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Abstract

The widespread adoption of light electric vehicles (LEVSs) is constrained by excessively long bat-
tery charging times, which reduce user convenience and practicality. This paper presents the design,
implementation, and experimental validation of a PID-controlled constant current-constant voltage
(CC-CV) fast-charging system tailored for a 12V, 6Ah lithium iron phosphate (LiFePO,) battery, a
typical energy storage unit in LEVs. The system integrates a buck converter for power regulation,
an Arduino Uno microcontroller executing a parallel PID algorithm, and real-time feedback from
voltage and current sensors. Charging tests were conducted from 90% depth of discharge (12V)
using three protocols: conventional constant voltage (CV), CC-CV at 0.5C (3A), and CC-CV at 1C
(6A). The PID-controlled CC-CV method drastically reduced charging time, achieving full charge
in 2 hours and 1 minute at 0.5C (78.8% reduction) and 1h7min at 1C (88.2% reduction) compared
to 9h 33min for CV charging. The dynamic behavior during the constant-voltage phase was further
analyzed via closed-loop transfer function modeling. Using a first-order plus dead time (FOPTD)
plant identified from step response data (1 = 39 s, L = 9 s) and PID parameters (K, = 0.3,
K; =0.02, K; = 0.05), the step response exhibits a rise time of 43.7 s, settling time of 151.3 s, and
overshoot of 14.7%. Closed-loop poles at —0.2078 and —0.0142 + j0.0342 confirm stability and pre-
dict a lightly damped oscillatory mode consistent with experimental observations. The consistency
between experimental and simulated responses validates the modeling approach and controller tun-
ing. This research provides a validated framework for low-cost, embedded fast-charging solutions,
contributing to the acceleration of LEV adoption and sustainable urban mobility.

Keywords: Battery management system, CC-CV method, fast charging, LiFePO, battery,
light electric vehicle, PID control.
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1 Introduction

The rapid proliferation of light electric vehicles (LEVs), including electric scooters, bicycles, and
motorcycles, has emerged as a transformative solution for urban mobility challenges in densely pop-
ulated developing nations. These vehicles offer affordable, agile, and environmentally sustainable
transportation alternatives that alleviate traffic congestion and reduce urban air pollution [1]. How-
ever, despite their growing popularity, the widespread adoption of LEVs remains constrained by a
critical technological limitation: excessively prolonged battery charging times[2]. Unlike conventional
internal combustion engine vehicles that can be refueled in minutes, LEV batteries typically require
several hours to reach full capacity, creating significant inconvenience for users and limiting vehicle
utility for daily transportation needs. This range and time inconvenience constitute primary deter-
rents for potential adopters, undermining the environmental and social benefits that LEV proliferation
could otherwise deliver. The urgency of addressing this challenge is particularly acute in urban centers
where LEVs serve as primary mobility tools for millions of commuters, and where extended charging
durations directly impact productivity and quality of life.

The fundamental technical problem lies in the limitations of conventional battery charging method-
ologies. Traditional constant voltage (CV) charging, while simple to implement, suffers from inherent
inefficiency due to unregulated current profiles that produce high initial currents followed by pro-
longed exponential decay phases. The constant current-constant voltage (CC-CV) method has been
established as a superior alternative, offering controlled two-stage charging that first delivers constant
current until a voltage threshold is reached, then maintains constant voltage while current naturally
decays [6, 7, 11]. However, implementing effective CC-CV charging requires sophisticated control sys-
tems that can dynamically regulate power electronics while responding to real-time battery conditions.
Lithium iron phosphate (LiFePQy4) batteries, which dominate the LEV market due to their superior
safety profile, long cycle life, and stable voltage characteristics, present specific charging requirements
that demand precise control strategies [9, 10, 11]. The core technical challenge, therefore, is to de-
velop a control system capable of maintaining precise current and voltage regulation throughout the
charging process while adapting to the varying dynamics of the battery-converter system.

Despite significant research efforts in battery charging technologies, a notable research gap persists
in the literature. Comparative analyses of LiFePO4 and conventional Li-ion batteries have confirmed
the superior capacity and efficiency of LiFePOy4 chemistry while documenting charging durations of
approximately 90 minutes at 0.68C [12, 13, 14]. Additional studies have examined the relationship
between voltage and state of charge [17], proposed refined constant voltage methods for capacity
optimization [18], and investigated degradation mechanisms associated with high-rate charging [19,
20, 21, 22]. Recent advancements in multi-stage constant current charging [23] and adaptive CC-CV
strategies based on open-circuit voltage estimation [24] have demonstrated the potential for optimized
charging protocols. However, no study has comprehensively implemented and validated PID-controlled
CC-CV fast charging specifically for complete 12V LiFePQy4 battery packs with systematic variation of
C-rates (0.5C and 1C) under realistic operating conditions, while simultaneously providing analytical
modeling of closed-loop dynamics and experimental validation of controller performance.

