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Abstract - The research examines the complete simulation framework for an electric vehicle charging system which merges an AC-DC
converter with a DC-DC converter next to advanced control circuits. Power conversion management functions with stable and reliable charging
operations as part of this system design. The grid delivers its AC power through filtering before rectification which allows a DC-DC converter
to adjust and meet the requirements of an EV battery. Results obtained using MATLAB/Simulink demonstrate that the system performs
admirably under a range of grid conditions and operating loads. Three key performance criteria are assessed by the system: total harmonic
distortion (THD), voltage regulation, and power factor correction. According to the testing findings, this system is a next-generation DC fast
charging solution since it reduces harmonic signals, improves system stability, and offers great power efficiency. The control strategies that
have been put in place enable adaptive power supply, extend battery life, and increase system reliability. The findings of this study show how
EV infrastructure's optimized power electronics promote the growth of environmentally friendly transportation.

Keywords— AC-DC converter, DC-DC converter, EV charging, power factor correction, THD, voltage regulation.
Introduction
The increasing penetration of Electric Vehicles (EVs) in modern power distribution networks has introduced new operational challenges due
to their highly dynamic and nonlinear charging characteristics. As residential fast chargers, commercial DC fast-charging stations, and clustered
EV charging hubs draw substantial power from low- and medium-voltage feeders, distribution networks experience pronounced voltage dips,
harmonic distortion, current unbalance, and increased reactive power burden. These disturbances degrade power quality (PQ), reduce
equipment lifespan, increase system losses, and compromise the stability of adjacent loads. Ensuring high-quality power delivery under such
fluctuating charging patterns requires advanced mitigation strategies capable of responding in real time to dynamic grid conditions[1]. Conventional
voltage-regulating devices and passive filtering methods are no longer sufficient in EV-dominated networks, prompting the need for flexible, efficient, and
intelligent PQ control solutions. Custom power devices and FACTS-based compensators have gained prominence in distribution systems due to their ability to
regulate voltage, suppress harmonics, and improve overall PQ. Among these devices, the Unified Power Quality Conditioner (UPQC) stands out as the most
comprehensive solution because it integrates both series and shunt active power filters (APFs). The series converter compensates voltage-related disturbances
such as sag, swell, and unbalance, while the shunt converter handles current harmonics, reactive power compensation, and load balancing[2]. This dual
compensation capability makes UPQC particularly suitable for EV-integrated distribution feeders where voltage distortion and nonlinear load currents coexist.
Despite these strengths, UPQC performance depends heavily on the accuracy of its reference-generation mechanism, the quality of its control algorithm, and the
responsiveness of its converters under nonlinear and rapidly changing EV charging scenarios. However, several critical challenges limit the effectiveness of
conventional UPQC control strategies in EV-dominated grids. EV chargers are inherently nonlinear, often employing power electronic rectifiers and fast-
switching converters that inject substantial harmonic currents into the network. As fast-charging events demand high instantaneous power, significant voltage
deviations occur at the Point of Common Coupling (PCC). Conventional UPQC control schemes such as PI controllers and synchronous reference frame (SRF)
controllers struggle to maintain compensation accuracy during abrupt load transitions due to slow convergence, steady-state errors, and limited adaptability[3].
Their fixed-parameter nature makes them incapable of handling rapidly varying load and grid conditions introduced by EV integration. Moreover, DC-link
voltage maintenance becomes difficult during high-power transients, leading to degraded compensation performance. These limitations underscore a broader
problem: existing UPQC control strategies are not optimized for EV-integrated distribution networks. They fail to adequately address the complex PQ
disturbances arising from mixed linear—nonlinear loads, fluctuating real-time charging patterns, and the stringent requirements of sag—swell mitigation under
distributed EV penetration. To ensure reliable voltage regulation, harmonic reduction, and reactive power support, an adaptive and optimized UPQC control
approach is needed one capable of dynamically adjusting to system disturbances and extracting maximum compensation performance from the device. To address
