharp and precise transition,
while the trapezoidal MFs are applied at the extremes (NB and PB) to allow wider coverage of large deviations
without sudden cut-offs. This arrangement ensures smooth inference transitions and avoids control
discontinuities when the error shifts from extreme values back to moderate values. The rule base guiding the
control logic includes:

1. If the voltage deviation is NB, then the output action is NB.

If the voltage deviation is NS, then the output action is NS.
If the voltage deviation is ZE, then the output action is ZE.
If the voltage deviation is PS, then the output action is PS.
If the voltage deviation is PB, then the output action is PB.

G N

This dynamic, rule-based approach allows the FLC to adapt to varying load conditions in real-time, achieving
smoother and more accurate control compared to traditional fixed-gain controllers. As a result, the system
exhibits improved adaptability, reduced THD, and enhanced stability, making it highly effective in non-linear and
dynamic power system environments.

For defuzzification, the Centroid of Area (COA) method is applied, which is a standard choice for Mamdani-
type controllers due to its smooth and continuous defuzzied output. COA calculates the center of gravity of the
aggregated fuzzy output set, ensuring that small variations in the input produce proportionate, predictable
changes in the output. This property is vital to avoid abrupt switching or voltage oscillations.

The tuning of the Fuzzy-P controller was carried out iteratively in MATLAB/Simulink to achieve optimal
performance. The initial membership function boundaries were determined based on the maximum observed
capacitor voltage deviation during open-loop simulation. Further adjustments were made through repeated
simulations under various load and supply conditions.

The main tuning objectives were to minimize the THD of the source current, reduce the DC-link voltage ripple,
and ensure a fast transient response with minimal overshoot during dynamic load transitions. Performance was
evaluated under both RC and RL nonlinear loads with distorted voltage supply. The membership function ranges,
and output scaling factors were refined in successive iterations until the system achieved THD below 5%, a fast-
settling time, and a significant reduction in voltage ripple.

After tuning, the Fuzzy-P controller exhibited strong adaptability and robustness, maintaining balanced DC-
link voltages and superior harmonic mitigation compared with the conventional PI controller and the benchmark
QRPWM technique. By combining the simplicity of PDPWM with the adaptability of the fuzzy controller, the
proposed method achieves a practical balance between control complexity and performance.

Although QRPWM offers superior performance in some respects, the integration of FLC in this work
compensates for the potential limitations of PDPWM. FLC significantly enhances voltage balancing and overall
system performance, making PDPWM the more practical and effective choice in this setup. By leveraging FLC's
robust control capabilities, PDPWM provides a balanced trade-off between simplicity and performance, ensuring
reliable operation of the 5-Iv CHB inverter as a SAPF. Besides that, QRPWM introduces additional vertical carrier
signals during the swapping process, which can cause false switching pulses when the sinusoidal reference
intersects with these unintended carriers. PDPWM avoids this issue by maintaining fixed carrier positions,
resulting in more reliable switching behaviour. These improvements make the proposed voltage balancing
technique a simpler, yet highly effective approach compared to the benchmark voltage balancing technique.
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Fig. 5 Control structure of (a) PI controller; and (b) The proposed Fuzzy-P controller

4. Results and Discussion

The single-phase 5-lv CHB inverter-based SAPF, including benchmark and proposed voltage balancing techniques,
is developed and tested in MATLAB/Simulink. The system's performance is assessed based on its ability to balance
the DC-link voltages in the CHB inverter and minimize current harmonics within the power system. The evaluation
is conducted under distorted supply conditions using two types of non-linear loads: capacitive (RC) and inductive
(RL). Furthermore, the performance of the proposed voltage balancing technique is further evaluated under
steady-state and dynamic-state conditions in terms of its ability to regulate DC voltages. A summary of all
simulation parameters is provided in Table 1.

Table 1 Simulation parameters of 5-lv CHB inverter

Parameters

Values

Distorted Voltage Supply, V;
(THD=17.09%)

Overall DC-link Voltage, V.
DC-link Capacitor, (C; & C5)
RC load

RL load

Filter Inductance

Switching frequency, f;

PI Controller

Fundamental = 230V, 50Hz
374 Harmonic = 20V, 150Hz
574 Harmonic = 10V, 250Hz
7™ Harmonic = 15V, 350Hz
9"¢ Harmonic = 5V, 450Hz
400V

3300 uF

500 ; 470 uF

150 ; 160 mH

3 mH

5kHz

K, = 0.8 K; = 0.08

To comprehensively evaluate the performance of both the proposed and benchmark techniques, the model is
tested under two conditions: steady-state and dynamic-state. Additionally, the output voltage waveform of the 5-
lv CHB inverter is shown in Figure 6, demonstrating the generation of 5 level of voltages (-400 V,-200V, 0 V, +200
V, +400 V) under RC and RL load conditions, as well as distorted supply conditions. These results validate the right
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operation of the proposed technique as a 5-lv CHB inverter. Furthermore, Figure 6 also illustrates the output
voltage waveforms of H1 and H2, each producing 3 levels of voltage (-200 V, 0 V, +200 V).

