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Abstract— Fast and efficient energy transfer is critical for modern Electric Vehicle (EV) adoption. This paper presents a rigorous modeling, design,
and simulation-based evaluation of an Electric Vehicle On-Board Charger (OBC) governed by a tuned Proportional-Integral (PI) closed-loop control
scheme. The OBC system integrates a AC-DC Power Factor Correction (PFC) boost converter stage with an isolated DC-DC converter topology to
interface a standard 230 V, 50 Hz AC grid with a high-voltage Lithium-ion traction battery pack (nominal 350 V — 420 V). A cascade PI controller
architecture regulates the inner inductor current loop and outer DC-link/battery voltage loop, achieving precise constant-current (CC) and constant-
voltage (CV) charging profiles. MATLAB/Simulink simulation results demonstrate high efficiency (>95.4%), low Total Harmonic Distortion (THD
< 3.2%), rapid transient recovery (<12 ms), and near-unity power factor (PF > 0.992) under varied load and grid fluctuation conditions.

Index Terms— On-Board Charger (OBC), Electric Vehicle (EV), Proportional-Integral (PI) Controller, Power Factor Correction (PFC), DC-

DC Converter, Constant Current / Constant Voltage (CC/CV), MATLAB/Simulink.

I. INTRODUCTION

The exponential transition from internal combustion engine (ICE)
vehicles to Electric Vehicles (EVs) has surged globally due to
stringent environmental regulations and advancements in battery
technologies. On-Board Chargers (OBCs) represent a fundamental
power electronic interface installed inside electric vehicles to
convert alternating current (AC) from standard grid infrastructure
into controlled direct current (DC) for recharging high-voltage
lithium-ion traction batteries [1].

Mainstream commercial OBCs must fulfill rigorous industrial
mandates: high conversion efficiency, compact power density,
galvanic safety isolation, low electromagnetic interference (EMI),
and minimal grid harmonic pollution in compliance with
IEEE-519 and IEC 61000-3-2 standards [2]. To achieve these
benchmarks, a standard OBC topology comprises two main power
conversion stages: an AC-DC Power Factor Correction (PFC)
stage followed by an isolated DC-DC resonant or phase-shifted
full-bridge (PSFB) stage [3].

Control loop dynamic accuracy, transient overshoot
containment, and steady-state stability are paramount in OBC
operation. Proportional-Integral (PI) control techniques remain the
industry standard due to their operational robustness, low
computational overhead, and predictable phase margin
characteristics when properly tuned [4]. This paper presents the
mathematical formulation, architecture design, and comprehensive
MATLAB/Simulink evaluation of a PI-controlled dual-stage OBC
under realistic EV battery charging cycles.
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Fig. 1. Architectural block diagram of a dual-stage Electric Vehicle On-Board
Charger (OBC) with closed-loop feedback regulation.

II. LITERATURE REVIEW

Recent advancements in power electronic converter topologies for
EV charging have concentrated on wide bandgap (WBG)
semiconductors (Silicon Carbide - SiC and Gallium Nitride - GalN)
alongside advanced digital control strategies [5]. Standard single-
phase AC-DC boost converters operate with active power factor
correction to ensure grid current follows the sinusoidal voltage
waveform in phase [6].

In DC-DC isolated stages, Phase-Shifted Full-Bridge (PSFB)
and LLC resonant topologies are widely implemented due to Zero
Voltage Switching (ZVS) capability, which dramatically reduces
switching losses at higher operating frequencies (100 kHz — 300
kHz) [7]. While advanced controllers such as Model Predictive
Control (MPC) and Sliding Mode Control (SMC) offer fast
dynamic response, their implementation complexity and
sensitivity to parameter variations make classical Proportional-
Integral (PI) control optimized via frequency-response methods
the preferred practical choice in commercial vehicular automotive
control units (ECUs) [8].
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III. SYSTEM ARCHITECTURE & WORKING
PRINCIPLE

The complete EV On-Board Charger system topology consists of
several cascaded power and control blocks, as illustrated in Fig. 1
and Fig. 3:

1. Grid Input & EMI Filter: Filters high-frequency conducted
noise from the 230 V, 50 Hz single-phase AC grid.

2. AC-DC PFC Boost Stage: Rectifies AC input and boosts it to
an intermediate stabilized DC-link voltage (approx. 400 V —
750 V) while shaping the grid current sinusoidally.

3.DC-Link Capacitor Bank: Absorbs double-frequency grid
ripple energy and provides energy buffering.

4. Isolated DC-DC Stage: Converts intermediate DC voltage
into regulated battery charging current/voltage through a high-
frequency isolation transformer.

5. Closed-Loop PI Control System: Continuously monitors
voltage and current signals, generating pulse-width modulation
(PWM) firing signals for power switches.

EV ONBOARD CHARGER SYSTEM CONFIGURATION & INTERFACES
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Fig. 2. Detailed system configuration and signal flow diagram for the proposed
PI-controlled EV On-Board Charger.

IV. CONVERTER TOPOLOGIES & POWER STAGES

A. AC-DC PFC Boost Stage Analysis

The single-phase boost PFC converter operates by controlling
switch §;to force the inductor current iL(t) to track the rectified

grid voltage |vac(t)|. The differential equation governing the
inductor current in continuous conduction mode (CCM) is given
by:

L-(dip/7d)=|v, @|-(1-d)-V,,

where d represents the instantaneous duty cycle of the boost
switch, L is the boost inductance, and V de is the DC-link voltage.

