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Abstract

This paper presents the design and experimental validation of a hardware-enforced charg-
ing profile selection framework for low-voltage electric all-terrain vehicles (ATVs), im-
plemented on a programmable Delta battery charger operating within a voltage range of
0-120 V and a current range of 0-30 A. Unlike conventional programmable chargers that
rely primarily on software-defined configuration or battery management system (BMS)-
negotiated parameter setting, the proposed system enforces predefined constant-current-
constant-voltage (CC-CV) charging profiles at the hardware execution layer. Vehicle
identification is performed using CANopen-based identifiers, while relay-based selection,
controlled via Modbus RTU, physically routes the charger output to fixed CC-CV control
paths, thereby structurally reducing the risk of misconfiguration and unintended parameter
changes. The system integrates layered control using embedded ESP32 nodes, a redPLC
supervisory controller, and NodeRED-based orchestration, combined with real-time mea-
surement, logging, and visualization using a time-series database and Grafana dashboards.
Experimental validation is conducted using lithium-ion battery packs configured at four
nominal voltage levels (24 V, 48 V, 60 V, and 72 V). The results confirm correct automatic
profile selection, deterministic relay-based routing, and stable CC-CV charging behavior
across repeated charging sessions. Rather than proposing a new charging algorithm, this
work contributes a safety-by-design execution-layer charging architecture that comple-
ments higher-level smart charging and management protocols and is particularly suited for
closed, heterogeneous fleet environments where deterministic behavior, robustness against
configuration errors, and transparent verification of charging processes are critical.

Keywords: charging profile selection; programmable charging system; electric all-terrain
vehicle; CANopen communication; Modbus RTU communication

1. Introduction

The rapid growth of electric vehicles (EVs) and the electrification of industrial service
vehicles have significantly increased the demand for reliable, scalable, and safe battery
charging systems, particularly in mission-critical applications such as airport ground sup-
port equipment (GSE) [1-3]. From an energy conversion perspective, battery charging
systems are fundamentally power electronic systems responsible for regulating voltage
and current delivered to the battery. In such environments, charging infrastructures must
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support continuous operation, high availability, and multiple vehicle types with different
operating requirements. Consequently, the performance, robustness, and safety of the
charger hardware directly affect energy efficiency, battery lifetime, and operational conti-
nuity. In this work, although the target application is airport service vehicles, an electric
all-terrain vehicle (ATV) is employed as a representative experimental platform to emulate
the charging behavior and operating conditions of this class of industrial electric vehicles.

In practical deployments, industrial electric vehicles and service vehicles are often
equipped with battery systems of different chemistries, capacities, and nominal voltage
levels, leading to heterogeneous charging requirements [4-7]. This situation is particularly
common in airport service fleets, such as baggage tractors and other GSE, where vehicles
of different generations and specifications coexist within the same charging facility. From
the viewpoint of battery charging principles, most lithium-based batteries rely on constant-
current-constant-voltage (CC-CV) charging strategies, and the correctness of voltage and
current setpoints is critical. Even a small deviation or an incorrect parameter selection may
accelerate battery degradation or cause safety risks [8~10]. Therefore, in multi-voltage and
multi-capacity charging environments, the correct selection and enforcement of charging
profiles become a key engineering requirement rather than merely a configuration issue.

To manage the growing scale and complexity of charging installations, communication
and supervision frameworks have been introduced into EV charging systems [11-14]. In
this context, the Open Charge Point Protocol (OCPP) has been widely adopted for charging
management, monitoring, and coordination in large-scale deployments. However, these
communication-oriented solutions mainly operate at the supervisory and management
levels. They do not directly guarantee that the safety-critical voltage and current limits
are enforced at the power hardware level. As a result, even in well-managed charging
infrastructures, the final responsibility for safe charging behavior still rests on the correct
configuration and reliable operation of the charger hardware itself.

In addition to communication frameworks and charging infrastructure management,
several studies have examined electric vehicle deployment policies, demand-side manage-
ment, and coordinated control strategies to support large-scale electrification. These works
provide important insights into grid integration, infrastructure planning, and system-level
optimization of charging operations. While such approaches address broader planning
and operational aspects, they do not directly ensure deterministic enforcement of charging
parameters at the execution layer. Therefore, the present work focuses on hardware-level
mechanisms that complement these higher-level strategies by providing robust and verifi-
able charging profile enforcement.

Along with the increasing connectivity and configurability of charging systems, cyber-
security and operational reliability issues have also attracted considerable attention [15-17].
Software faults, communication failures, or human errors during configuration may all
result in incorrect charging parameters being applied. From a power electronics perspective,
such faults are particularly dangerous because they directly affect the electrical output of
the charger. In heterogeneous battery environments, these issues may not only cause imme-
diate unsafe charging conditions but may also lead to long-term battery degradation. This
observation highlights that misconfiguration is not merely an IT or management problem
but a fundamental engineering safety issue in modern programmable charging systems.

