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The increasing use of advanced nonlinear power supplies in applications such as electric
heaters, switch-mode power supplies, fluorescent lamps, and air conditioning voltage
controllers has led to notable concerns regarding power quality in distribution networks.
These systems often inject harmonic currents, resulting in waveform distortion and energy
inefficiency. Current-Pulsed Power Supplies (CPPS), which are extensively utilized in
industrial processes, are particularly prone to producing such distortions. To overcome these
challenges, this research proposes the use of Active Power Filters (APFs) for simultaneous
harmonic mitigation and reactive power compensation. The APF design incorporates a
three-level NPC inverter, where PWM techniques are applied to maintain balanced dc-link
capacitor voltages while functioning in parallel with the CPPS. To further enhance system
performance, the study introduces the Benders decomposition theorem as an optimization

framework for achieving reliable power flow management. PI controller is utilized to
regulate the DC bus voltage of the APF, selected for its fast dynamic response and ability to
minimize control delays in nonlinear load environments. The proposed strategy confirm by
Simulation results that significantly improves stability, reduces harmonic distortion, and
strengthens the overall reliability of CPPS, thereby contributing to improved power quality
in modern electrical systems.

Copyright ©2026 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
BY under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

Power quality is increasingly recognized as one of the most pressing challenges in modern power distribution systems due to the
rapid proliferation of nonlinear loads and power electronic devices. The extensive adoption of semiconductor-based technologies across
industrial and household applications such as switch-mode power supplies (SMPS), fluorescent lamps, electric heating systems, and air-
conditioning voltage controllers—has led to significant waveform distortion and energy inefficiencies [1]. These devices, while enabling
improved efficiency, are inherently nonlinear in their current—voltage characteristics. Consequently, they inject harmonic currents and
reactive power fluctuations into distribution lines, resulting in voltage distortion, equipment overheating, malfunctioning of protective
relays, and increased system losses [2], [3]. Traditional mitigation methods relied heavily on passive filters composed of inductors and
capacitors. While simple and low-cost, passive filters suffer from notable drawbacks including fixed compensation characteristics,
resonance issues, and limited adaptability under dynamic load variations [4]. To overcome these limitations, APFs have gained
prominence as a flexible and dynamic solution. APFs use power electronic converters to generate and inject harmonic currents that match
the magnitude of the unwanted harmonics, but opposite phase to those generated by nonlinear loads, effectively cancelling them at the
point of common coupling. In addition to harmonic suppression, APFs can simultaneously provide reactive power compensation, thereby
improving both system efficiency and voltage stability [5], [6].
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The performance of APFs has been significantly enhanced by the evolution of multilevel inverter technologies. Compared to
traditional two-level inverters, multilevel configurations generate output voltages with lower harmonic distortion, reduced switching
losses, and improved efficiency. Among the different topologies, the three-level NPC inverter has become a standard choice for medium-
to high-voltage applications due to its ability to share voltage stress across devices and deliver improved power quality [7], [8]. Recent
innovations, such as space vector modulation and zero-sequence voltage injection, have further improved NPC inverter stability by
addressing the challenge of dc-link neutral point voltage balancing [9], [10]. Another critical area of focus involves Current-Pulsed Power
Supplies (CPPS), which are widely applied in electrochemical industries, including electro-deposition and surface treatment. CPPS units
are designed to provide pulsed currents that enhance coating uniformity and deposition efficiency. However, the non-periodic and high-
amplitude nature of these pulses contributes to severe harmonic distortions in supply networks [11]. These effects highlight the necessity
of advanced harmonic mitigation strategies capable of adapting to highly dynamic nonlinear load conditions.

To address these challenges, this research proposes the integration of a shunt-configured APF based on a three-level NPC on
PWM-VSI, operating in parallel with a 1 kw CPPS. The APF compensates for reactive power demand while mitigating harmonic currents.
Through PWM-based control, precise regulation of dc-link capacitor voltages is achieved, thereby ensuring stability under nonlinear
operating conditions [ 12]. The system’s dynamic performance is further enhanced by incorporating a Proportional—Integral (PI) controller,
which provides rapid response and eliminates steady-state error in regulating the dc bus voltage [13]. In addition to filtering and control
strategies, large-scale nonlinear systems demand efficient optimization frameworks. To this end, the study employs the Benders
decomposition theorem, a mathematical programming method used to decompose complex optimization problems into smaller, tractable
sub problems [14]. Originally applied in mixed-integer and stochastic programming, Benders decomposition has shown promise in diverse
fields such as energy markets, power system scheduling, and communication networks [15]. Its application here enables effective
optimization of harmonic mitigation and reactive power compensation, ensuring both reliability and computational efficiency [16]. This
research focus is especially relevant in electro-deposition applications, where pulsed power sources create highly irregular current
waveforms. By combining PI-controlled NPC-based APFs with Benders decomposition optimization, the proposed methodology provides
a comprehensive framework for enhancing stability, improving reliability, and mitigating harmonic distortions in CPPS-driven systems.