Recent advancements in fast-charging strategies have introduced sophisticated approaches to opti-
mize charging speed while preserving battery health. Multi-stage constant current (MSCC) charging
[23] employs multiple current steps tailored to the battery’s state of charge, achieving reduced charg-
ing times through optimized current profiles. Similarly, adaptive CC-CV methods based on real-time
state-of-charge estimation [24] dynamically adjust transition thresholds to accommodate battery aging
and temperature variations. While these advanced algorithms demonstrate promising results, they of-
ten require complex optimization routines, accurate battery models, or additional sensors, which can
increase implementation complexity and cost. Consequently, a notable research gap persists in the lit-
erature: a validated, low-cost fast-charging solution that couples rigorous closed-loop control analysis
with practical hardware implementation for light electric vehicles (LEVs) remains underrepresented.
Most existing studies focus either on theoretical control development without experimental validation
on complete battery packs, or on hardware prototypes lacking analytical characterization of system
dynamics and stability. This study addresses this gap by presenting a PID-controlled CC-CV charger
that combines systematic modeling, closed-loop analysis, and experimental validation on a 12V 6Ah
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LiFePO4 battery pack, all realized using low-cost, commercially available components suitable for
widespread adoption in emerging economies.

The novelty lies in the integration of rigorous closed-loop dynamic analysis with a low-cost em-
bedded implementation, validated across multiple C-rates—a combination not previously reported for
complete 12V 6Ah LiFePO4 battery packs. This study makes three distinct contributions that address
the identified research gap. First, it presents a complete hardware implementation of a PID-controlled
CC-CV fast charger for a 12V 6 Ah LiFePO4 battery pack, integrating a buck converter, Arduino-based
control, and real-time feedback using low-cost, commercially available components, such as the Ar-
duino Uno, ACS712 sensor, and LM2596 buck converter. Second, it provides comprehensive analytical
modeling of the closed-loop system dynamics using first-order plus dead time (FOPDT) identification
and Padé approximation, with detailed analysis of step response characteristics and closed-loop pole
locations that confirm system stability. Third, Systematic experimental validation is performed across
three distinct charging protocols—conventional CV, CC-CV at 0.5C, and CC-CV at 1C — with re-
peatability assessment, yielding empirical evidence of substantial charging time reductions alongside
sustained precise regulation critical for battery longevity.

The primary objective of this study is to design, implement, and experimentally validate a PID-
controlled CC-CV fast-charging system for a 12V 6Ah LiFePQ, battery, a typical energy storage
unit in light electric vehicles. This research aims to achieve charging time reductions of at least
75% compared to conventional CV charging while maintaining stable voltage and current regulation
throughout the charging process. By bridging the gap between theoretical control design and low-cost
embedded implementation, this work contributes to the democratization of fast-charging technology in
emerging economies like Indonesia, aligning with national electric vehicle acceleration policies through
Presidential Regulation No. 55/2019 [3, 4, 5] and providing a validated framework for accelerating
LEV adoption in developing nations.

Manput DC ta DC Converter Venue Current Sensor -
- 7 STEP DOWN 1 ACST12 »| RELA
POT
[y
§ 20K0
Vot o
MCP4725
fers | Al ADS1115 A e—or
VCC GND SDA 5C )
‘ MIHL SCL SDA
v — .
GND Do ser | ’ SCL Temp Sensor ——Battery
ARDUINO 1 , lspa  MLX00614
—{5V SDA
SDA
LCD 12C 20%4
SCL 1

Figure 1: Circuit Layout Design

2 Theoretical Framework

2.1 The C-Rate Metric

The charging and discharging characteristics of a battery are fundamentally governed by the C-
rate, a dimensionless parameter that quantifies the rate of current flow relative to the battery’s nominal
capacity (Ah). Defined as the charge or discharge current divided by the theoretical current required to
fully deplete its rated capacity in one hour, the C-rate provides a standardized measure for comparing
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performance across different battery sizes and chemistries [12, 13]. For instance, a C-rate of 1C for a
6Ah battery corresponds to a current of 6A, while 0.5C corresponds to 3A.

The C-rate is inversely proportional to the time required for a full charge or discharge cycle; a 1C
rate implies an approximate completion time of one hour, whereas a 0.5C rate extends this duration
to approximately two hours. It is critical to note that the effective capacity of a battery is not a
static value but is intrinsically linked to the magnitude of the applied C-rate due to phenomena such
as internal resistance and polarization losses, with higher C-rates often resulting in reduced utilizable
capacity [19]. Therefore, the selection of an appropriate C-rate is essential for balancing charging
speed with battery health and longevity.