In parallel, many studies have investigated EV charging infrastructures from system-
level and operational viewpoints, including station operation, scheduling, and large-
scale deployment planning [18-20]. While these studies provide valuable insights into
infrastructure-level coordination and energy management, the practical problem of de-
terministic charging profile selection and hardware-level enforcement for heterogeneous
battery systems remains insufficiently addressed. In real charging facilities, battery packs
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with different nominal voltages and capacities often coexist, and even a single incorrect
parameter setting may directly result in unsafe charging behavior or irreversible battery
damage. To address this gap, this work focuses explicitly on the execution layer of the
charging process and investigates how charging correctness and robustness can be struc-
turally improved through hardware-enforced design principles. Rather than proposing
a new charging algorithm or replacing higher-level smart charging, scheduling, or man-
agement frameworks, the proposed approach targets the safety-critical interface between
vehicle identification and power delivery. By binding vehicle-side identifiers to relay-
selected, hardware-configured constant-current-constant-voltage (CC-CV) charging paths,
the system reduces reliance on runtime software configuration, backend negotiation pro-
cesses and operator intervention for voltage and current enforcement. This execution-layer
perspective complements existing supervisory and management-oriented charging archi-
tectures by providing deterministic and verifiable enforcement of charging parameters at
the physical power interface, which is particularly relevant in closed and heterogeneous
fleet environments where misconfiguration risk and operational robustness are primary
concerns. Motivated by these challenges, this paper presents the design and experimen-
tal validation of a charging profile selection framework that emphasizes deterministic
enforcement of charging parameters at the execution layer. An electric all-terrain vehi-
cle (ATV) is used as a representative experimental platform to emulate heterogeneous
industrial electric vehicle operating conditions. The proposed system is implemented
on a programmable Delta charger and integrates CANopen-based vehicle identification
with Modbus RTU-controlled relay selection to physically route the charger output to
predefined constant-current-constant-voltage (CC-CV) charging paths. By enforcing volt-
age and current limits through hardware-configured control paths rather than runtime
software configuration alone, the framework reduces susceptibility to misconfiguration,
communication faults, and operator errors in multi-voltage charging environments. The
platform operates within a voltage range of 0~120 V and a current range of 0-30 A and is
experimentally validated using real-time monitoring and verification of charging behavior.
The proposed approach is intended to complement higher-level charging management and
coordination frameworks by providing a robust and verifiable execution mechanism for
safety-critical charging operations.

o The design of a charging profile selection system for programmable battery chargers
that integrates CANopen-based vehicle identification and Modbus RTU-based relay
control to enforce CC-CV charging parameters at the hardware level.

e  The implementation of a hardware-enforced charging profile selection mechanism that
significantly reduces the risk of configuration errors and human error when charging
battery systems with different nominal voltage levels.

o  The experimental validation of the proposed system using an electric ATV as a repre-
sentative experimental platform, demonstrating its feasibility, stability, and practical
effectiveness for multi-voltage battery charging applications.

The remainder of this paper is organized as follows. Section 2 describes the overall
system architecture and design principles. Section 3 presents the system implementation
and experimental setup. Section 4 discusses the experimental results. Finally, Section 5
concludes the paper and outlines future work.

2. System Architecture and Hardware Implementation
2.1. Overall System Architecture and Charging Operation

Before describing the detailed architecture, it is important to clarify the design rationale
underlying the proposed charging profile selection system. The system is intentionally
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structured as a layered architecture to separate vehicle identification, supervisory control,
and power enforcement functions, thereby reducing coupling between software decision
logic and safety-critical power control. Relay-based profile selection is adopted to provide
deterministic and physically verifiable routing of charging parameters, ensuring that
predefined voltage and current limits remain enforceable even under communication
delays, software faults, or configuration errors. This design prioritizes robustness and
operational transparency over runtime flexibility, which is particularly advantageous in
heterogeneous fleet environments where predictable charging behavior is essential.

Figure 1 illustrates the overall hardware and communication architecture of the pro-
posed programmable charging system designed for electric vehicles with heterogeneous
battery voltage levels, represented in this work by electric all-terrain vehicles (ATVs). The
system architecture is structured to eliminate manual charger configuration by enabling au-
tomatic battery identification, adaptive constant-current-constant-voltage (CC-CV) charg-
ing profile selection, and integrated data acquisition through coordinated communication,
control, and power subsystems [21-23].

=\ (97

Figure 1. Overall hardware and communication architecture of the proposed automatic charging
system for low-voltage electric vehicles. The architecture integrates vehicle-side identification, super-
visory control, relay-based CC-CV selection, measurement devices, and data acquisition components.
Red and black lines indicate DC power connections; blue and brown lines represent AC supply
wiring; all remaining colored lines denote RS485 communication signals.
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Experimental validation is conducted using NMC battery packs with nominal ratings
of 24V5A,48V5A,60V5A,and 72V 15 A, which are selected as scaled-down repre-
sentative configurations for experimental validation. Although the Delta programmable
charger supports a wide operating range of 0-120 V and 0-30 A, the experiments are inten-
tionally performed at lower current levels to validate the system design, control logic, and
hardware-enforced charging profile selection. The target charging current of approximately
20 A at different voltage levels is therefore considered, and the proposed system is directly
scalable to higher charging current levels supported by the power conversion hardware.

When the charging cable is connected, communication between the electric vehicle
and the charging system is initiated via the CANopen protocol. Each vehicle transmits a
predefined CAN identifier (CAN ID) corresponding to a specific CC~CV charging configu-
ration. CANopen is selected due to its deterministic communication behavior, robustness,
and widespread adoption in industrial control environments [24,25]. This identifier-based
mechanism allows unambiguous battery recognition at the moment of connection without
requiring any operator intervention [26].

Upon reception of the CAN 1D, the charger-side ESP32 module forwards the identifica-
tion data to the redPLC controller via MQTT. The redPLC serves as the primary supervisory
unit, coordinating system initialization, safety supervision, and communication manage-
ment [27]. Higher-level control functions, including NodeRED execution, are enabled only
after the system verifies that all operational and safety conditions are satisfied. This lay-
ered design establishes the redPLC as a supervisory control layer that bridges the charger
hardware with software-based configuration and monitoring functions [28].