Il. METHODOLOGY

To improve power distribution using the Bender Decomposition technique. The three-level diode-clamped inverter functions as
an active harmonic compensator [17], efficiently minimizing the displacement power factor issues and mitigating the harmonic current
distortions introduced by the Current-Pulsed Power Supply (CPPS). Also, utilising sophisticated methods to improve power quality and
efficiency in electrical systems.

1.1 NEUTRAL POINT CLAMPED (NPC) INVERTER (3 LEVEL)
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Figure 1: NPC inverter topology with Active Power Filter.
Source: Authors, (2026).

APF is connected in parallel with the CPPS to mitigate the adverse effects of harmonic distortion and reactive power demand
generated during pulsed load operation as shown in Figure 1. The inverter operates on a regulated DC bus sustained bulk capacitors by
two series-connected, Cq and Cq2. These capacitors split the total DC bus voltage, Vg, into two equal segments (Vaa and V), with the
midpoint ‘n’ serving as a neutral reference. Clamping diodes (D1-D6) facilitate voltage equilibrium across the capacitors, allowing the
inverter to produce three distinct voltage levels (+V4c/2, 0, and —V¢c/2) for each phase. Through PWM-based switching of semiconductor
devices (Sai, Saz, S’a1, S’a2, €tc.), the APF injects compensating currents (iapfa, lapfb, laprc) iNt0 the grid. These currents are meticulously
regulated to mitigate the harmonic and reactive components in the CPPS output, thus restoring sinusoidal current profiles at the point of
common coupling (PCC).This methodology enables effective harmonic suppression, balanced reactive power compensation, and
improved power quality under CPPS-based operating conditions. illustrates how temperature affects lithium-ion battery performance by
showing trends in battery capacity, cycle life, and internal resistance.
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As temperatures rise, battery capacity generally increases, while the cycle life reaches a peak around 25 °C and then declines at
higher temperatures. Internal resistance remains relatively stable but shows slight variations. This underscores the importance of optimal
thermal management for battery efficiency and longevity.
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Figure 2: Operation modes of NPC -PWM —VSI.
Source: Authors, (2026).

The operation of the proposed NPC Pulse Width Modulated Voltage Source Inverter is illustrated in Figure 2. Each phase leg of
the inverter is capable of generating three distinct voltage levels across the terminals, thereby enabling effective compensation of reactive
power and harmonics. In Figure 2(a), the switching sequence for generating a positive voltage level is shown. When switches Sa1 and Sa
are turned ON, the phase terminal ‘a’ is connected to the positive dc-link voltage, resulting in van=+Vq/2v. For achieving a zero-voltage
state, as represented in Figure 2(b), the switches Sa2 , S'a are activated along with the clamping diodes, ensuring that the terminal ‘a’ is
clamped to the neutral point. This condition maintains van=0 allowing current to flow through the appropriate path depending on the
direction of the load current iara. In Figure 2(c), the negative voltage level is obtained by switching S'a1 and S'a2. Under this mode, the
terminal ‘a’ is connected to the negative dc-link, resulting in van=—V /2. The switching devices operate at the carrier frequency fs to
ensure SPWM. A similar control strategy is employed in phases ‘b’ and ‘c’ to produce balanced three-phase voltages Von and ven.
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Figure 3: Three-level NPC APF and CPPS Parallel connections.
Source: Authors, (2026).

The integration of the inverter with the CPPS is depicted in Figure 3. The CPPS is directly connected to the PCC with the utility
grid. Due to the highly non-linear characteristics of the CPPS, significant current distortions are introduced into the supply system. To
mitigate these distortions, a shunt APF based on a three-level NPC inverter is employed. The APF, consisting of twelve IGBT switches
and six clamping diodes, is connected in parallel with the CPPS. By injecting compensating currents (ica(t), ico(t), icc(t)) in opposition to
the harmonic components drawn by the CPPS, the APF ensures that the source currents (isa(t), iso(t), isc(t)) remain sinusoidal and in phase
with the supply voltages. This configuration enhances the power quality at the PCC by reducing THD, providing reactive power
compensation, and improving the overall stability of the system under non-linear loading conditions.
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1.2 METHOD OF APF CONTROL