2.2 Constant Current-Constant Voltage (CC-CV) Charging Method

The constant current-constant voltage (CC-CV) charging method is the predominant charging
protocol for lithium-ion batteries, including LiFePOy4 chemistry, due to its ability to maximize charge
acceptance while preventing overvoltage and overcurrent conditions [6, 7, 11]. The CC-CV method
consists of two distinct phases:

1. Constant Current (CC) Phase: During this initial phase, the charger delivers a constant
current to the battery while allowing the voltage to rise naturally. The current is typically set
at a specific C-rate (e.g., 0.5C or 1C) based on the battery’s specifications and desired charging
speed. This phase continues until the battery voltage reaches a predefined threshold, which for
LiFePO, batteries is typically 14.4V for a 12V nominal pack.

2. Constant Voltage (CV) Phase: Once the voltage threshold is reached, the charger switches
to constant voltage mode, maintaining the voltage at the absorption level while allowing the
charging current to decay exponentially. This phase continues until the current falls below a
termination threshold (typically 0.06A or 1% of rated capacity), indicating that the battery has
reached full state of charge.

The CC-CV method offers significant advantages over conventional constant voltage (CV) charging,
which suffers from unregulated current profiles that produce high initial currents followed by prolonged
exponential decay phases. By maintaining controlled current delivery during the CC phase and precise
voltage regulation during the CV phase, the CC-CV method minimizes charging time while protecting
the battery from overvoltage stress and internal polarization effects [26].

2.3 PID Control Fundamentals for Battery Charging

Proportional-Integral-Derivative (PID) control has emerged as a fundamental and widely adopted
control strategy in battery charging applications due to its simplicity, effectiveness, and ability to
maintain precise regulation of critical charging parameters [15]. In the context of battery charging,
the primary objective of a PID controller is to regulate either the charging current during the CC
phase or the charging voltage during the CV phase, ensuring that these parameters remain at their
respective setpoints despite disturbances and nonlinearities inherent in the battery-converter system.

2.3.1 Continuous-Time PID Controller

The general form of a parallel PID controller in the continuous time domain is expressed as:

de(t)
dt

t
u(t) = Kpe(t) + K, /0 e(r)dr + Ky (1)
where u(t) is the control signal (PWM duty cycle) applied to the buck converter, e(t) = r(t) — y(¢t)
is the error signal defined as the difference between the reference setpoint r(¢) (desired current or
voltage) and the measured output y(t) (actual current or voltage), K, is the proportional gain which
determines the immediate corrective action proportional to the current error, K; is the integral gain
which eliminates steady-state offset by accounting for the accumulation of past errors, and K, is
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the derivative gain which anticipates future error based on its rate of change, adding damping and
improving transient response.
In the Laplace domain, the PID controller transfer function is represented as:
U(s)

K;
C(s) = E(s) =K, + o + Kgs =

Kd$2 + Kps + Kz
S

2.3.2 PID Control Action in Battery Charging

The application of PID control to CC-CV charging protocols offers distinct advantages over conven-
tional open-loop or hysteresis-based methods. During the constant current phase, the PID controller
continuously adjusts the PWM duty cycle of the buck converter to maintain a constant current de-
spite variations in battery voltage and load conditions. The proportional term provides immediate
corrective action in response to current errors, ensuring rapid disturbance rejection. The integral
term accumulates past errors, eliminating steady-state offset and guaranteeing precise current track-
ing. The derivative term anticipates future error, damping oscillations that might arise from sudden
disturbances or changes in battery internal resistance, ensuring safe operation throughout the CC
phase.

As the battery approaches the voltage threshold, the controller seamlessly transitions to the con-
stant voltage phase, regulating the voltage at the absorption level while allowing current to decay
naturally. The derivative action critically dampens oscillations arising from the interaction between
converter switching dynamics and the battery’s electrochemical response. The proportional term pro-
vides continuous corrective action to maintain the 14.4V setpoint, while the integral term ensures zero
steady-state error despite parameter uncertainties. Lower gains compared to the CC phase reflect
the need for conservative control to prevent overshoot and voltage excursions that could damage the
battery.

The smooth transition between CC and CV phases is critical for preventing overvoltage stress
and minimizing internal polarization effects that degrade battery health. The PID controller’s gain
adaptability ensures seamless transitions and stable operation throughout charging, with derivative
action providing additional damping during transition. Integral anti-windup mechanisms prevent
excessive error accumulation. The result combines speed with stability, delivering rapid charging
times demanded by modern light electric vehicles while maintaining precision necessary to protect
battery cycle life across varying chemistries, states of charge, and operating temperatures.

