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Campus electric-bicycle charging requires selectable charging rates, independent
protection, and observable operation. This study developed and laboratory-tested a 48 V
prototype comprising a 36 V switched-mode power supply, a PWM-controlled boost stage
with a 56 V output ceiling, current-limited modes of 3 A, 5 A, and 7 A, an XH-M603 relay
that terminated charging at 51.5 V, and an ESP32-PZEM-017 monitoring chain with 5 s
cloud logging. One 48 V, 20 Ah sealed lead-acid battery was tested from a standardized
terminal-voltage condition of 48.00 + 0.20 V in three trials per mode (n = 9). Mean (SD)
charging durations were 197 (2), 131 (2), and 108 (2) min. Because residual normality was
not supported, the one-way ANOVA result, F(2,6) = 1600.75, p < 0.001, n* = 0.998, was
treated as exploratory; an exact permutation test also indicated an overall mode effect (p
= 0.0036). All trials disconnected within £0.2 V of the threshold. During approximately
48 h of stable indoor Wi-Fi testing, no missing records were observed, and sensor
deviations remained within stated specifications. The contribution is an integrated, off-the-
shelf proof of concept that jointly characterizes selectable current, hardware cut-off
repeatability, and real-time logging. The results establish short-term electrical
functionality for the tested battery, but do not establish conversion efficiency, full-charge
performance, thermal or cycle-life safety, or field-network reliability.
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1. INTRODUCTION

Global transportation systems are undergoing a structural
transition toward electrification in response to fossil-fuel
depletion, energy-price volatility, and the need to reduce
greenhouse-gas emissions [1]. Electric mobility can reduce
dependence on petroleum-based fuels, improve energy-
conversion efficiency, and support lower-emission transport
systems across different vehicle classes [2]. Long-term
adoption projections based on sales records from 2010-2018
across 26 countries indicate that electric vehicles may account
for approximately 30% of the global passenger vehicle fleet by
2032 [3]. Within this transition, electric bicycles represent a
practical form of light electric mobility because they are
suitable for short-distance travel, generate no tailpipe
emissions, produce low noise, and require relatively simple
maintenance [4]. In Indonesia, the relevance of light electric
mobility is reinforced by national policy targets related to
electric  two-wheeler production and the broader
decarbonisation agenda [5].

University campuses are particularly suitable environments
for implementing electric bicycle infrastructure because they

2049

contain concentrated mobility demand, predictable travel
patterns, and defined groups of users such as students,
academic staff, and administrative personnel. Electric bicycles
can support daily movement between classrooms, laboratories,
offices, and parking areas while contributing to institutional
sustainability goals linked to affordable energy, innovation,
sustainable communities, and climate action [6]. Prior campus
mobility studies indicate that predictable travel demand and
dwell-time patterns can improve the feasibility of charging
infrastructure deployment [7]. However, the effectiveness of
electric bicycle adoption on campus depends not only on the
availability of vehicles but also on reliable, accessible, and
safe charging facilities.

Charging infrastructure remains one of the main barriers to
wider electric vehicle adoption in Indonesia and in many
campus environments. Limited access to charging points can
increase waiting time, discourage users, and lead to prolonged
connection of vehicles after charging is complete [8, 9].
Beyond availability, the technical quality of the charger is
critical because charging current, voltage regulation, and
protection mechanisms directly influence charging time,
battery degradation, safety, and user convenience [9, 10].
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Conventional electric bicycle chargers commonly rely on
simple visual indicators to show charging completion, but this
approach does not guarantee automatic electrical
disconnection. As a result, vehicles left unattended for
extended periods remain vulnerable to overcharging,
unnecessary energy consumption, and premature battery
aging.

Existing studies on electric vehicle charging infrastructure
have made important contributions, but several limitations
remain when the specific needs of 48 V electric bicycles and
campus-scale deployment are considered. Many recent
charging station studies emphasize high-power, high-voltage,
or multi-energy systems for electric cars and heavy-duty
electric vehicles [11, 12]. These systems provide useful
insights into smart charging architecture but are not directly
transferable to low-voltage electric bicycle platforms. Campus
charging studies have also explored RFID-based access and
multiple charging slots [9], yet they generally do not combine
multi-mode current control, automatic cut-off protection, and
real-time Internet of Things (IoT) monitoring in a single
experimentally validated system. This creates a clear technical
gap for light electric mobility infrastructure.