Once NodeRED is activated, it subscribes to relevant MQTT topics and processes
the received CAN ID information using dedicated function nodes. The control logic is
explicitly divided into independent branches, each corresponding to a predefined battery
charging configuration. Based on the decoded CAN ID, NodeRED triggers the appropriate
RS-485 relay modules to select one of four fixed CC-CV control boards connected to the
Delta programmable charger. Each board is preconfigured for a specific voltage and current
profile, enabling deterministic and electrically isolated output selection [29,30]. This relay-
based selection mechanism enhances operational reliability and scalability while reducing
the risk of misconfiguration for additional battery configurations in industrial charging
environments [31].

From a safety perspective, the layered control structure ensures that charging oper-
ations are enabled only after successful system initialization and verification of commu-
nication integrity across all subsystems. In the event of communication loss, identifier
mismatch, or abnormal operating conditions, the system remains in a safe state by pre-
venting unintended relay activation and maintaining previously enforced charging limits.
This fail-safe behavior enhances operational reliability and reduces the risk of unintended
profile selection during real-world deployment.

2.2. CANopen-Based Vehicle Identification and CC-CV Selection

Figure 2 illustrates the CANopen-based communication architecture between electric
vehicles and the charging system. Each ATV is equipped with an ESP32-based CANopen
node configured as a transmitter, while the charger-side ESP32 acts as a CANopen receiver.
When the charging cable is connected, the vehicle-side node immediately initiates the
CANopen boot-up sequence and transmits a predefined CAN identifier (CAN ID) that
represents the nominal battery voltage level and the associated CC-CV charging profile [32].

To ensure deterministic and reliable operation in an industrial environment, the
CANopen protocol is adopted due to its well-defined communication objects, node man-
agement mechanisms, and error-handling features [33,34]. After the physical connection is
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ATV -1
0x800

established, the charger-side ESP32 waits for a valid CANopen frame within a predefined
timeout window. If no valid identifier is received, the system remains in an idle and safe

state, preventing any unintended activation of the power stage [35].

Figure 2. CANopen-based communication architecture between electric vehicles and the charging
cabinet. Vehicle-side ESP32 modules transmit predefined CAN identifiers to the charger-side receiver
to enable automatic battery identification and charging profile selection. (Red and black lines indicate
DC power connections; blue and brown lines represent AC supply wiring; green and yellow lines
denote CAN communication signals.)

Once the CAN ID is successfully received and validated, the charger-side ESP32
encapsulates the identification data and forwards it to the redPLC via MQTT. At this
stage, the redPLC performs basic safety checks and state verification before enabling
higher-level control functions. This two-stage validation process (vehicle-side identification
followed by charger-side verification) improves robusiness against communication faults
and unintended connections [36].

To guarantee unique and traceable identification, each ESP32 installed on an ATV
uses its embedded chip ID as a root identifier. During system initialization, this chip
1D is mapped to a specific CAN ID corresponding to a predefined charging profile. The
complete mapping between ESP32 chip IDs, CAN identifiers, and battery configurations
is summarized in Table 1. Although the hardware platform supports a wide operating
range of 0-120 V and 0-30 A, only four charging profiles are enabled in this prototype
implementation in order to match the experimental validation requirements [37].

Table 1. Mapping between ESP32 chip identifiers, assigned CAN IDs, and corresponding battery
configurations used for automatic vehicle and battery identification.

ESP32 Chip ID Set CAN ID Battery Configuration
0xF4D1B21AD6BS 0x500 24V5A
0x1CB2F8BDYE7C 0x600 48V5A
OxCOEA9BYEFCO8 0x700 60VSA
0x48BDF1BDIE7C 0x800 72V15A
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From a system integration perspective, this identifier-based approach enables plug-
and-charge functionality. The charging system does not rely on negotiation or manual
parameter input but instead deterministically binds the physical vehicle identity to a specific
hardware-enforced charging configuration. This design choice is particularly suitable
for multi-vehicle environments with heterogeneous battery systems, where operational
simplicity and configuration safety are critical [38].

Although the current implementation uses predefined mappings between device iden-
tifiers and charging profiles, the architecture is designed to support scalable deployment
through configurable identifier registration and modular profile expansion. New vehicle
types or battery configurations can be incorporated by extending identifier mappings
without modifying the underlying enforcement mechanism, thereby preserving system
stability while enabling future growth.

2.3. Fixed CC-CV Configuration Using Relay-Based Hardware Selection

Figure 3 illustrates the relay-based fixed CC-CV control mechanism implemented
in the proposed charging system. Instead of dynamically setting voltage and current
references through software commands alone, each charging profile is realized using a
dedicated CC-CV control board. Each board implements a local control loop that regulates
the output either in constant-current (CC) mode or constant-voltage (CV) mode, depending
on the instantaneous battery voltage [39].

NodeRED/Modbus

Figure 3. Relay-based fixed CC-CV charging control mechanism using Modbus RTU over RS-485 com-
munication. Each predefined charging profile is implemented with a dedicated CC-CV control board,
enabling deterministic voltage and current selection. (Red lines indicate current control connections;
purple lines represent voltage control signals; green and blue lines denote DC power connections.)

The use of relay-based hardware selection is motivated by the requirement for de-
terministic isolation between charging configurations and the need to minimize the risk
of unintended parameter switching. Unlike purely software-controlled profile selection,
physical switching provides an additional layer of assurance that only the intended config-
uration is active at any given time. This approach improves traceability and strengthens
confidence in safety-critical charging operations.