2.3.3 Discrete-Time PID Implementation and Practical Enhancements

In microcontroller-based implementations such as the Arduino Uno, the PID controller must be
discretized for digital execution. A fixed sampling period of Ty = 1s was selected based on the
dominant dynamics of the battery charging process[16]. The thermal and electrochemical transients
exhibit time constants on the order of tens of seconds, as evidenced by the identified plant time constant
7 = 39s. Hence, a sampling rate of 1 Hz is sufficient to capture the relevant dynamics without
imposing excessive computational overhead on the low-cost embedded platform. The discrete-time
PID algorithm follows the incremental (velocity) form to avoid integral windup and ensure smooth
transitions:

Au(k) = Kyfe(k) — e(k — D] + KiTue(k) + 1 2fe(k) — 2e(k ~ 1) +e(k — 2)) (3)
S
where k denotes the discrete time step and e(k) is the error signal. The actual control signal is updated
as u(k) = u(k — 1) + Au(k), with the output u(k) constrained to the permissible PWM duty cycle
range [0, 255] to prevent actuator saturation.

To ensure reliable operation under real-world conditions, two practical enhancements were im-
plemented. First, anti-windup protection is applied by clamping the integral term when the control
output saturates. The integral accumulation is halted whenever u(k) reaches its upper or lower limit
and the error has the same sign as the saturated output, preventing excessive overshoot and instability.
Second, a low-pass filter is incorporated into the derivative term to attenuate high-frequency noise from
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the analog current and voltage sensors. Without filtering, the derivative action would amplify sensor
noise, leading to erratic control behavior. The filtered derivative is implemented using a first-order
low-pass filter with a cut-off frequency chosen to preserve the dominant dynamics while suppressing
noise above approximately 0.5 Hz. These enhancements allow the theoretical PID performance to
translate effectively into stable and precise control on the embedded hardware, as confirmed by the
experimental results in Section 3.

2.4 PID Tuning for Battery Charging Systems

The tuning of PID parameters is a critical step in ensuring optimal performance of the charging
system, as it directly influences the stability, responsiveness, and accuracy of current and voltage
regulation. The objective of tuning is to determine the proportional (K},), integral (K;), and derivative
(K4) gains that minimize error while maintaining smooth control action and avoiding oscillations or
overshoot.

2.4.1 Tuning Methodology

The tuning process employs a combination of model-based design and empirical refinement. First,
the plant comprising the buck converter with battery load is characterized through step response
experiments, yielding a first-order plus dead time (FOPTD) model with parameters time constant 7
and dead time L. Subsequently, using the identified FOPTD model, initial PID gains are estimated
via the Ziegler-Nichols tuning rules, which provide a systematic starting point based on the plant’s
transient response. Finally, fine-tuning is performed through iterative simulations and experimental
validation to optimize performance under real operating conditions, with tuning criteria that include
minimizing settling time, limiting overshoot, ensuring zero steady-state error, and maintaining smooth
control action without excessive actuator saturation for the LiFePO,4 battery charging application.

2.4.2 Phase-Specific PID Parameters

Due to the inherently different dynamics and control objectives of each phase, PID parameters are
tuned separately for the constant current (CC) and constant voltage (CV) phases. For the CC phase,
where the controller maintains a fixed current setpoint at either 3A for 0.5C or 6A for 1C, higher pro-
portional and derivative gains are employed to enable fast tracking of the current reference and rapid
rejection of disturbances such as sudden changes in battery internal resistance. The proportional gain
K, = 0.5 provides immediate corrective action, while the derivative gain K; = 0.1 improves transient
response by damping oscillations. The integral gain K; = 0.05 ensures elimination of steady-state er-
ror, guaranteeing that the actual charging current precisely matches the desired C-rate throughout the
phase. These parameters provide a responsive yet stable control action, as evidenced by the smooth
linear increase in battery voltage observed experimentally during the CC phase.

For the CV phase, where the controller regulates the voltage at 14.4V while allowing the current
to decay naturally, more conservative control is required to prevent overshoot and voltage excursions
that could damage the battery. The lower proportional gain K, = 0.3 and integral gain K; = 0.02
compared to the CC phase reflect this need for cautious regulation, while the derivative gain K; = 0.05
adds critical damping to mitigate oscillations that might arise from the interaction between converter
dynamics and the battery’s electrochemical response. This parameter set ensures a smooth transition
from the CC phase and maintains precise voltage regulation during the exponential current decay,
with the integral term, though small, remaining essential for eliminating any residual voltage offset
that could prevent the battery from reaching full capacity. Both experimental profiles and simulation
results confirm the effectiveness of these phase-specific parameters.