Against this background, the technical gap addressed here
is narrow and implementation-oriented: the same 48 V
prototype is used to compare three discrete current settings,
verify an independent voltage-threshold cut-off, and record
battery-side voltage, current, power, and energy at 5 s
intervals. Relative to recent IoT e-bike chargers [7-9], the
distinguishing evidence is the side-by-side charging-time and
cut-off characterization of 3 A, 5 A, and 7 A modes. The work
does not claim a new converter topology, a complete
commercial CC-CV  charger, or superior lifecycle
performance.

The objectives were to design the charging and monitoring
architecture, characterize charging duration and current
stability for the three modes, evaluate disconnection
repeatability at the calibrated 51.5 V threshold, and verify
laboratory data acquisition. The study is a proof-of-concept
evaluation using one 48 V, 20 Ah sealed lead-acid battery and
three trials per mode. Accordingly, its contribution is
integrated laboratory characterization using commercially
available modules; generalization to other batteries, long-term
safety, efficiency, economic value, and campus-scale
operation remains outside the present evidence.

2. MATERIALS AND METHODS
2.1 Research design and development framework

The study followed a research-and-development process
with experimental verification, as summarized in Figure 1.
The stages comprised focused literature review and gap
identification, system specification, hardware design,
component procurement, electrical and mechanical assembly,
functional testing, revision, performance testing, and
interpretation. This sequence is consistent with design-science
work in which an engineered artifact is evaluated against
explicit operating objectives [11].

Experimental verification compared three charging-current
modes with three trials per mode. The same battery was
intentionally reused to isolate the effect of the selected current
within one pack and to reduce between-battery variability. The
nine trials therefore support proof-of-concept functionality

2050

and within-pack repeatability only; they do not constitute a
population sample of batteries or evidence of long-term
charging performance.

Figure 1. Research framework

2.2 System architecture

The station was organized as a modular power and
information flow (Figure 2). A 220 V AC single-phase source
supplied a 36 V, 30 A switched-mode power supply. A PWM-
controlled boost converter provided an adjustable DC output
with a configured ceiling of 56 V. This 56 V value denotes
converter capability and design headroom; it was not the
battery-terminal target. During the tests, the battery terminal
increased from approximately 48.0 V until the independent
cut-off opened at 51.5 V.
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Figure 2. Functional block diagram of the charging and
monitoring architecture
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The implemented algorithm was current-limited charging
with voltage-threshold termination. The PWM  setting
established nominal current levels of 3 A, 5 A, and 7 A (0.15
C, 0.25 C, and 0.35 C for the 20 Ah pack) during the main



charging region. Current decreased as the terminal voltage
approached the cut-off. No dedicated closed-loop constant-
voltage stage or float stage was implemented; therefore, the
system should not be described as a complete CC-CV charger.
Table 1 reports design-point values. Input current and power
were estimated using an assumed 90% conversion efficiency
and were not measured.

Table 1. Design-point electrical parameters for the three
current modes

Parameter Normal Medium  Fast
Converter voltage ceiling (V) 56 56 56
Nominal current set point (A) 3 5 7

Nominal C-rate for 20 Ahpack  0.15C 025C 035C
Design-point output power at 56
V(W) 168 280 392
Estimated 36 V input current at
1 = 90% (A) 5.19 8.64 12.10
Estimated input power at n =
90% (W) 186.67 311.11 43556

Note: The 1 = 90% values are design estimates only. AC-side and converter
input measurements were not recorded, so conversion efficiency and energy
loss were not experimentally determined.

Battery-side voltage, current, power, and cumulative energy
were measured by a PZEM-017 module and 50 A shunt. An
XH-M603 relay module was installed in series after the
sensing stage and calibrated to open at 51.5 V; 52.0 V was
used only as an experimental upper observation boundary. The
relay acts directly in the charging path and does not depend on
Wi-Fi, the ESP32, or cloud availability. Relay actuation delay,
hysteresis, reset/restart behaviour, and response to imposed
voltage fluctuations were not separately instrumented; the
reported protection result is therefore limited to the observed
disconnection voltage in each trial.