In the CC phase, the control loop maintains a constant output current until the battery
voltage reaches the predefined voltage threshold. Once this threshold is reached, the
controller transitions to CV mode and regulates the output voltage while the charging
current gradually decreases. This two-stage CC~CV behavior is widely adopted in lithium-
based battery charging systems due to its simplicity, safety, and effectiveness in preventing
overcharge [40,41].

hitps:/ /doi.org /10.3390 /en 19051310
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In the proposed system, the voltage and current limits of each CC-CV control board
are physically configured using DIP switches. The correspondence between DIP switch
settings and the resulting voltage and current levels is summarized in Table 2, while the
full selectable ranges supported by the control boards are listed in Table 3. By fixing these
parameters at the hardware level, the system ensures that critical charging limits cannot
be modified accidentally or maliciously by software-level commands [42]. This hardware-
level parameter enforcement mechanism effectively eliminates misconfiguration risk and
provides an additional safety layer for multi-voltage battery charging systems.

Table 2. Fixed CC-CV charging configurations selected through DIP switch settings corresponding
to different CAN identifiers.

CAN/CC-CV-Fixed Voltage [V] Ampere [A]
0x500 24V5A 001 000
0x600 48VSA 011 000
0x700 60VSA 100 000
0x800 72V15A 101 010

Table 3. Voltage and current levels of the CC-CV charging profiles evaluated in this study.

VoltageiDiff Switch AmperelDiff Switch
12y 000 5A 000
24V 001
36V 010 10 A 001
Select Profile 48V 011
ceev 60V 100 15A 010
72V 101
84V 110 20 A 011
100V 111
25 A 111

The selection among multiple CC-CV boards is performed using Modbus RTU-
controlled relay modules over RS-485. Based on the decoded CAN ID, NodeRED commands
the appropriate relay channel, which physically connects the selected control board to the
Delta programmable charger output. This hardware-level switching mechanism ensures
that only one charging profile can be activated at any given time and provides inherent
electrical isolation between different configurations [43].

Although relay actuation is initiated by software logic, the actual charging parameters
are fully defined by the hardware configuration of the selected CC-CV board. This hybrid
control strategy combines the flexibility of software-based system orchestration with the
determinism and safety of hardware-enforced parameter definition. As a result, the charg-
ing system exhibits predictable and repeatable behavior even in the presence of software
faults or communication disturbances [44].

2.4. Control Logic and Communication via Modbus RTU

In addition to CANopen-based identification and relay-based CC-CV selection, the
proposed system employs Modbus RTU as the primary field-level communication protocol
for control commands and measurement data acquisition. Modbus RTU is selected due
to its simplicity, robustness, and widespread adoption in industrial automation systems,
particularly over the RS-485 physical layer [45,46].
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In the proposed architecture, the redPLC acts as the Modbus master and periodically
polls all connected slave devices according to a predefined scheduling cycle. The slave
devices include RS-485 relay modules for CC-CV board selection and power measurement
instruments for both the AC input side and the DC output side. Each slave device is
assigned a unique slave ID, and its internal registers are mapped to specific control or
measurement functions [47].

The polling cycle is designed to ensure deterministic update intervals for both control
and monitoring functions. Relay actuation commands are transmitted as discrete coil or
register writes, while measurement values are retrieved using holding or input register
reads. This master-slave communication structure avoids bus contention and ensures
predictable timing behavior, which is essential for reliable operation in industrial control
environments [48].

The RS-485 relay modules are configured as Slave ID 1 and Slave ID 2 and are respon-
sible for physically switching the CC-CV control boards. For electrical measurements, a
PZEM-017 module is used to measure DC-side voltage, current, power, and accumulated
energy [49], while a PM2230 power meter is used for AC-side measurements. The complete
Modbus RTU device configuration, including slave IDs and register address ranges, is
summarized in Table 4.

Table 4. Modbus RTU device configuration and addressing scheme used for relay control and
electrical parameter measurement.

Device Type Function Slave ID Address Range Description
RS-485 Relay Module 1 CC-CV relay control 1 0-8 Contml:elCCSt—iE : board
RS-485 Relay Module2  CC-CV relay control 2 0-8 C“"""iﬁf&f{:’ L
PZEM-017 DC measurement 5 0-6 DGyoltage, cuxenl; powiey
energy
PM2230 AC measurement 100 2999-3207 AC voltage, current, power,
energy

From a system integration perspective, this Modbus-based fieldbus framework pro-
vides a clear separation between high-level supervisory control and low-level device
actuation and sensing, thereby improving modularity, maintainability, and fault isolation.

While the proposed architecture introduces additional switching elements, their im-
pact on overall charging efficiency is minimal due to the low contact resistance of industrial
relay components. The design emphasizes reliable parameter enforcement and operational
safety, with efficiency considerations remaining within acceptable limits for the intended
application domain.

2.5. Data Acquisition, Logging, and Real-Time Visualization

Comprehensive data acquisition and monitoring are integral parts of the proposed
charging system, as they provide both operational visibility and experimental validation
capability. Electrical parameters are continuously measured on both the AC input side and
the DC output side, enabling detailed analysis of power conversion efficiency, charging
dynamics, and system behavior [50].

On the AC side, the PM2230 power meter provides measurements of voltage, current,
active power, and accumulated energy. On the DC side, the PZEM-017 module measures
the output voltage, charging current, instantaneous power, and delivered energy. These
measurements are periodically collected by the redPLC via Modbus RTU and forwarded
to the supervisory software layer [51]. All time-stamped measurement data are stored in
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an InfluxDB time-series database, which is optimized for high-frequency data ingestion
and efficient temporal queries. This data management approach enables both real-time
monitoring and long-term historical analysis. Grafana dashboards are used to visualize
key system variables, including voltage and current trajectories, power flow, and charging
state transitions [52,53]. The visualization environment supports verification of charging
stability, profile selection correctness, and temporal consistency of measured electrical
parameters during experimental operation.