2.4.3 Tuning Procedure

The tuning procedure for the PID controller was conducted in two stages: initial parameter esti-
mation using the Ziegler-Nichols open-loop (reaction curve) method, followed by iterative fine-tuning
through simulation and experimental validation to meet specific performance criteria.
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The first step involved characterizing the plant dynamics, which consists of the buck converter and
the LiFePO4 battery load. A step change was applied to the PWM duty cycle, and the resulting output
voltage response was recorded. The plant was identified as a first-order plus dead time (FOPTD)
system, as described in Section 2.5.1 , with parameters static gain K = 1, time constant 7 = 39 s, and
dead time L = 9s. Using these values, the Ziegler-Nichols open-loop tuning rules for a PID controller
provided the initial gains:

Ky

1.2
K, = K.LT:5.2, Ki= 57 =028, Kq=05 I, L=234

These initial gains produced an aggressive response characterized by excessive overshoot and oscilla-
tions, which is unsafe for battery charging applications. Therefore, a fine-tuning stage was performed
using iterative simulations and experimental tests to refine the parameters. The fine-tuning process
aimed to satisfy the following performance criteria, defined separately for each charging phase: During

Table 1: Performance criteria for PID tuning
Phase Performance Criteria
Constant Current (CC) Settling time < 60s, current overshoot < 10%, zero steady-state
error, and smooth PWM control without chattering.
Constant Voltage (CV) Settling time < 150s, voltage overshoot < 5% (to remain below
the battery’s maximum rating of 14.6 V), zero steady-state error,
and a well-damped transient response.

fine-tuning, the proportional and derivative gains were progressively reduced from the initial Ziegler-
Nichols values to damp oscillations and avoid voltage overshoot, while the integral gain was adjusted
to maintain zero steady-state error without causing integrator windup. Because the dynamics of the
CC and CV phases differ significantly, separate parameter sets were tuned. The resulting parameters,
presented in Section 2.4.2, were K, = 0.5, K; = 0.05, K; = 0.1 for the CC phase and K, = 0.3,
K; =0.02, K; = 0.05 for the CV phase. These final values were implemented in discrete form on the
Arduino Uno microcontroller with a sampling period Ty = 1s, incorporating anti-windup protection
and a low-pass filter on the derivative term to mitigate sensor noise. The effectiveness of the tuning
procedure was validated through the experimental results presented in Section 3, confirming that the
system meets the prescribed performance criteria while delivering substantial reductions in charging
time.

2.5 System Modeling and Transfer Functions

To enable rigorous control design and stability analysis, the dynamic behavior of the charging
system is mathematically modeled using system identification techniques[27]. The plant, comprising
the buck converter and the LiFePO, battery load, is characterized through open-loop step response
experiments following the Ziegler-Nichols method.

2.5.1 FOPTD Model and Identification Procedure

The dynamic behavior of the charging system was characterized through an open-loop step response
test. The plant, comprising the buck converter and the LiFePO, battery load, was first brought
to a known steady-state operating point: the battery was partially discharged to an open-circuit
voltage of approximately 13.0 V, and the buck converter was driven with a constant PWM duty cycle
that produced a steady output voltage of 13.0 V. A step change was then applied to the duty cycle,
increasing it by a fixed increment corresponding to a voltage setpoint rise of about 1.5V, and the
resulting output voltage was recorded in real time using the Arduino Uno’s analog-to-digital converter
at a sampling rate of 1s. From the recorded step response, the plant was identified as a first-order
plus dead time (FOPTD) system, which captures the dominant dynamics including the time delay
introduced by sensor processing and converter switching. Using the graphical method, the dead time
L = 9s was determined as the interval between the step application and the first discernible change
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in the output voltage, and the time constant 7 = 39s was obtained as the additional time required
for the output to reach 63.2% of its final steady-state change. The static gain was calculated as the
ratio of the final voltage change to the applied duty cycle step and normalized to unity (K = 1). The
FOPTD model is therefore expressed as:

K efLs
Ts+1

G(s) =

(4)

where K is the plant gain, 7 the time constant, and L the dead time. To verify the accuracy of
the identified model, the simulated step response of this transfer function was compared with the
experimental voltage response. The simulation closely matched the experimental data, capturing both
the initial delay and the subsequent exponential rise; minor deviations observed in the early transient
were attributed to non-linearities in the converter and battery, but the dominant dynamics were
well reproduced. This qualitative agreement confirms that the FOPTD model adequately represents
the plant dynamics for control design purposes, providing a reliable foundation for PID tuning and
closed-loop stability analysis.

2.5.2 Closed-Loop Transfer Function

For preliminary analysis where the time delay is temporarily neglected, the simplified plant transfer
function is Go(s) = 1/(39s + 1). The closed-loop transfer function for a unity-feedback system with
respect to the reference input is:

C(S)GO (8)
T(s) = —FAram (5)
1+ C(s)Go(s)
Using the CV phase PID parameters, see Section 2.4.2 and substituting the PID controller transfer
function from Equation (2) yields:

_ 0.055% +0.35 4 0.02
3953 4 1.05s2 + 0.35 + 0.02

T(s) (6)

This third-order system’s poles determine the transient behavior and stability characteristics.