The components were mounted in a carbon-steel frame with
PVC panels, ventilation openings, front-panel mode selection,
and a single IEC charging connector. Figure 2 presents the
functional signal and energy flow, while Figure 3 retains the
component-level interconnection used for fabrication. The
prototype had one charging port and no user-authentication or
scheduling function.

Figure 3. Charging station design

2.3 IoT monitoring configuration

The monitoring chain consisted of the PZEM-017 sensor
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and shunt, a MAX485 RS-485-to-UART interface, and an
ESP32. The PZEM-017 provided voltage, current, power, and
energy registers through Modbus-RTU at 9600 baud. The
ESP32 polled the sensor through UART2 and transmitted the
readings to a Google Apps Script endpoint. Because the
protection relay is electrically independent, failure of this data
path does not prevent threshold disconnection.

The polling and logging interval was 5 s. Timestamped
records were appended to Google Sheets through HTTP GET
over indoor Wi-Fi, and selected readings were compared with
a calibrated digital multimeter and a front-panel volt-ampere
meter. The validation used one ESP32 under relatively stable
laboratory Wi-Fi. No authentication, encrypted device
identity, local buffering, redundant communication,
deliberately degraded signal test, or simultaneous multi-device
test was implemented.

2.4 Experimental and procedure

Tests were conducted indoors in the Mechanical
Engineering Workshop D4, Faculty of Vocational Studies,
Universitas Negeri Surabaya. The test article was one 48 V, 20
Ah sealed lead-acid pack installed on an electric bicycle. Its
nominal energy rating is 960 Wh (48 V x 20 Ah), but actual
stored or delivered energy was not determined because
complete  input-output energy measurements  were
unavailable.

Each trial began after the pack was discharged to a
standardized open-circuit terminal voltage of 48.00 + 0.20 V,
verified with a calibrated digital multimeter, and rested for at
least 30 min. This voltage criterion was used for repeatability;
no independent state-of-charge estimator was available, so it
should not be interpreted as a validated 50% state of charge. A
trial ended when the relay opened at the calibrated 51.5 V
threshold and current fell to 0 A. The threshold was an
experimental comparison endpoint and not a claim of
complete battery charging.

The independent variable was the current mode (3 A, 5 A,
or 7 A). The primary outcome was elapsed time to relay
disconnection. Secondary outcomes were battery-terminal
voltage trajectory, current deviation from the selected set
point, disconnection voltage, logging-interval consistency,
record completeness, and sensor deviation from the reference
instrument. Ambient temperature and relative humidity were
approximately 27-30 °C and 60-75%, respectively. Battery-
surface and component temperatures were not recorded.

For each mode, the mean and sample standard deviation
were calculated from three trials. A one-way ANOVA was
used as an exploratory comparison at o = 0.05, with Shapiro-
Wilk assessment of residual normality, Levene assessment of
variance homogeneity, F-test degrees of freedom, n? effect
size, and Tukey HSD pairwise intervals. Because n = 3 per
mode provides weak assumption diagnostics, an exact
permutation test over all 1,680 labelled allocations of three
observations per group was also used to confirm the overall
mode effect. Statistical significance was not interpreted as
evidence of long-term battery safety or population-level
reliability.

Voltage and current records were plotted against time and
terminal voltage. Descriptive regions in the curves were used
to discuss observed behaviour; they were not treated as
programmed charging stages. Cut-off performance was
evaluated from the disconnection voltage relative to 51.5 V.
IoT performance was evaluated only for the laboratory



network from timestamp jitter, missing records, and selected
sensor-reference deviations.

3. RESULTS AND DISCUSSION
3.1 Prototype development and functional integration

The prototype integrated a 220 V AC input, a 36 V DC
supply, a PWM-controlled boost stage, selectable current-
limited modes, battery-side sensing, relay-based voltage-
threshold disconnection, and ESP32 cloud logging. The 56 V
setting served as a converter ceiling, while the tested battery
terminal was disconnected at 51.5 V. The resulting
architecture provided three separate functions: controllable
charging current, hardware protection independent of
communications, and time-stamped observation.