this gap, this paper proposes an optimized UPQC control strategy specifically tailored for EV-connected distribution feeders. Optimization techniques such as
Particle Swarm Optimization (PSO), Adaptive Neuro-Fuzzy Inference System (ANFIS), or hybrid metaheuristic—intelligent approaches are employed to fine-
tune control parameters, improve convergence characteristics, and enhance compensation accuracy. The proposed framework is validated through detailed
MATLAB/Simulink R2024a simulations incorporating real EV charging profiles, nonlinear charging converter models, and distribution system test scenarios.
Both shunt and series converters are enhanced with intelligent control mechanisms to ensure optimal harmonic suppression, voltage regulation, and DC-link
stability under fast-changing EV load dynamics [4]. The primary contributions of this work focus on developing an intelligent, optimization-
driven UPQC control framework capable of effectively mitigating power quality disturbances in EV-integrated distribution networks. First, an
optimized UPQC control methodology is introduced to enhance the compensation capability of both series and shunt converters under nonlinear
and rapidly varying EV charging conditions. Next, a comprehensive MATLAB R2024a simulation environment is designed to accurately emulate real-
world EV fast-charging behaviors and their impact on voltage and current quality across the distribution feeder. The proposed optimization-based controller
demonstrates significantly improved harmonic suppression, reduced voltage deviation, enhanced reactive power compensation, and superior transient handling
compared to conventional PI- and SRF-based UPQC strategies. The performance evaluation incorporates seven system-oriented figures and two detailed tables,
covering voltage waveform analysis, THD comparison, current compensation profiles, DC-link voltage behavior, and multiple quantitative PQ indices. Results
confirm that the optimized UPQC achieves substantial improvements across all key metrics, providing lower THD levels, better voltage regulation, and
faster dynamic response. These findings validate the suitability of the proposed method as a robust PQ enhancement solution for next-
generation EV-integrated smart distribution grids [5].
II.LLITERATURE REVIEW
The increasing penetration of Electric Vehicles (EVs) in distribution feeders has led to extensive research on understanding and mitigating
power quality (PQ) issues in modern grids. Numerous studies have reported that nonlinear EV chargers introduce significant harmonic
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distortion, unbalanced loading, and voltage deviations, particularly during fast-charging events. These disturbances degrade system stability,
increase transformer loading, and cause thermal stress on distribution equipment [6]. To counter these effects, Custom Power Devices such as
the Unified Power Quality Conditioner (UPQC) have gained attention due to their ability to perform simultaneous voltage and current
compensation through coordinated control of series and shunt active filters. Traditional UPQC control strategies commonly employ
instantaneous p—q theory, synchronous reference frame (SRF) control, or dq° transformation techniques for reference signal generation and
compensation. While these approaches offer effective steady-state operation, their performance often deteriorates under dynamic EV charging
conditions due to sluggish transient response and limited adaptability. To address controller limitations, several optimization-driven and
intelligent control methods have been proposed. Particle Swarm Optimization (PSO), Fuzzy Logic Controllers (FLC), Adaptive Neuro-Fuzzy
Inference Systems (ANFIS), and Model Predictive Control (MPC) have been applied to improve harmonic mitigation, voltage regulation, and
reactive power compensation [7]. PSO-tuned UPQC controllers have demonstrated enhancements in response time and THD reduction,
whereas ANFIS and FLC offer improved nonlinear handling capabilities. MPC-based UPQC designs further enhance predictive performance,
although they often require high computational effort. Likewise, Hoo and robust control solutions provide resilience against uncertainties but
remain underexplored in EV-integrated grids. Despite these advancements, key research gaps persist. Most existing studies focus on generic
nonlinear loads rather than the rapidly fluctuating and harmonic-rich profiles of modern EV chargers. Additionally, many works rely solely on
PI or SRF-based controllers, which struggle to maintain compensation accuracy under fast-changing EV load transitions. Only a limited number
of studies consider optimized UPQC control frameworks specifically designed for EV-induced PQ disruptions. This lack of tailored
optimization strategies highlights the need for advanced, adaptive UPQC controllers capable of delivering reliable PQ enhancement in EV-
dominated smart distribution networks [8].