2.5.3 Padé Approximation for Time Delay

To incorporate the effect of the dead time L = 9s into the analysis, a first-order Padé approximation

is employed. This approximation replaces the transcendental delay term with a rational function:
g5 1—8s  1-45s
1+9s 1+45s

(7)

The approximate plant transfer function then becomes:

1 1—4.5s

Gp.i1:(s) = :
Padé(8) = 30 T 4

(8)

The closed-loop transfer function with the Padé approximation is obtained by substituting Gpaqs(s)
into Equation (5), yielding a rational transfer function that can be used for stability analysis and
time-domain simulations. The introduction of a right-half-plane zero results in a non-minimum phase
characteristic, which explains the undershoot observed in the step response.

These transfer functions form the foundation for evaluating the stability, transient performance,
and robustness of the PID-controlled fast-charging system, enabling theoretical analysis that comple-
ments experimental validation.
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3 Results

3.1 Charging Time Reduction

The experimental results demonstrate a dramatic reduction in charging time achieved by the PID-
controlled CC-CV method compared to conventional constant voltage (CV) charging. As summarized
in Table 2, the conventional CV method required 9 hours and 33 minutes to fully charge the 12V,
6Ah LiFePO, battery from 90% depth of discharge. In contrast, the PID-controlled CC-CV method
at 0.5C (3A) completed charging in 2 hours and 1 minute, representing a 78.8% reduction in charging
time. At the higher 1C rate (6A), the charging time was further reduced to just 1 hour and 7 minutes,
corresponding to an 88.2% reduction compared to the CV baseline. Each protocol was repeated three
times with measurement variability below 2%, and the consistency of final voltages across all methods,
in 14.34V to 14.42V confirms that the battery reached full state of charge in each case, ensuring that
time reductions were achieved without compromising charging completeness.

Table 2: Comparison of charging times for different methods

Charging Charging Final Time to Reduction
Method Current Voltage | Full Charge vs. CV
(A Uncontrolled | 14.37V | 9h 33min 00s -
CC-CV 0.5C 3 A 14.34 V | 2h Olmin 27s 78.8%
CC-CV 1C 6A 14.42 V | 1h 07min 31s 88.2%

3.2 Voltage and Current Profiles

The voltage and current profiles during charging reveal distinct characteristics for each method,
as illustrated in Figures 2-4. For conventional CV charging shown in Figure 2, the current exhibits
an exponential decay from a high initial value as the battery voltage asymptotically approaches the
14.4V setpoint, resulting in a prolonged charging tail extending to 573 minutes. In contrast, the
PID-controlled CC-CV method at 0.5C in Figure 3 displays a well-defined two-phase profile: during
the constant current phase, the current remains stable at 3A while the voltage rises linearly to the
transition threshold of 14.2V, followed by the constant voltage phase where the voltage is maintained
at 14.4V while the current decays exponentially to the cutoff threshold of 0.06A. The 1C profile in
Figure 4 follows the same pattern but on a compressed timescale, with the current regulated at 6A
during the CC phase and a more rapid voltage rise. All profiles exhibit smooth transitions and stable
regulation, confirming the effectiveness of the PID controller in maintaining setpoints and ensuring
safe charging termination.

Table 3: Comparison of Step Response Characteristics

Parameter Exact Delay | Padé Approximation | Unit
Rise Time 43.74 35.46 S
Settling Time 151.30 291.07 S
Overshoot 14.69 29.46 %
Undershoot 0 2.09 %

Table 4: Closed-Loop System Poles with Padé Approximation

Real Part | Imaginary Part Description
-0.2078 0.0000 Real pole
-0.0142 0.0342 Complex conjugate pole
-0.0142 -0.0342 Complex conjugate pole
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Figure 2: Constant voltage charging of a 12V 6Ah LiFePOy4 battery at 14.4V. Current decays slowly
as voltage rises, taking 573 minutes to full charge.

3.3 Step Response and Stability Analysis

The dynamic behavior of the closed-loop system during the constant voltage phase was evaluated
through step response simulation using the identified FOPTD plant model in Section 2.4.3 and the PID
parameters identified in Section 2.4.2 As summarized in Table 3, the exact delay response exhibits
a rise time of 43.7 seconds, settling time of 151.3 seconds, and overshoot of 14.7%, indicating a
stable response suitable for battery charging applications. The Padé approximation introduces a
non-minimum phase zero resulting in slight undershoot (2.1%) and higher overshoot (29.5%). The
closed-loop poles obtained from the Padé approximation (Table 4)—one real pole at —0.2078 and
a complex conjugate pair at —0.0142 £ j0.0342—confirm system stability with a damping ratio of
approximately 0.38, explaining the observed overshoot while ensuring all poles remain in the left-
half plane. The consistency between simulated and experimental responses validates the modeling
approach and controller tuning.