The hardware was assembled from commercially available
modules. This choice reduced implementation complexity and
supports replication, but the study did not record a bill of
materials, labour cost, certification cost, or maintenance cost.
Accordingly, the revised manuscript refers to an off-the-shelf
prototype rather than claiming a demonstrated cost advantage.
Likewise, one charging port and one monitoring device do not

establish scalability.

The engineering contribution is therefore system-level
integration and comparative laboratory characterization rather
than a new power-converter topology. The evidence directly
supports  selectable  current, repeatable  threshold
disconnection, and 5 s data logging for the tested
configuration. Outdoor operation, multiple simultaneous
users, unstable supply and network conditions, certified
protection, and charge-profile compatibility with battery-
manufacturer requirements remain necessary before campus
deployment.

3.2 Charging duration performance across current modes

Charging duration was the main performance indicator used
to determine the effect of current-mode variation. Nine
charging trials were performed using a 48 V, 20 Ah sealed
lead-acid battery, with three independent replications for each
mode. Each trial began from a standardized initial condition of
approximately 50% state of charge, represented by a terminal
voltage 0f 48.00 V £0.2 V, and ended when the automatic cut-
off relay opened at the calibrated threshold. This procedure
ensured that the comparison among the three current modes
was based on equivalent initial battery conditions.

Table 2. Charging station performance test results

Charging Mode Trial 1 (min) Trial 2 (min) Trial 3 (min) Average (min) SD (min)
Normal (3 A) 199 195 197 197 3.6
Medium (5 A) 131 133 129 131 4.0
Fast (7 A) 108 106 110 108 4.0

Table 2 presents the charging duration measured for each
mode. Normal mode required 199, 195, and 197 min, resulting
in a mean duration of 197 min and a standard deviation of +3.6
min. Medium mode required 131, 133, and 129 min, resulting
in a mean duration of 131 min and a standard deviation of +4.0
min. Fast mode required 108, 106, and 110 min, resulting in a
mean duration of 108 min and a standard deviation of £4.0
min. The inter-trial variability remained below approximately
2.1%, indicating high repeatability across all modes and
confirming that the differences in charging duration were
primarily caused by the applied charging-current set point.

Relative to Normal mode, Medium mode reduced the mean
time by 66 min (33.5%) and Fast mode by 89 min (45.2%).
Levene’s test did not indicate unequal variances (F = 0.00, p =
1.00), whereas the Shapiro-Wilk test of ANOVA residuals did
not support normality (W =0.823, p =0.037). The exploratory
ANOVA nevertheless produced F(2,6) = 1600.75, p < 0.001,
with 0?2 = 0.998. The exact permutation result also supported
an overall mode difference (p = 0.0036). Exploratory Tukey
HSD intervals were 60.99-71.01 min for Normal-Medium,
83.99-94.01 min for Normal-Fast, and 17.99-28.01 min for
Medium-Fast (all adjusted p <0.001). These inferential results
should be interpreted cautiously because each mode had only
three observations from one battery.

The time saving was nonlinear: increasing current from 3 A
to 5 A saved 66 min, whereas increasing from 5 A to 7 A saved
only 23 min. The curves are consistent with reduced marginal
time benefit as the terminal voltage approaches the cut-off and
current begins to taper. However, this pattern cannot be
assigned uniquely to battery charge acceptance, converter
efficiency, or electrical losses because AC-side input power
and converter input-output energy were not measured. The
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90% values in Table 1 are design assumptions, not efficiency
results. Consequently, Fast mode is supported as the shortest
tested option, not as the most energy-efficient mode.

3.3 Voltage profile characteristics during charging

The voltage trajectories recorded by the IoT monitoring
subsystem showed reproducible multi-stage charging
behaviour across all nine trials. The terminal voltage increased
from approximately 48.00 V toward the automatic cut-off
threshold of 51.5 V. Although the total duration differed
substantially among modes, the overall pattern of voltage
evolution remained consistent. This result indicates that the
multi-mode current-control mechanism did not induce
abnormal voltage behaviour in the tested sealed lead-acid
battery.