The control strategy employed for the proposed system ensures rapid and accurate calculation of reference currents [18] to
maintain the stability of the dc-link voltage (Vqc) and to generate appropriate gating signals for the APF. This is achieved using a PWM-
based current modulation approach, which not only facilitates precise reference tracking but also incorporates modulation principles
suitable for the three-level NPC inverter structure. The use of a multilevel PWM inverter offers significant advantages when operating as
a current compensator. First, it reduces the generation of harmonic currents, thereby minimizing the stress imposed on the utility supply.
Second, it enables effective handling of higher power ratings, resulting in improved efficiency, enhanced power quality, and overall
system stability. Figure 4 illustrates the system configuration, where the APF operates in equivalent with a non-linear Current Pulsed
Power Supply (CPPS) at the PCC. The APF is regulated by deriving reference currents from the supply voltage signals, while a three-
phase SPWM generator develop the gating pulses for driving the inverter switches. Initially, the APF supplies compensating current
towards the CPPS non-linear load [19]. When the inverter-generated currents are injected through the PCC, the source current components
isa(wt), ish(ot), and isc(ot) are corrected. This compensation process ensures that the input currents drawn from the utility remain sinusoidal
supply voltages, effectively mitigating the harmonic distortions and reactive power demands introduced by the CPPS. Through this
coordinated operation, the APF maintains stable dc-link voltage, ensures efficient compensation of load-induced disturbances, and
significantly enhances the overall quality of power delivered at the PCC.
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Figure 4: Circuit diagram of APF connected to CPPS.
Source: Authors, (2026).

1.3 OPTIMIZATING POWER USING BENDERS DECOMPOSITION THEOREM

In this research, the Benders decomposition algorithm is employed as an effective tool for power optimization [20], particularly
in addressing the complexity of Mixed Integer Programming (MIP) problems that involve both integer decision variables and coupling
constraints. Instead of solving the entire problem directly, the approach decomposes it into two smaller, more manageable parts that are
solved iteratively. The master problem deals with the binary or integer variables, such as switching states and discrete control actions of
the inverter, while the subproblem focuses on continuous variables, including voltages and currents, formulated as a linear programming
task to ensure compliance with system constraints. During each iteration, feasibility and optimality cuts are generated to progressively
refine the master problem, thereby accelerating convergence toward the optimal solution. In this study, the measured supply currents and
voltages at the PCC are considered as inputs, while the optimized voltage reference serves as the output that governs the modulation of
the three-level NPC inverter. By applying this decomposition strategy, the computational burden of the optimization process is
significantly reduced [21], allowing parallel solution of sub problems, improving convergence speed, and enhancing the precision of
voltage reference generation. Consequently, the method ensures improved harmonic suppression, reactive power compensation, and
stability of the Active Power Filter (APF), thereby maintaining high-quality power delivery under nonlinear loading conditions.

S T+ Ty

s.t. Ax+By=> b

vx; > 0,vy; € (0,1} )

Here, x and y are vectors of continuous variable xi and binary variable yj (representing voltage) and current sources), the
coefficients of the objective function are denoted by ¢ and f, while the constraint equations are defined by the coefficient matrices M and
N. The notation (-)(-)T denotes the transpose operation. The solution to this equation is derived through iterations using Benders’
Decomposition concept. For the k-th iteration, the first sub-problem is formulated as:
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stMTu <c,
max(b — Ny )Ty (2)
And the second sub-problem is the relaxed master problem:
e 2+ fTy
St—-NyY)T a™<zvm=1,..,k,
(b-Ny)T 7O <0,vi=1,..,k,,
vy; € {0,1} 3

11.4 POWER QUALITY IMPROVEMENT WITH Pl CONTROLLER

Figure 5: Benders decomposition theorem based active power filter with CPPS.
Source: Authors, (2026).
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Figure 6: Schematic of Benders decomposition theorem along with PI controller.
Source: Authors, (2026).

In the proposed approach, a PI controller is integrated with the regulated DC-link voltage of the APF (Figure 5) to enhance power
quality by suppressing harmonic distortions and compensating reactive power associated with nonlinear loads. The controller operates by
constantly monitoring the capacitor voltage and comparing it with the reference value. The resulting error signal is then utilized to regulate
and stabilize the DC bus voltage as shown Figure 6. To prevent the influence of high-frequency components, this error is filtered through
a Butterworth LPF, allowing only the essential control signals to pass through. Based on this processed signal, the Pl controller determines
the necessary peak reference current required to maintain stability of the DC-link voltage.
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H(s) =Ke+Kl/s 4)

Where Kp=0.7 and K;=23 define the proportional and integral gains, respectively. The proportional action ensures a rapid
dynamic response to sudden changes, while the integral component eliminates steady-state error, thereby maintaining the voltage at its
desired level. Once the voltage regulation is achieved, the controller output is converted into Pulse Width Modulation (PWM) gating
signals. These PWM signals, consisting of pulses with varying widths, govern the switching of the inverter devices and allow precise
control of the DC-side voltage, leading to effective compensation and improved system performance.