Although the present experimental setup focuses on moderate charging currents, the
same data acquisition and monitoring framework is directly applicable to higher-power
charging systems, such as those required for airport ground service vehicles [54].

3. System Implementation and Experimental Validation

This section describes the system implementation and experimental validation plat-
form of the proposed charging profile selection system. The primary objective is to verify
the functional correctness, determinism, and safety of the identifier-based charging mecha-
nism and the hardware-enforced CC-CV configuration under realistic operating conditions,
rather than to evaluate charging performance metrics. The experimental platform is imple-
mented using a programmable Delta battery charger and multiple low-voltage lithium-ion
battery configurations. An electric all-terrain vehicle (ATV) is employed as a representative
experimental platform to emulate the charging behavior of industrial electric vehicles with
heterogeneous battery systems. This setup enables practical validation while maintaining
general applicability. The experimental implementation is designed to evaluate functional
correctness, deterministic profile selection, and robustness of the hardware-enforced charg-
ing mechanism under representative operating conditions. The focus of this validation is to
confirm reliable coordination between identification, supervisory control, and hardware
parameter enforcement rather than to optimize charging performance metrics.

The system implementation follows the architecture presented in Section 2 and reflects
the actual signal and control flow of the charging process, from vehicle-side parameter
encoding and CANopen-based identifier transmission to charger-side validation, hardware-
level profile enforcement, and electrical parameter acquisition. Charging parameters are
encoded through physical configuration mechanisms and mapped to predefined CANopen
identifiers, enabling deterministic and unambiguous profile selection upon connection.
In addition, supervisory control and field-level communication using Modbus RTU are
integrated to coordinate relay-based profile selection and measurement acquisition, while
preserving strict hardware enforcement of critical charging limits. The following subsec-
tions detail the embedded implementation, control logic, and experimental setup [55,56].

3.1. Embedded System Implementation Using ESP32 and CANopen

The proposed charging system employs ESP32 microcontrollers as embedded control
units on both the vehicle side and the charger side. The ESP32 platform is selected due to its
integrated CAN controller, sufficient computational capability, and suitability for real-time
industrial communication and control applications. Vehicle-charger communication is
realized using a CANopen-based communication layer operating over the CAN physical
bus [57,58].

On the vehicle side, the ESP32 encodes the battery voltage and current configuration
and transmits this information to the charging system via the CANopen network. During
system initialization, a unique hardware identifier derived from the internal chip ID is
deterministically mapped to a predefined CANopen identifier (CAN ID), where each CAN
ID represents a validated CC-CV charging profile associated with a specific battery configu-
ration. By embedding the charging profile information directly into the CANopen identifier,
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the system enables immediate and unambiguous vehicle and battery identification upon
physical connection, without requiring manual configuration or software-level negotiation.

After the charging parameters are determined, the vehicle-side ESP32 periodically
transmits the selected CANopen identifier and associated data frame over the CAN net-
work. This periodic broadcast ensures that the charger-side controller always receives
a valid and up-to-date identification frame prior to any power-stage activation, thereby
improving robustness against transient communication disturbances. This determinis-
tic and lightweight CANopen-based identification mechanism forms the foundation for
subsequent charger-side validation and hardware-enforced charging profile selection. De-
tailed descriptions of the vehicle-side parameter encoding and CANopen frame packing
procedures are provided in Appendix A1 and Appendix A2, respectively.

3.2. Charger-Side Validation and Hardware-Enforced CC-CV Profile Selection

Upon reception of a valid CANopen identifier (CAN ID) at the charger side, the
proposed system associates the identifier with a predefined constant-current-constant-
voltage (CC~CV) charging configuration. Instead of dynamically generating voltage and
current setpoints through software control, the charging parameters are strictly enforced
using hardware-configured CC-CV control boards. This design choice follows established
hardware-enforced charging principles, which are widely adopted to improve safety and
reliability in battery charging systems [59,60].

Each CC-CV control board implements a local analog control loop that regulates
the charger output either in constant-current (CC) mode or constant-voltage (CV) mode,
depending on the instantaneous battery voltage. The voltage and current limits of each
board are physically preconfigured using DIP switches, as summarized in Tables 2 and 3
in Section 2. As a result, critical charging parameters are constrained at the hardware
level and cannot be altered by software faults, communication errors, or unintended
supervisory commands.

Selection among multiple CC-CV control boards is performed using relay modules
controlled via Modbus RTU communication. Based on the decoded CANopen identifier,
the supervisory controller activates the corresponding relay channel, physically connecting
the selected CC-CV board to the programmable Delta charger output. At any given time,
only one relay path is allowed to be active, which guarantees mutual exclusivity among
charging profiles, prevents conflicting configurations, and provides inherent electrical
isolation between profiles.

During experimental operation, the system behavior was observed to remain stable un-
der normal connection sequences, with charging activation permitted only after successful
identifier validation and relay configuration. Any unexpected communication interruption
results in the system remaining in a non-energized state, consistent with the fail-safe design
principles described in Section 2.

The following simplified equations describe the conceptual CC-CV charging behavior
used to illustrate the control logic rather than a detailed electrochemical battery model.