As illustrated in Figure 4, the initial stage was characterized
by a relatively rapid rise in terminal voltage from
approximately 48.0-49.6 V to around 50.4 V. This stage
represents early charge restoration and surface-charge
accumulation on the electrode plates. Its duration decreased as
the charging current increased, with Fast mode reaching this
voltage range more rapidly than Normal mode. The middle
stage showed a more gradual voltage increase and
corresponded to the main energy-transfer period. During this
phase, the current remained close to the configured set point,
indicating that the regulation circuit sustained stable current
delivery while most of the electrochemical charging process
occurred.

The final stage was marked by an asymptotic approach to
the 51.5 V cut-off threshold, during which the voltage rise
progressively slowed. This pattern reflects the reduced charge



acceptance of sealed lead-acid batteries near the fully charged
condition. The absence of abrupt overshoot or unstable voltage
escalation in Fast mode is particularly important because
higher charging currents can increase the risk of thermal stress
or accelerated degradation if not properly controlled. The
observed voltage trajectories therefore suggest that the
proposed charger can reduce charging time while maintaining
controlled terminal-voltage behaviour. However, long-term
cycling tests are still required to determine whether repeated
Fast-mode charging affects capacity retention, internal
resistance, and battery aging.

Charging Station Performance
52V 52V 50V
521 108 Minute~——) = 131 Minute Y

197 Minute

Battery Voltage (V)
3 Q

IS
©
I

—— Mode Normal (3 Ampere)
Mode Medium (5 Ampere),

48+
48V Mode Fast (7 Ampere)

0 35 70 105 140 175 210
Time (Minute)

Figure 4. Charging performance and voltage trajectory
3.4 Current regulation and automatic cut-off performance

Current regulation was evaluated by comparing the
measured charging current with the selected set point during
the main charging phase. As shown in Figure 5-7, the system
maintained current delivery within approximately +2% of the
configured level across all operating modes. In Fast mode, as
shown in Figure 7, the current remained close to 7 A during
the bulk phase and decreased smoothly as the battery
approached the cut-off threshold. This behaviour demonstrates
that the boost converter and pulse-width modulation control
stage were able to provide stable current regulation without
excessive oscillation.

3.4 —— Normal Mode (3 Ampere)|

3,2

Current (A)

N N
LS} =
L

N
o

©

48 48,5 49 49,5 50 50,5 51 51,5 52
Battery Voltage (V)

Figure 5. Charging current profile under Normal mode

The automatic cut-off system was evaluated using the
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calibrated threshold of 51.5 V. Across all nine trials, the XH-
M603 relay-based protection module successfully terminated
charging within a £0.2 V window of the threshold. The
maximum positive deviation was +0.2 V, recorded at 51.7 V
in Fast Mode Trial 1, whereas the maximum negative
deviation was —0.2 V, recorded at 51.3 V in Medium mode
Trial 1. The average cut-off voltage across all trials was 51.51
V, corresponding to a systematic deviation of only +0.01 V or
approximately 0.019% relative error from the calibrated
threshold. No trial exceeded the 52.0 V upper safety boundary.

As illustrated in Figures 5-7, increasing the selected charging
mode resulted in a corresponding increase in charging current
while maintaining a controlled profile throughout the charging
process. The slightly wider cut-off deviation observed under
Fast mode is technically plausible because the higher charging
current produces a faster voltage rise near the threshold,
reducing the response time available for relay activation.
Nevertheless, all deviations remained within the predefined
safety window and did not compromise the protection
function. The 100% cut-off success rate is a critical finding for
campus deployment because electric bicycles are often left
connected while users attend classes, laboratory sessions, or
administrative activities. Automatic disconnection therefore
reduces the risk of overcharging, unnecessary energy
consumption, and accelerated battery degradation associated
with prolonged unattended charging.

Medium Mode (5 Ampere)]

5,51

3,01

2,54

48 485 49 495 50 505 51 515 52
Battery Voltage (V)

Figure 6. Charging current profile under Medium mode
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Figure 7. Charging current profile under Fast mode



3.5 IoT-based real-time monitoring validation

The IoT monitoring subsystem was validated based on
logging interval consistency, data completeness, and
measurement accuracy. During approximately 48 h of
cumulative operation across nine charging trials, the ESP32-
based data acquisition system maintained the configured five-
second logging interval with a maximum observed timestamp
jitter of 0.3 s. No packet loss was recorded during the
experimental campaign, indicating 100% data transmission
completeness under the tested indoor Wi-Fi conditions.