Overall Output Waveform (V)

Oﬁtput Waveform of H2 (V)

200 " ! B 1
S =
> 0
20 :
S >
2200 ‘ - 4 -200

13 1.305 1.31 1.315 132 1325 1.33 1335 134 294 2945 2.95 2955 2.96 2.965 297 2975 2.98
Time (seconds) Time (seconds)

(a) (b)

Fig. 6 Output voltage waveforms of 5-lv CHB inverter demonstrated by the proposed technique for (a) RC; and (b)
RL load conditions

After that, Figure 7 shows the waveforms of voltage V;, load current I, injection current I;;,; and source
current I of proposed techniques under RC and RL load conditions, as well as under distorted supply conditions.
The results show that the injection currents generated by the CHB model, using both the proposed and benchmark
techniques, effectively eliminate harmonics from load current. This harmonic mitigation of proposed and
benchmark techniques produces a smoother sinusoidal waveform in the source current, which is also well-aligned
with the phase of, 1.

Additionally, Table 2 and 3 show the mitigation performance of proposed and benchmark techniques. The
performance comparison of THD reduction for RC and RL loads highlights the effectiveness of the proposed
voltage balancing technique. Without SAPF, the THD values are significantly high, reaching 112.22% for the RC
load and 43.31% for the RL load. Using the benchmark technique, the THD values are reduced substantially to
3.28% and 1.82% for RC and RL loads, respectively. The proposed technique further improves these results,
achieving THD reductions to 3.04% for the RC load and 1.74% for the RL load. This corresponds to an additional
reduction of 7.3% for the RC load and 4.4% for the RL load compared to the benchmark technique, demonstrating
the higher performance of the proposed technique in mitigating current harmonics. The phase difference results
for RC and RL loads further validate the effectiveness of the proposed voltage balancing technique. Without SAPF,
significant phase differences are observed, with 9.5° for the RC load and -7.9° for the RL load. The benchmark
technique greatly minimizes these differences, reducing them to 0.5° for the RC load and -0.2° for the RL load. The
proposed technique improves upon this performance, achieving phase differences of just 0.1° for the RC load and
0.0° for the RL load. These results highlight the better capability of the proposed technique in achieving higher
phase alignment, enhancing the overall performance of the system.

Furthermore, Figure 8 and Table 4 show the peak-to-peak voltage ripple of overall DC-link voltage (v,.), DC-
link voltages of H1 and H2 (V,.,, V,.,), and DC-link voltage differences between H1 and H2 (v, — V,,). Under steady-
state conditions, for the RC load, the peak-to-peak voltage ripple is reduced from 7.0 V (3.5 to -3.5 V) using the
benchmark technique to 5.2 V (2.6 to -2.6 V) with the proposed technique, representing a reduction of 25.7%.
Similarly, for the RL load, the peak-to-peak voltage ripple decreases from 9.6 V (4.8 to -4.8 V) to 5.8 V (2.9 to -2.9
V), achieving a significant reduction of 39.6%.

Under dynamic-state conditions during a load change from RC to RL at 1.5 seconds, the peak-to-peak voltage
ripple is reduced from 17.05 V (5.25 to -11.8 V) with the benchmark technique to 11.61 V (1.92 to -9.69 V) using
the proposed technique, achieving a reduction of 31.9%. These results demonstrate the superior performance of
the proposed technique in maintaining stable voltage levels across different load conditions and operating states.
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Fig. 7 Waveforms of voltage Vg, load current I, injection current I,; and source current I of proposed and
benchmark techniques under (a) RC; and (b) RL load conditions

Table 2 THD values of source current, I under RC and RL load conditions

Method RCload (THD%) RL load (THD%)
Without SAPF 112.22 43.31
Benchmark Technique 3.28 1.82

Proposed Technique 3.04 1.74
%Reduction 7.3% 4.4%

Table 3 Phase difference of source current, I under RC and RL load conditions

Method RC load (phase difference) RL load (phase difference)
Without SAPF 9.5 -7.9
Benchmark Technique 0.5 -0.2
Proposed Technique 0.1 0.0

UT H M ‘ Penerbit

Tniversi Tun Fussein Onn Maiaysia



337 Int. Journal of Integrated Engineering Vol. 18 No. 3 (2026) p. 327-339

Table 4 Peak-to-peak voltage ripple under RC and RL load conditions

Load Condition Benchmark Technique Proposed Technique %Reduction

Steady-state condition (peak-to-peak voltage ripple)

RC 3.5Vto-3.5V 26Vto-2.6V 25.7%
(total=7V) (total=5.2V)

RL 48Vto-48V 29Vto-29V 39.6%
(total=9.6 V) (total=5.8V)

Dynamic-state condition (peak-to-peak voltage ripple)

RC-to-RL 525Vto-11.8V 1.92Vt0-9.69V 31.9%
(total=17.05V) (total=11.61V)
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Fig. 8 DC-link voltage waveforms of 5-Iv CHB inverter demonstrated by (a) The proposed technique; and (b)
Benchmark technique
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5. Conclusion

The results show the superior performance of the proposed voltage balancing technique compared to the
benchmark technique across various operating conditions. Under steady-state conditions, the proposed technique
achieved significant reductions in peak-to-peak voltage ripple, with a 25.7% reduction for RC loads and a 39.6%
reduction for RL loads. Similarly, during dynamic-state conditions, the proposed technique reduced the peak-to-
peak voltage ripple by 31.9% during load changes from RC to RL.

Additionally, the proposed technique consistently delivered improved harmonic mitigation and phase
alignment. For THD, the proposed technique outperformed the benchmark, achieving reductions of 9% for RC
loads and 7.8% for RL loads. Furthermore, the proposed technique achieved better phase alignment with
negligible phase differences for both RC and RL loads.

These findings highlight the proposed technique's effectiveness in enhancing voltage balancing, mitigating
harmonics, and maintaining stable operation under both steady-state and dynamic-state conditions, making it a
robust and efficient solution for CHB inverter-based SAPF applications.
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