Once the appropriate CC-CV board is selected, the charging process follows the
conventional CC-CV strategy. During the constant-current phase, the charging current
is regulated to a predefined level Icc, while the battery voltage increases, which can be
expressed as

I(t) = I, for V(t) < Vi (1)
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where I(f) and V{t) denote the instantaneous charging current and battery terminal voltage,
respectively. Under this condition, the voltage rise can be approximated by
dvit) I
Y @
dt Ceq
with C,; representing the equivalent battery capacitance.
When the battery voltage reaches the predefined threshold Vy, the control loop
transitions to constant-voltage operation, maintaining

V(f) - Vci-, fort 2 tew (3)

During this phase, the charging current naturally decays according to the battery's
internal characteristics, which can be approximated as

Vci{ X Vu(

Rint 2

I{t) =
where Vpe(f) is the open-circuit voltage and R;y; is the internal resistance of the battery. To
ensure safe termination of the charging process, a cutoff condition is enforced such that

It) < Iiumff )

at which point the charger output is disabled. All parameters Icc, Vey, and I, are defined
exclusively by the selected hardware CC-CV board and remain invariant thfoughout the
charging process.

By enforcing charging parameters through CANopen identifier mapping and
hardware-level CC-CV profile selection, the proposed system achieves deterministic charg-
ing behavior, predictable charging trajectories, and enhanced robustness against software
faults or network disturbances. This approach is particularly important in charging sys-
tems supporting heterogeneous battery configurations, where incorrect parameter selection
may lead to unsafe operating conditions, as widely reported in the literature [61]. The
charger-side CANopen frame validation and relay-based profile selection logic are detailed
in Appendix A3,

3.3. Supervisory Control and Profile Routing Using NodeRED on redPLC

High-level supervisory control is implemented using NodeRED running on the red-
PLC, which serves as the central industrial controller and protocol gateway of the proposed
charging system [62,63]. This supervisory layer decouples low-level CANopen communi-
cation, handled by the ESP32-based embedded controllers, from high-level orchestration,
state management, and system-level supervision executed on the redPLC. Such separation
improves modularity, maintainability, and operational robustness.

At the charger side, a local status display provides real-time visualization of the de-
tected CANopen identifier and the corresponding charging profile parameters, allowing
immediate verification of correct profile selection before and during operation. The imple-
mentation details of this charger-side visualization interface are provided in Appendix A 4.
After successful decoding and validation of the CANopen message, the charger-side con-
troller forwards the extracted identification and associated parameters to the supervisory
layer via the MQTT protocol. The data are formatted as structured JSON messages and
published to predefined MQTT topics subscribed to by the NodeRED-based controller, as
detailed in Appendix A.5.

In addition, the supervisory layer enables synchronized observation of charging states
and communication events, ensuring that profile selection decisions and relay actions
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remain fully traceable during operation. The integration of monitoring and control through
a unified platform simplifies system diagnostics and supports systematic verification
of experimental outcomes. This arrangement also allows seamless correlation between
measured electrical parameters and control events, providing deeper insight into system
behavior under different charging conditions. Such capabilities enhance confidence in the
operational reliability of the proposed architecture and facilitate future extensions toward
larger-scale deployments.

On the supervisory side, NodeRED functions as the central orchestration layer that
receives, parses, normalizes, and dispatches incoming MQTT messages to the appropriate
control logic blocks. A dedicated function node decomposes each received message into a
compact internal representation containing the charging profile identifier, voltage reference,
and current limit. This normalization and parsing process is described in Appendix A 6.
As illustrated in Figure 4, the supervisory control logic routes each validated request
through mutually exclusive logic branches corresponding to predefined charging profiles
(0x500, 0x600, 0x700, and 0x800), ensuring deterministic profile routing through explicit
interlock mechanisms.
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Figure 4. Overview of the NodeRED-based supervisory control flow for CAN 1D parsing, charging
profile routing, relay actuation via Modbus RTU, and integrated data acquisition and logging.

Once a charging profile is selected, NodeRED issues a predefined sequence of Modbus
RTU commands to configure the relay outputs responsible for CC-CV board selection.
A short intentional delay is introduced to mitigate relay contact bounce, inrush current,
and transient misconfiguration effects. After relay switching is completed, the system
transitions into a stable charging state, enabling the charger power stage. This hybrid
supervisory-hardware control structure preserves flexibility at the supervisory level while
guaranteeing deterministic and fail-safe charging behavior through hardware-enforced
parameter selection.

hitps:/ /doiorg/10.3390/enl19051310




116

Energies 2026, 19, 1310

14 of 34

3.4. Industrial Communication Infrastructure via Modbus RTU and red PLC

Industrial communication within the charging cabinet is implemented using Modbus
RTU over an RS-485 fieldbus, with the redPLC acting as the central master controller
and protocol gateway [64,65]. All field devices are connected to a common multidrop
bus and addressed using unique slave identifiers, as summarized in Table 4 in Section 2.
This architecture enables deterministic and reliable communication suitable for industrial
charging environments.

In the proposed implementation, two relay control modules are configured as Slave
ID 1 and Slave ID 2, respectively. Both relay modules operate using a serial commu-
nication configuration of 9600 bps baud rate, 8 data bits, no parity, and one stop bit.
These relay modules are responsible for selecting the appropriate CC-CV control board,
thereby directly determining the physical charging path and enforcing hardware-level
charging configuration.

For electrical parameter measurement, a PZEM-017 DC energy meter is configured as
Slave ID 5 and operates using the same serial communication parameters. Additionally,
a PM2230 AC power meter is configured as Slave ID 100 to measure input-side electrical
quantities. The redPLC periodically polls all connected slave devices according to a prede-
fined and deterministic scheduling cycle, issuing write commands to the relay modules
and read commands to the measurement instruments.