4 Discussion

The experimental and simulation results presented in this study provide comprehensive insights
into the performance and dynamic behavior of the PID-controlled CC-CV fast-charging system for
LiFePO4 batteries [26]. This section interprets the findings in the context of existing literature,
analyzes the dynamic characteristics of the control system, compares simulation and experimental
results, discusses practical implications, acknowledges limitations, and outlines directions for future
research.

4.1 Charging Time Reduction Analysis

The charging time reductions achieved by the PID-controlled CC-CV method (78.8% at 0.5C
and 88.2% at 1C compared to conventional CV charging) represent a significant advancement over
previously reported results. Khairunnisa et al. [20] reported charging times of approximately 90
minutes for a 22Ah LiFePOy, battery at 0.68C, which is consistent with the 0.5C results obtained in this
study when normalized for capacity. The 1C charging protocol achieves charging times comparable to
fast-charging studies for other lithium-ion chemistries [21, 22|, but with the added safety and longevity
benefits inherent to LiFePO4 technology. The dramatic improvement over CV charging is attributed to
the elimination of the prolonged current decay tail characteristic of uncontrolled voltage charging, as
the PID controller maintains optimal current delivery throughout the CC phase and ensures efficient
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Figure 3: CC-CV fast charging of a 12V 6Ah LiFePO4 battery at 0.5C rate. Constant current 3A
until voltage reaches ~14.4V, then constant voltage with current decay to 0.06A at 112 minutes

transition to CV regulation. These results position the proposed system among the fastest reported
chargers for LEV-scale batteries while maintaining precise control essential for battery health.

When contextualized against alternative fast-charging strategies such as multi-stage constant cur-
rent (MSCC) [23] or adaptive CC-CV based on open-circuit voltage estimation [24], our system achieves
competitive charging times while offering distinct advantages in terms of implementation simplicity
and cost. Unlike MSCC approaches that require complex optimization algorithms or adaptive meth-
ods that rely on accurate state-of-charge observers, our PID-controlled CC-CV charger employs a
straightforward control structure that can be realized using low-cost, off-the-shelf components such
as the Arduino Uno microcontroller. This simplicity translates directly into affordability, a critical
factor for accelerating the adoption of light electric vehicles in developing nations where cost sen-
sitivity is paramount. Furthermore, the modular design allows for easy replication and adaptation
across different battery capacities without requiring extensive re-engineering. Thus, while the charg-
ing performance of our system aligns with more sophisticated fast-charging techniques, its primary
contribution lies in democratizing access to fast-charging technology through a balance of efficiency,
reliability, and cost-effectiveness.

4.2 PID Dynamic Behavior

The dynamic behavior of the PID controller during the CV phase, characterized through step
response simulation, reveals a well-tuned system that balances responsiveness with stability. The
closed-loop poles obtained from the Padé approximation—one real pole at —0.2078 and a complex
conjugate pair at —0.0142 4+ j0.0342—provide valuable insight into the system’s transient characteris-
tics. The real pole dominates the fast dynamics, ensuring rapid initial response to setpoint changes,
while the complex poles govern the oscillatory mode with a damping ratio of approximately 0.38,
calculated from ¢ = — cos(arg(p)). This moderate damping explains the observed overshoot of 14.7%,
which is acceptable for voltage regulation applications where slight overshoot does not compromise
battery safety, provided it remains below the maximum voltage rating of 14.6V for LiFePOy cells. The
settling time of 151.3 seconds indicates that transient disturbances are adequately rejected within a
reasonable timeframe relative to the overall charging duration of 67 to 121 minutes. The derivative
gain (K3 = 0.05) contributes critically to damping, preventing the oscillatory tendency that would
otherwise arise from the interaction between the converter’s inductance and the battery’s capacitive
behavior. The integral gain (K; = 0.02), though small, ensures zero steady-state error, guarantee-
ing that the final voltage precisely matches the 14.4V setpoint despite parameter uncertainties or
disturbances.
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Figure 4: CC-CV fast charging profile of a 12V 6Ah LiFePO, battery at 1C rate. Constant current 6A
until voltage reaches 14.2V, then constant voltage 14.4V with current decay to 0.06A at 62 minutes.