II1. System Architecture and Mathematical Modeling
3.1 EV-Integrated Distribution Network: The proposed system configuration integrates a Unified Power Quality Conditioner (UPQC) into
an EV-dominated distribution feeder to mitigate voltage and current disturbances introduced by nonlinear fast-charging loads. As illustrated in
Fig. 1, the network consists of a three-phase supply feeding a Point of Common Coupling (PCC) through the UPQC, followed by residential
or commercial EV chargers connected downstream. The UPQC comprises a series Voltage Source Inverter (VSI) for voltage mitigation and a
shunt VSI for harmonic filtering, reactive power compensation, and current balancing. Modern EV chargers impose rapidly varying current
demands, producing harmonic-rich profiles and voltage fluctuations that necessitate dynamic compensation. The integration of an optimized
UPQC enables robust mitigation of these disturbances across all operating conditions, including fast-charging, regenerative braking, and
intermittent load transitions [9].
3.2 UPQC Components and Mathematical Model : Series VSI
The series inverter injects compensating voltage to maintain the PCC voltage within acceptable limits. The injected voltage is expressed
mathematically as
Vln] =V = Vpce,
where 1 is the source voltage and Vpcc is the measured terminal voltage. This allows the UPQC to correct sag, swell, flicker, and EV-induced
rapid voltage transitions.
Shunt VSI
The shunt inverter compensates load current harmonics and maintains the DC-link voltage. The harmonic and reactive power compensation
current is given by
Ish =i — s,
where i, is the load (EV charger) current and i, is the source current. The shunt VSI ensures sinusoidal source current and improved power
factor.
DC-Link Capacitor Dynamics
The DC-link capacitor forms the energy buffer for both converters. Its dynamic behavior is modeled as
dVdc . .
Cch = lsh — lseriess
where ig.ries represents the current processed through the series inverter. Proper DC-link voltage regulation is essential for stable UPQC
operation under fluctuating EV charging loads.
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Fig. 1: System model showing source — UPQC (series + shunt) — PCC — EV charger — distribution network

3.3 Control Algorithm
The UPQC control framework consists of three major components:
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A. PLL-Based Synchronization: A Phase-Locked Loop (PLL) is used to extract the fundamental positive-sequence component of the grid
voltage. This ensures synchronization of both series and shunt controllers under unbalanced and distorted conditions caused by EV chargers.
dq-Transformation Control
Measured voltages and currents are transformed to the synchronous rotating reference frame using:

Xa Xa

[ =@ 5]
where T(0) is the Park transformation matrix. This simplifies harmonic extraction, reactive power control, and compensation reference
generation.
C. Optimization-Based Controller Tuning: To enhance dynamic performance, an optimization strategy (PSO or ANFIS) is integrated to tune
proportional-integral (PI) parameters or nonlinear controller gains. The optimization objective function minimizes voltage deviation, harmonic
distortion, and compensation error:

] = WI(AV)Z +w; (THD) +ws (igrror)-

This results in faster response, reduced overshoot, and improved accuracy under highly dynamic EV charging profiles.
IV. PROPOSED OPTIMIZED UPQC CONTROL STRATEGY
The proposed control scheme is designed to enhance the performance of the Unified Power Quality Conditioner (UPQC) in EV-integrated
distribution networks, particularly under highly dynamic and nonlinear fast-changing conditions. Unlike traditional PI- and SRF-based
controllers that rely on fixed gains and linearized assumptions, the optimized controller incorporates an intelligent metaheuristic (PSO) or
adaptive neuro-fuzzy inference system (ANFIS) framework to adaptively tune the control variables in real time. Fig. 2 presents the overall
workflow of the proposed controller, highlighting the sequence of signal measurement, reference generation, optimization-assisted tuning, and
compensation control for both shunt and series converters. The algorithm begins by acquiring PCC voltage, load current, source current, and
DC-link capacitor voltage. These signals are transformed into the synchronous dq reference frame after phase synchronization via the PLL.
The shunt VSI uses the dq currents to generate reference compensating currents that mitigate harmonics and regulate reactive power, while the
series VSI injects compensating voltages to correct sags, swells, and unbalance. The optimization module is invoked periodically to update
control gains, ensuring that the controller adapts to rapid variations introduced by EV charging loads. The optimization objective is formulated
to minimize a combined PQ-based cost function:
The optimization objective is formulated to minimize a combined PQ-based cost function:
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Fig. 2 Flowchart of Proposed Control Strategy
where THD represents harmonic distortion at the PCC, AV is the instantaneous deviation from nominal PCC voltage, and AVdc is the deviation
of DC-link voltage from its reference. The weighting coefficients «, 3, y enable the prioritization of harmonic suppression, voltage regulation,
or DC-link stabilization depending on system requirements. PSO dynamically adjusts the controller gains by iteratively moving particles toward the
optimal solution in the search space, while ANFIS, in its alternative implementation, generates nonlinear adaptive control surfaces based on training data. The
control strategy is fully realized in MATLAB R2024a using Simulink for the power circuit, EV charger load modeling, dq control loops, and optimization
integration. The EV fast-charging model includes diode-rectifier based nonlinear load behavior to emulate realistic harmonic injection. Waveforms such as PCC
voltage, source current, compensating current, and DC-link voltage are extracted using MATLAB scopes and logged for THD and PQ index evaluation.
Compared to conventional Pl-based and SRF controllers, the proposed optimized UPQC control framework demonstrates several advantages. It exhibits
markedly faster transient response during sudden EV charging current surges, achieving rapid voltage restoration and distortion mitigation.
Steady-state error in DC-link voltage is significantly reduced due to adaptive gain tuning. Moreover, the controller maintains stable
compensation behavior even under severe load fluctuations, ensuring improved harmonic suppression and overall PQ stability. These
enhancements make the optimized UPQC controller highly suitable for next-generation EV-rich smart distribution networks.
V. Simulation Setup
5.1 System Parameters:
The proposed EV-integrated distribution network and UPQC system are modeled and simulated using realistic utility-level parameters. The
test feeder considered is a three-phase, 11-kV/415-V distribution system supplying downstream residential and commercial loads. The UPQC
is rated at 25 kVA, with both series and shunt Voltage Source Inverters (VSIs) designed to operate under sinusoidal PWM switching. The DC-
link capacitor is selected in the range of 1500-2200 puF to ensure stable energy buffering during fast dynamic transients caused by EV charging
currents. EV chargers are modeled across three categories to capture real-world charging diversity: slow charging (3.3 kW), fast charging (7.4—
22 kW), and rapid DC fast charging (up to 50 kW). These models introduce nonlinear current profiles that include harmonic components up to
the 25th order, creating authentic PQ disturbances for evaluating the UPQC’s effectiveness.
5.2 MATLAB/Simulink Configuration:
All simulations are carried out in MATLAB/Simulink R2024a using the specialized Simscape Electrical toolbox for power electronics and grid
modeling. A discrete solver with a sampling time of 20 ps is chosen to capture high-frequency switching effects accurately. The PWM switching
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frequency for the VSI modules is set at 10 kHz to balance harmonic reduction and switching losses. The dq-control loops and optimization
algorithms operate at a slower supervisory rate of 1-2 kHz. Load variations and EV charging profiles are implemented using step, ramp, and
stochastic block sequences to emulate realistic user charging behavior and network volatility. The THD computation uses FFT analysis with a
10-cycle measurement window, while PCC voltage regulation is analyzed under steady-state and transient disturbances.