This master-slave polling mechanism ensures collision-free bus access, predictable
communication timing, and reliable data acquisition. By employing the redPLC as both
an industrial controller and a protocol gateway, the proposed system supports scalable
integration of additional field devices while maintaining strict real-time operation and de-
terministic system behavior, which are essential requirements for industrial-grade charging
infrastructures [66].

The present experimental validation focuses on demonstrating stable operation and
correct profile enforcement within the tested voltage and current ranges. Extended stress
testing, large-scale fleet deployment evaluation, and long-term reliability assessment are
outside the scope of this study but can be supported in future work due to the modular
architecture of the proposed system.

3.5. Electrical Parameter Acquisition and Data Logging

Electrical parameters are acquired independently from both the AC input side and
the DC output side of the charging system to support operational monitoring and experi-
mental validation [67]. This dual-side measurement architecture enables cross-validation
of electrical data and provides detailed insight into power conversion efficiency, charging
dynamics, and overall system behavior.

On the DC side, voltage, current, instantaneous power, and accumulated energy are
measured directly at the battery interface using a PZEM-017 DC energy meter configured
as Modbus Slave ID 5, as summarized in Table 4 in Section 2. As illustrated in Figure 5, the
redPLC periodically polls the PZEM-017 via Modbus RTU at a fixed sampling interval. The
retrieved register values are parsed and forwarded to the supervisory layer, where they are
processed and stored in a time-series database for subsequent analysis.

Within the supervisory system, the acquired voltage, current, power, and energy
measurements are normalized and time-stamped using dedicated NodeRED function
nodes before being routed to distinct InfluxDB buckets corresponding to each charging
profile (24 V5 A, 48V5A, 60 V5 A, and 72V 15 A). This structured data separation enables
direct performance comparison among different charging configurations and supports
long-term trend analysis of charging behavior and system efficiency.
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Figure 5. NodeRED flow for DC-side measurement acquisition using the PZEM-017 module and
direct data forwarding to the InfluxDB time-series database for real-time monitoring and visualization.

In parallel, on the AC input side, voltage, current, active power, and accumulated
energy are measured using a PM2230 industrial power meter configured as Modbus Slave
ID 100. All AC-side measurement data are continuously logged to support long-term
monitoring of charging sessions, performance evaluation, and cost estimation. Such dual-
side measurements and logging architectures are commonly employed to assess charger
performance and system efficiency under practical operating conditions [68]. The complete
DC-side measurement acquisition and data forwarding pipeline is implemented using the
MQTT and NodeRED-based data path detailed in Appendix A.7.

3.6. Electrical Parameter Acquisition and Data Logging

Real-time monitoring and long-term data management of the charging process are
implemented using a time-series database and dashboard-based visualization architec-
ture [69,70]. In the proposed system, all DC-side measurement data are written directly to
the InfluxDB time-series database without passing through additional middleware layers.
This direct data ingestion approach simplifies the overall data pipeline, reduces system
complexity, and minimizes potential points of failure.

Figure 6 illustrates an example configuration of the Grafana data source connected
to the InfluxDB database. Grafana accesses the database directly using consistent orga-
nization, bucket, and authentication token settings. This configuration enables reliable
continuous streaming of measurement data for real-time visualization while simultaneously
supporting historical data queries for post-process analysis and performance evaluation.
The monitoring environment supports verification of charging stability, correctness of
profile routing, and temporal consistency of measured electrical parameters throughout
the experimental process.

From an architectural perspective, the direct coupling between the measurement layer
and the time-series database establishes a clear separation between the control plane and the
monitoring plane. The control logic responsible for charging profile selection and hardware
actuation operates independently from the data acquisition, storage, and visualization
pipeline. Such separation improves overall system robustness and prevents monitoring-
related software faults from propagating into safety-critical charging operations [71].

Through this architecture, both real-time and historical trends of voltage, current,
power, and accumulated energy can be monitored with high temporal resolution. This
capability supports diagnostic analysis, performance evaluation, anomaly detection, and
long-term experimental observation of the proposed charging system, which are essential
requirements for industrial-grade and safety-oriented charging infrastructures.
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Figure 6. Configuration of the Grafana data source connected to the InfluxDB time-series database
for real-time visualization of DC-side charging parameters, including voltage, current, power, and

accumulated energy.

4. Experimental Results and Performance Evaluation

This section presents the experimental results and system-level performance eval-
uation of the proposed charging architecture implemented on an electric all-terrain
vehicle (ATV) charging system. The experiments are designed to validate the opera-
tional correctness, deterministic behavior, and safety-oriented charging characteristics
enabled by the identifier-driven charging profile selection and hardware-enforced CC-CV
control architecture.

Rather than focusing on maximum power capability, the objective of this experimental
evaluation is to verify the correctness and repeatability of charging behavior under realistic
operating conditions, including automatic battery identification, profile routing, CC-CV
charging transitions, and energy measurement accuracy. The results demonstrate that
the proposed architecture provides a robust and energy-consistent charging framework
suitable for industrial and fleet-oriented electric vehicle applications.

4.1. Experimental Setup and Test Conditions

The experimental validation is conducted using a complete electric ATV charging
system incorporating the hardware and software architecture described in Section 3. The
system consists of ESP32-based CANopen communication units on both the vehicle and
charger sides, a redPLC executing supervisory control logic via NodeRED, hardware-
enforced CC-CV control boards selected through relay actuation, and Modbus RTU-based
measurement and control devices.