I1l. RESULTS AND DISCUSSION

Extensive simulations were performed to evaluate the effectiveness of a three-level NPC Pulse Width Modulation VSI combined
with the Benders Decomposition technique for Active Power Filtering (APF). The system was modeled and analyzed using
MATLAB/Simulink, and the initial outcomes demonstrate highly encouraging results. The findings clearly indicate that the application
of a shunt APF considerably minimizes harmonic distortions present in the source current. This validates the effectiveness of the proposed
methodology in improving power quality and highlights its capability to mitigate the adverse impacts of harmonic disturbances.

“I "J*n'M _\’".|'m "| -'INML‘
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Figure 7: Voltage and Current without Compensation.
Source: Authors, (2026).

Figure 7 shows the behaviour of the system when no compensation technique is applied. The voltage waveform remains nearly
sinusoidal, but the corresponding current waveform is highly distorted because of the nonlinear characteristics of the Current Pulsed
Power Supply (CPPS). These distortions indicate the presence of significant harmonic components, which not only degrade the quality
of power but also increase the Total Harmonic Distortion (THD) beyond acceptable limits. Such conditions can lead to overheating of
equipment, additional losses in the distribution network, and reduced overall efficiency of the power system. The results emphasize the
necessity of incorporating an Active Power Filter (APF) to counteract the adverse impact of nonlinear loads on source currents.

Figure 8: Voltage and Current with Compensation (Using APF).
Source: Authors, (2026).
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Figure 8 presents the compensated waveforms when the proposed three-level NPC inverter-based APF is introduced into the
system. It is evident that the current waveform is now much closer to a sinusoidal profile and is well aligned with the supply voltage. This
improvement is achieved because the APF delivers compensating currents at the PCC, which match the harmonic components of the
nonlinear load in magnitude but are phase-shifted by 180°, thereby neutralizing their effect.. As a result, the distorted load current is
effectively neutralized, leading to smoother current flow and improved power factor. Moreover, the dynamic response of the system is
enhanced, ensuring that even under sudden load variations the APF continues to maintain waveform quality. These results highlight the
capability of the proposed control approach to stabilize system performance and improve the quality of power delivered to the grid. Figure
9 depicts the harmonic spectrum analysis, focusing on the THD levels of the source current. Without compensation, the THD is
considerably high, confirming that nonlinear loads severely distort the current waveform. After applying the APF, the THD value is
drastically reduced, validating the efficiency of the proposed method in suppressing harmonics. The significant reduction in THD ensures
that the source current complies with IEEE-519 harmonic distortion standards, thereby protecting both the grid and connected equipment
from the negative effects of harmonics. Lower harmonic distortion also translates into reduced power losses, minimized stress on
transformers and cables, and extended lifespan of sensitive electronic devices. The results collectively confirm that the APF not only
restores sinusoidal current waveforms but also ensures stable voltage regulation, improved system efficiency, and consistent operation of
the overall system.
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Source: Authors, (2026).

IVV. CONCLUSION AND FUTURE WORK

This research presented a novel approach that integrates the Benders Decomposition algorithm with a three-level NPC Pulse
Width Modulation VSI based APF to improve the performance of Current-Pulsed Power Supply systems operating under nonlinear load
conditions. By leveraging Benders decomposition, the optimization of power distribution was achieved, while the APF effectively
suppressed harmonic currents and compensated for reactive power. A Proportional-Integral (PI) controller was employed to address
critical challenges such as dc-link voltage regulation and capacitor voltage balancing, ensuring stable and reliable system operation.
Simulation results confirmed that the proposed system significantly reduces current distortions, restores sinusoidal source currents, and
lowers the Total Harmonic Distortion (THD) to within IEEE-519 standards. Furthermore, the use of the NPC inverter configuration
helped reduce voltage stress across semiconductor devices, improving the efficiency and reliability of the power conversion process.
While the findings are highly encouraging, there remains scope for further investigation. Future work will focus on real-time
implementation of the proposed method using digital control platforms such as DSP or FPGA to validate its practical feasibility.
Hardware-in-the-loop (HIL) experiments will be conducted to test the robustness of the system under dynamic operating conditions.
Additionally, extending the methodology to renewable energy systems such as photovoltaic or wind-based distributed generation will be
explored to address power quality challenges in smart grid environments. The adoption of advanced control strategies, including adaptive
or model predictive control, may further enhance dynamic response and improve system performance. In summary, the integration of
Benders decomposition with an NPC-based APF demonstrates a promising and scalable solution for improving power quality in nonlinear
CPPS systems, laying the groundwork for future applications in modern and sustainable power networks.
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