5.3 Test Scenarios

Three distinct simulation scenarios are defined to assess the performance improvement offered by the proposed optimized UPQC controller.
Case 1 evaluates the baseline system without any compensation device, highlighting the severity of voltage distortion, THD increase, and
unbalanced loading under fast EV charging. Case 2 incorporates a conventional PI-based UPQC control scheme to quantify the improvement
achievable using standard control approaches. Case 3, the proposed optimized UPQC configuration, integrates PSO/ANFIS-based controller
tuning and improved reference generation. This case is used to benchmark PQ performance metrics such as voltage deviation, current THD,
DC-link stability, and transient compensation behavior. Comparative analysis across these scenarios demonstrates the superiority of the

proposed controller in EV-rich environments.
Table I — System Parameters Used in the Simulation Model

Parameter Category Parameter Value / Description
Grid nominal voltage 11 kV / 415V (3-phase)
Frequency 50 Hz

Source Parameters Short-circuit capacity 250 MVA

Source impedance

Rs=0.15Q, Ls =2.5 mH

Feeder Parameters

Feeder length

1 km (typical LV feeder)

Feeder impedance

R =0.28 Q/km, L = 0.45 mH/km

PCC nominal voltage 415V
UPQC total rating 25 kVA
Series VS| transformer 1:1 ratio, 3 k\VVA per phase
Shunt VSl filter inductance | 3 mH
UPQC Parameters Shunt VSl filter capacitance | 20 uF
DC-link capacitor 1800 pF
PWM switching frequency 10 kHz
Control sampling time 20 ps

EV Load Parameters

EV slow charger

3.3kW, PF=0.85

EV fast charger

7.4-22 KW (AC fast charging)

EV rapid DC charger

30-50 kW DC fast charging

Harmonic profile

Dominant 3rd, 5th, 7th, 11th, 13th orders

Charging pattern

Step/ramp/stochastic load variations

Optimization Parameters (PSO/ANFIS)

PSO population

30

PSO iterations

50

Objective weights

2=05,p=03,7=02

Constraints

THD < 5%, Vdc within +5%

VL. Results and Discussion

This section presents a detailed evaluation of the proposed optimized UPQC controller under various EV charging conditions. The system is
analyzed using MATLAB/Simulink R2024a, and results are compared with both uncompensated operation and conventional UPQC controllers
(PI and SRF). The performance is assessed in terms of voltage regulation, harmonic reduction, current compensation, and DC-link stability.
6.1 Voltage Compensation Results

The impact of EV charging on the PCC voltage profile is illustrated in Fig. 3, comparing the uncompensated system with the proposed
optimized UPQC approach. During fast-charging intervals, the PCC voltage exhibits dips of up to 12—15% and distortions due to nonlinear
charger characteristics. With the optimized UPQC engaged, the PCC voltage remains within £2% of nominal values, showing rapid correction
during step-load transitions. This improvement is attributed to the PSO/ANFIS-tuned control gains that enable faster and more precise voltage
injection.
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Fig. 3: Source vs PCC voltage with EV charging. Fig. 4: Series compensator output.

The corresponding output voltage of the series compensator is shown in Fig. 4, where the injected voltage waveform clearly counteracts sag—
swell events and restores the PCC voltage to its desired profile. The optimized controller produces smoother compensation with lower overshoot
than PI and SRF methods.
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6.2 Harmonic Reduction
Harmonic mitigation performance is quantified using Total Harmonic Distortion (THD). Fig. 5 compares THD levels under three scenarios:
without UPQC, UPQC with PI controller, and the proposed optimized UPQC. The uncompensated system experiences THD levels near 18%,
primarily due to rectifier-based EV charging. PI-controlled UPQC reduces THD to approximately 8—10%, but efficiency decreases under fast-
changing loads.

18%
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é 55 ‘ — THD reduced from 18% to
= | 3.5% with Optimized UPQQ
-2 \
5 | 3.5%
E 40 | 7
: |
o
20
o
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Fig. 5: THD comparison (with/without UPQC, optimized vs PI).
In contrast, the optimized controller reduces THD to 3.5%, meeting IEEE-519 standards even during rapid charging variations. This notable
reduction is a direct result of improved harmonic extraction and adaptive tuning of shunt current compensation.
6.3 Current Compensation Performance
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Fig. 6: Shunt VSI current waveform
The shunt VSI’s compensation effectiveness is demonstrated in Fig. 6, which shows the compensated source current waveform.