4.3 Simulation vs Experimental Comparison

The comparison between simulated step response and experimental CV phase behavior reveals
excellent qualitative agreement, validating the modeling approach and controller tuning. The ex-
perimental current decay during the CV phase follows an exponential profile closely matching the
simulated transient response, with both exhibiting the characteristic shape expected from a first-order
system under proportional-integral control. However, quantitative differences exist: the simulated rise
time of 43.7 seconds is longer than the experimentally observed time constant of the current decay,
which is expected because the simulation isolates the CV phase dynamics, whereas the experimental
CV phase begins with the battery already partially charged and at a higher initial state of charge. The
overshoot predicted by the exact delay model (14.7%) could not be directly verified experimentally
because the voltage during CV phase initiation is carefully controlled to prevent overshoot through
the seamless transition algorithm. Nevertheless, the absence of voltage oscillations or instability in
experimental profiles confirms that the controller maintains stability margins consistent with the ana-
lytical predictions. The Padé approximation, while introducing artificial undershoot and exaggerated
overshoot, remains valuable for analytical purposes as it enables rational transfer function analysis
while conservatively estimating stability margins. The identified FOPTD model adequately captures
the dominant dynamics, supporting its use for control design and performance prediction.

4.4 Practical Implications

The practical implications of this research extend across multiple domains of electric vehicle tech-
nology and sustainable mobility. For light electric vehicle manufacturers, the demonstrated charging
times of 1-2 hours represent a transformative improvement in user experience, potentially accelerating
market adoption by addressing range anxiety and convenience concerns. The system’s implementation
using low-cost, commercially available components (Arduino Uno, ACS712 sensor, LM2596 converter)
demonstrates that sophisticated fast-charging technology can be democratized for emerging economies,
where cost sensitivity is paramount. The modular design allows straightforward adaptation to dif-
ferent battery capacities by scaling the C-rate setpoints, while the PID control structure can accom-
modate various battery chemistries through gain adjustments. From an industrial perspective, the
system’s compatibility with existing battery management system architectures facilitates integration
into commercial charging stations and on-board chargers. Furthermore, the demonstrated 88.2% time
reduction at 1C suggests potential for ultra-fast charging applications where occasional rapid top-ups
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are prioritized over cycle life, such as fleet operations or emergency charging scenarios. The Indonesian
government’s commitment to electric vehicle adoption through Presidential Regulation No. 55/2019
[3, 4, 5] creates a favorable policy environment for deploying such technologies, aligning with national
sustainability targets and supporting the development of domestic EV manufacturing capabilities.

4.5 Limitations and Future Work

Despite the promising results, this study has several limitations that warrant further investiga-
tion. Long-term cycle life testing was not conducted to assess the impact of high-rate charging on
battery longevity; repeated 1C charging may accelerate degradation mechanisms such as lithium plat-
ing and solid electrolyte interface growth [10, 22], so extended cycling tests with periodic capacity
measurements are necessary to quantify the trade-off between charging speed and cycle life. Thermal
management was also not integrated into the current prototype; although battery surface tempera-
ture was monitored, active cooling was absent, and temperatures during 1C charging approached the
upper safe limit—incorporating forced air or liquid cooling would enable sustained high-rate charging
without thermal stress. The fixed transition threshold of 14.2 V may not be optimal across varying
battery ages and temperatures, suggesting that adaptive transition algorithms based on real-time
state-of-charge estimation [24, 25] could further optimize performance. Moreover, the PID parameters
and the identified model were derived specifically for a 6 Ah LiFePOy4 battery; their generalizability
across different capacities, manufacturers, and lithium-ion chemistries remains to be validated. Fi-
nally, integration with battery management systems for coordinated control is an essential step toward
commercial deployment. Future work will address these limitations through extended cycling tests,
thermal management integration, adaptive control algorithms, and validation across diverse battery
types to establish the generalizability of the tuning methodology and control structure.

5 Conclusion

This study successfully developed and validated a PID-controlled constant current-constant voltage
(CC-CV) fast-charging system for a 12V, 6Ah LiFePO, battery, a common energy storage unit in
light electric vehicles. The experimental results demonstrate that the proposed system dramatically
reduces charging time compared to conventional constant voltage charging, achieving full charge in 2
hours 1 minute at 0.5C (78.8% reduction) and 1 hour 7 minutes at 1C (88.2% reduction). The PID
controller maintained excellent regulation throughout both phases, with stable current delivery during
the constant-current phase and precise voltage control at 14.4V during the constant-voltage phase.
The dynamic behavior was further elucidated through closed-loop transfer function modeling using a
first-order plus dead time plant identified from step response data (7 = 39s, L =9 s). The closed-loop
poles at —0.2078 and —0.0142+50.0342 confirmed stability with a damping ratio of 0.38, validating the
controller tuning. This research provides a validated framework for low-cost, embedded fast-charging
solutions, contributing to the acceleration of LEV adoption in emerging economies. Future work will
address long-term cycle life testing and thermal management integration.
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