Measurement accuracy was verified through parallel
readings using a calibrated digital multimeter at selected
intervals. The PZEM-017 voltage readings showed an average
deviation of 0.38% from the reference instrument, with a
maximum deviation of 0.52%. Current readings showed an
average deviation of 0.94%, with a maximum deviation of
1.18%. These values remained within the sensor accuracy
specifications of £1% for voltage and +1.5% for current,
confirming that the monitoring subsystem provided sufficient
measurement fidelity for real-time observation and post-test
performance analysis.

The real-time monitoring function adds an important
operational layer to the charging station. Rather than
functioning only as an electrical charger, the system becomes
an observable infrastructure component capable of producing
charging records for users and facility managers. In a campus
environment, this capability can support the identification of
usage patterns, maintenance needs, abnormal charging
behaviour, and energy consumption trends. However, the
present validation was conducted under relatively stable
indoor network conditions. Future deployment should
therefore test communication robustness under fluctuating Wi-
Fi signal strength, simultaneous users, outdoor placement, and
longer unattended operation.

3.6 Comparative interpretation and practical implications

The performance trend observed in this study is consistent
with the expected relationship between current level and
charging duration. Peffers et al. [13] reported a charging
duration of 164 min for a comparable 48 V, 20 Ah sealed lead-
acid battery at 4 A. In the present system, Normal mode at 3 A
required 197 min, while Medium mode at 5 A required 131
min. This comparison supports the construct validity of the
results because lower current produced a longer charging
duration and higher current produced a shorter duration
relative to the 4 A reference condition.

Compared with large-scale electric vehicle charging
systems, the proposed system addresses a more specific but
practically important implementation scale. Prior studies on
high-power charging infrastructure commonly emphasize
electric cars, heavy-duty electric vehicles, renewable energy
integration, or grid-level optimization [11, 12]. Those
platforms provide important design insights, but their voltage
levels, power ratings, and operational requirements are not
directly transferable to 48 V electric bicycle systems. Campus-
oriented charging studies have also discussed access control
and charging-slot availability [9, 14, 15], yet they have not
consistently integrated current-mode selection, automatic cut-
off protection, and real-time monitoring in a single
experimentally validated low-voltage platform.

The practical implication of the multi-mode architecture is
that users are not restricted to a single charging speed. Normal
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mode can be used when long parking duration is available,
Medium mode can support moderate-duration campus
activities, and Fast mode can provide shorter turnaround for
users with limited dwell time. This flexibility is particularly
relevant in campus environments where travel demand is
concentrated around class schedules, laboratory sessions, and
administrative working hours. By aligning charging rate with
user dwell time, the system can improve charging accessibility
and reduce unnecessary occupation of charging ports.

The automatic cut-off function is equally important from a
safety and operational perspective. In real campus use,
vehicles may remain connected for longer than necessary
because users are away from the parking area. A charger
without automatic disconnection may continue to expose the
battery to unnecessary electrical stress after the target voltage
is reached. The present system mitigates this risk by
terminating the charging process automatically, while the IoT
subsystem provides traceable evidence that the disconnection
occurred within the calibrated threshold window. The
combined system therefore improves both user-level
convenience and infrastructure-level controllability [16, 17].

Table 3 positions the prototype against recent e-bike
monitoring studies and a commercial 48 V charger benchmark.
The comparison is qualitative because the systems use
different battery chemistries, test conditions, power sources,
and objectives. It is intended to define the contribution and
remaining gaps, not to claim universal superiority.

Table 3. Qualitative comparison with related and commercial
solutions

Reference /
Platform

Relevant Comparison with the Present
Prototype
Economical e-bike charger with IoT real-time
parameter monitoring. The present work adds a
controlled 3/5/7 A time comparison and reported
cut-off repeatability; neither establishes lifecycle
performance here.
Hybrid-powered e-bike station with IoT
monitoring, Coulomb-counting-related estimation,
and prediction. The present work is grid-fed and
focuses on current-mode and cut-off
characterization.