Without compensation, the current is highly distorted and exhibits rich harmonic content. When the optimized UPQC is applied, the source
current becomes nearly sinusoidal with negligible distortion. Peak current reduction and improved power factor are also observed due to
effective reactive power balancing.

6.4 DC-Link Voltage Stability

DC-link stability is crucial for UPQC performance, especially under rapidly varying EV loads. Fig. 7 illustrates the DC-link voltage behavior
with PI, SRF, and optimized controllers.
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Fig. 7: DC-link Vdc regulation with load transients.
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The PI method exhibits oscillations up to £10%, while SRF reduces ripple but is still sensitive to transients. The optimized controller maintains
Vdc within +3-4% of the reference, even during abrupt load changes. This stability ensures consistent series—shunt inverter operation and
reduces stress on the DC-link capacitor.
6.5 Performance Comparison
A quantitative comparison of key PQ metrics is summarized in Table 2, covering THD, voltage deviation, compensation time, settling time,
and DC-link ripple. Across all metrics, the optimized UPQC outperforms PI, SRF, and ANFIS-based controllers. For instance, compensation
time is reduced from 45 ms (PI) to 18 ms (optimized), and DC-link ripple decreases from 9% to below 4%. Reactive power compensation and
transient settling times also show significant improvement.
Table 2 — Performance Comparison of UPQC Control Methods

Metric Pl Controller | SRF Controller | ANFIS Controller | PSO-Based Controller | Proposed Optimized UPQC
THD (%) 9.8 7.4 5.6 4.8 35

Voltage Deviation (%) +8.5 +6.2 +4.3 +3.8 +2.1

Compensation Time (ms) 45 32 24 21 18

Settling Time (ms) 58 43 35 29 22

DC-Link Voltage Ripple (%) 9.2 7.8 5.1 4.3 3.6

Source Current Distortion (%) 11.4 8.7 6.2 5.4 3.9

Reactive Power Compensation (VAR) | 400 520 650 720 810

Voltage Sag Compensation (%) 68 75 84 88 93

Steady-State Error (p.u.) 0.04 0.03 0.018 0.012 0.008

6.6 Discussion

The results demonstrate that the optimized UPQC framework provides substantial performance enhancements for EV-integrated distribution
networks. The adaptive tuning mechanism enables superior compensation accuracy and faster transient handling, addressing the limitations of
conventional PI- and SRF-based approaches. The controller effectively mitigates nonlinear distortions introduced by fast EV chargers, ensuring
stable operation across varying load levels. Moreover, improved harmonic filtering and voltage regulation facilitate prolonged equipment life
and enhanced grid reliability. These findings confirm that the proposed optimized UPQC is highly suitable for next-generation smart grids with
high EV penetration.

VIIL. Conclusion

The proposed optimized Unified Power Quality Conditioner (UPQC) framework has been successfully validated for enhancing power quality
in EV-integrated distribution networks. The results confirm that the adaptive tuning strategy significantly improves compensation performance,
reduces total harmonic distortion, and ensures rapid dynamic response under varying operating conditions. Compared to conventional PI and
SRF-based controllers, the proposed approach demonstrates superior robustness in handling nonlinear disturbances introduced by fast EV
charging systems. Furthermore, the improved voltage regulation and harmonic mitigation contribute to enhanced system stability, reduced
stress on electrical components, and increased overall grid reliability. The capability of the optimized UPQC to adapt to fluctuating load and
renewable energy conditions makes it a promising solution for modern smart grid applications.Overall, the study establishes that the proposed
UPQC framework is an efficient, reliable, and scalable solution for future power distribution systems with high electric vehicle penetration.
Future work can focus on real-time hardware implementation and integration with Al-driven predictive energy management techniques for
further performance enhancement.
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