B. Intermediate DC-Link Storage

To suppress the 100 Hz power ripple characteristic of single-phase
rectifiers, the minimum DC-link capacitance C dc s calculated

using the energy balance equation:

Cdc 2 Pout/ @- wgrid ) Vdc ) Avdc)
¢ = 3.3 kw, wgrid = 2n(50) rad/s, Vdc =400 V, and
allowable ripple voltage AV dc = 10V (2.5%).

where P
ou

C. Isolated DC-DC Stage

The DC-DC converter regulates energy delivery to the traction
battery while maintaining safety isolation. The effective voltage
conversion ratio with transformer turns ratio n = Ns / NP is

expressed as:
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V. CLOSED-LOOP PI CONTROL SYSTEM

A dual-loop cascade control strategy is implemented. The outer
voltage control loop regulates the DC-link/battery voltage and
provides the magnitude reference for the inner current loop.

MATLAB / SIMULINK MODEL OF EV ONBOARD CHARGER WITH PI CONTROLLER
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Fig. 3. MATLAB/Simulink schematic implementation showing power stage
topology and PI controller closed-loop connections.

A. Mathematical Model of PI Controller

The continuous-time domain output u(t) of a standard PI controller
given an error signal e(t) = yref(t) - yactual(t) is defined by:

= . . t
u(t) = Kp e + K; IO e(t) dt
In Laplace domain s, the transfer function GC(s) is expressed as:
G () =K, + (K;/$) =K - (1+1/(T;"s))
where K D is proportional gain, K; is integral gain, and T;=K D /K;
is the integral time constant.

B. Controller Parameter Tuning

Using frequency response methods (Bode analysis) for a target
crossover frequency fC = 5 kHz and phase margin @, =60 the

tuned PI gains are derived as shown in Table I.
TABLE 1. SYSTEM DESIGN AND SIMULATION PARAMETERS

Parameter Description Symbol Design Value  Units
AC Grid Voltage (RMS) V_grid 230 A%
(AQ Grid Frequency f_grid 50 Hz
Nominal Output Power P_nom 3.3/7.2 kw
PFC Boost Inductor L_pfc 1.25 mH
DC-Link Capacitance C_dc 1200 uF
Switching Frequency f sw 50/100 kHz
Nominal Battery Voltage V_bat 350 - 420 A%
PFC Voltage Loop K_p, K_i K_pv, K_iv 0.15, 12.5 -
PFC Current Loop K_p, K_i K_pi, K_ii 4.20, 350.0 -
DC—%C CC Loop K_p, K_i K_pc, K_ic 1.85, 140.0 -

VI. SIMULATION SETUP & RESULTS

The OBC model was constructed in MATLAB R2024a / Simulink
using Simscape Electrical blocks. The dynamic performance was
evaluated across three operational regimes: starting transient, load
disturbance, and complete Constant Current to Constant Voltage
(CC-CV) battery charging phase transition.
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Fig. 4. MATLAB/Simulink dynamic performance waveforms: (1) Grid voltage/
current, (2) DC-link voltage regulation, (3) Battery voltage curve, (4) Battery
charging current profile, (5) Battery State of Charge (SOC %), and (6) PI
controller duty cycle response.

A. Power Factor and Harmonic Performance
As shown in Panel 1 of Fig. 4, the input AC current iac(t) closely

tracks the grid voltage waveform in phase and shape. Fast Fourier
Transform (FFT) analysis yields a Total Harmonic Distortion
(THD) of 2.85% at full load (3.3 kW), well below the IEEE-519
limit of 5.0%. The power factor was recorded at 0.994.

B. Transient and Steady-State Voltage Regulation
Panel 2 of Fig. 4 displays the DC-link voltage Vic ramping

smoothly to its reference value of 750 V within 12 ms with an
overshoot under 3.5%. During a simulated +20% grid voltage step
change at t = 0.5 s, the PI controller restores target voltage within
15 ms.

C. CC-CV Charging Profile Analysis

Panels 3-5 of Fig. 4 demonstrate the transition between Constant
Current (CC) and Constant Voltage (CV) modes:

* Constant Current (CC) Mode: Battery current is held
constant at 20 A while battery voltage rises from 220 V to 400
V.

 Constant Voltage (CV) Mode: Upon reaching 400 V (at t
500 s scale), the voltage loop maintains 400 V constant while
current exponentially decays to trickle levels.

« State of Charge (SOC): Battery SOC grows linearly from 0%
to 100% with smooth controller modulation.

TABLE II. PERFORMANCE COMPARISON WITH EXISTING OBC

TOPOLOGIES
Performance Conventional Proposed PI- Ilffliii/al
Metric OBC [2] OBC Model

Target

Conversion o o o

Efficiency (%) 92.5-93.8% 95.4% >94.0%

Input Current THD 1 5 4 gos 2.85% <5.0%
(%)

Power Factor (PF) 0.982 0.994 >0.990

Voltage Overshoot 6.5% 3.0 <5.0%
(%)

Settling Time (ms) 35 ms 12 ms <25ms
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VII. CONCLUSION

This paper presented a complete modeling, control design, and
simulation study of a 3.3 kW dual-stage On-Board Charger (OBC)
for electric vehicles. The proposed PI-controlled PFC boost
converter and isolated DC-DC converter configuration achieves
high efficiency (95.4%), excellent power quality (PF 0.994, THD
2.85%), and smooth CC-CV battery charging transition. The
continuous closed-loop feedback guarantees fast dynamic
suppression of grid disturbance and voltage overshoot. Future
research will explore adaptive fuzzy-PI hybrid tuning and SiC
semiconductor physical prototype validation.
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