Non-intrusive CNN-BiLSTM charging-state
recognition for lithium batteries. The present work
uses direct sensors and has no diagnostic
machine-learning function.

Three current-limited modes, independent 51.5 V
cut-off, and 5 s battery-side logging. Limitations:
one battery, one port, indoor Wi-Fi, no
authentication/scheduling, no measured
efficiency, thermal data, cost analysis, or
certification.

Ilahi et al.
[7]

Hidayat et
al. [8]

Liu et al.

(]

Present
prototype

Within the laboratory scenario, Normal mode offers the
longest time and lowest nominal C-rate, Medium mode
provides the largest incremental time saving, and Fast mode
provides the shortest measured turnaround. These labels
describe operating choices rather than Dbattery-health
recommendations. Selection for actual users should be
constrained by the battery manufacturer’s permitted current
and charge profile, which were not evaluated across multiple
pack types in this study.

The independent relay can reduce the duration of continued
electrical connection after the selected terminal-voltage
threshold is reached, while the IoT record can document the



event. This pairing is practically useful for unattended campus
parking, but one protected connector does not by itself
demonstrate station-level availability, queue reduction,
cybersecurity, or fleet management. Those outcomes require
multi-port and multi-user deployment studies [18, 19].

3.7 Campus-mobility relevance and study limitations

The prototype can support campus e-bike mobility by
providing selectable charging time, automatic experimental-
threshold disconnection, and observable records. These are
enabling infrastructure functions; they are not direct evidence
of sustainability benefits. The study did not quantify grid
energy consumption, avoided emissions, renewable-energy
contribution, lifecycle impacts, or rebound effects.
Accordingly, the charger is described as supporting campus-
mobility operations rather than as demonstrating carbon or
environmental improvement [20, 21].

The principal limitations are: one 48 V, 20 Ah sealed lead-
acid battery; three trials per mode; a terminal-voltage starting
criterion without independent state-of-charge estimation; no
battery-surface temperature, gas, internal-resistance, capacity-
retention, or cycle-life data; no measured AC input or
converter efficiency; no instrumented relay delay, hysteresis,
restart, or disturbance test; one device on stable indoor Wi-Fi;
and no outdoor, multi-port, simultaneous-user, authentication,
scheduling, cybersecurity, or commercial-charger test under a
common protocol. The study also lacks a bill of materials,
economic analysis, environmental assessment, and product-
safety certification [22].

Future work should add multiple new and aged batteries,
battery-specific charge profiles, thermal sensing, long-term
cycling, four-wire and AC-side power measurements,
converter-efficiency and energy-loss analysis, relay dynamic
tests, degraded-network and offline-buffering tests, multi-
device operation, access control, reservation and scheduling,
common-protocol comparison with commercial chargers,
cost-of-ownership analysis, outdoor-enclosure qualification,
and lifecycle or carbon assessment. These steps are required
before claims of safety, efficiency, sustainability, or campus-
scale readiness can be strengthened [23].

4. CONCLUSION

A 48 V charging-station proof of concept was developed
with current-limited modes of 3 A, 5 A, and 7 A, independent
relay disconnection at 51.5 V, and 5 s ESP32-PZEM-017
logging. For one 48 V, 20 Ah sealed lead-acid battery and
three trials per mode, mean (SD) times to the experimental cut-
off were 197 (2), 131 (2), and 108 (2) min. The exploratory
ANOVA was F(2,6) = 1600.75, p < 0.001, n>=0.998, and an
exact permutation test gave p = 0.0036. All trials disconnected
within £0.2 V of the threshold, and no missing records were
observed during approximately 48 h of stable indoor Wi-Fi
operation. These findings demonstrate short-term electrical
functionality and within-pack repeatability of the integrated
architecture. They do not establish full-charge performance,
measured conversion efficiency, thermal or cycle-life safety,
environmental benefit, or field communication reliability. The
main contribution is therefore the combined laboratory
characterization of selectable current, hardware cut-off, and
real-time logging; deployment claims require the broader
validation described in Section 3.7.
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