On the DC output side, charging voltage, current, instantaneous power, and accumu-
lated energy are measured using a PZEM-017 DC energy meter. On the AC input side,
voltage, current, active power, and energy consumption are monitored using a PM223(0
industrial power meter. All measurement data are continuously logged to an InfluxDB
time-series database and visualized in real time through Grafana dashboards.

Experiments are performed using an electric ATV equipped with lithium-based battery
configurations corresponding to predefined charging profiles (24 V5 A, 48 V5 A, 60V
5 A, and 72 V 15 A). For each charging session, the vehicle-side controller broadcasts
its CANopen identifier upon physical connection, enabling automatic selection of the

hitps://doi.org /10.3390 /en 1905131




119

Energies 2026, 19, 1310

170f34

appropriate charging profile without manual intervention. Each session is recorded from
the initiation of charging until completion of the CC-CV process.

4.2. Verification of Automatic Charging Profile Selection

This experiment verifies the correctness and determinism of the automatic charging
profile selection mechanism based on CANopen identifier detection and supervisory control
routing. When the vehicle is connected, the vehicle-side ESP32 broadcasts a predefined
CANopen identifier representing the associated battery configuration. The charger-side
controller validates the received identifier and forwards it to the supervisory layer for
routing and actuation.

Figure 7 illustrates the runtime execution of the NodeRED-based supervisory control
flow during a representative charging session. The detected CANopen identifier activates
exactly one charging profile branch corresponding to the assigned configuration, while all
other branches remain inactive. This mutually exclusive routing behavior ensures that only
one CC-CV charging path is enabled at any given time.

Figure 7. Runtime screenshot of the NodeRED supervisory control flow showing CAN ID-based
routing and mutually exclusive charging profile selection. The highlighted path and debug messages
confirm that the system correctly activates the charging profile corresponding to the detected battery
configuration (CAN ID 0x800 in this example).

After profile selection, the supervisory controller issues a deterministic sequence
of Modbus RTU commands to configure the relay outputs, physically connecting the
appropriate CC-CV control board to the charger output. No incorrect profile activation,
ambiguous routing, or conflicting relay states were observed throughout repeated plug-in
and unplug cycles, confirming reliable and repeatable automatic charging profile selection.
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4.3. Real-Time CC-CV Charging Behavior and Visualization

Figures & and ¢ present the real-time charging behavior of the proposed system under
a representative 72 V 15 A charging configuration, visualized using the native InfluxDB
query interface and the Grafana dashboard, respectively. This charging profile is selected
as the representative case because it clearly demonstrates the complete constant-current to
constant-voltage (CC~CV) transition under stable operating conditions.

2are 00 00 0000

Figure 8. Real-time voltage and current data of the 72 V 15 A charging profile visualized directly
using the native InfluxDB query interface. The purple curve represents the battery terminal voltage,
while the blue curve denotes the charging current. Although the data are accurately recorded, the

visualization is mainly intended for data inspection rather than operator-oriented monitoring.

785V

2.47 A

Figure 9. Real-time CC-CV charging profile of the 72 V, 15 A NMC configuration visualized using
Grafana. The upper plots show the voltage evolution, while the lower plots show the current behavior.
The transition from constant-current (CC) to constant-voltage (CV) operation is clearly observable.

Figure 8 shows the voltage and current waveforms plotted directly from the InfluxDB
time-series database. Although this interface provides accurate and comprehensive access
to the recorded measurement data, it is primarily designed for data inspection and historical
querying rather than intuitive real-time operational monitoring.

Figure Y illustrates the same charging session visualized using the Grafana dashboard.
The upper plots show the battery terminal voltage, while the lower plots depict the charging
current. The transition from constant-current (CC) mode to constant-voltage (CV) mode
is clearly observable, confirming that the charging process follows the intended CC-CV
charging trajectory.
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From the charging behavior shown in Figure Y, the system initially operates in constant-
current (CC) mode, regulating the output current at approximately 15 A while the battery
voltage increases steadily. Once the voltage reaches the predefined threshold of approxi-
mately 78.5 V, the control mode transitions to constant voltage (CV). During this phase, the
battery voltage remains nearly constant while the charging current gradually decreases,
which is characteristic of lithium-based battery charging processes.

The smooth and stable CC-CV transition confirms the correctness of the hardware-
enforced charging control strategy and demonstrates the stability of both voltage and
current regulation loops. The absence of voltage overshoot, current oscillation, or abrupt
mode switching indicates effective loop design and reliable hardware-level enforcement of
charging parameters, which are critical for battery safety and long-term reliability.

Although only the 72 V 15 A charging profile is presented in the main text as the
representative case, experimental results for the remaining conﬁguralions (24V5A,48V
5 A, and 60 V 5 A) exhibit the same CC-CV characteristics. Additional real-time dashboard
visualizations for these charging configurations are provided in Appendix B to demonstrate
the generality of the proposed architecture across different voltage and current levels.

Voltage deviations remained within +2%, while current deviations were within £5%
during steady-state operation. The deviation values were computed by comparing steady-
state measurements recorded in InfluxDB against the predefined CC-CV reference settings
over multiple charging sessions.

4.4. Power and Energy Analysis and Charging Session Logging

To evaluate energy transfer behavior and charging efficiency, instantaneous power
and accumulated energy are analyzed using the time-series data collected during charging
sessions. Figure 10 presents the real-time charging power and cumulative energy profiles
visualized through the Grafana dashboard for the 72 V/15 A charging configuration.

193.80 W

4.66 kWh

Figure 10. Power & Energy Dashboard (Grafana, 72 V 15 A).

The instantaneous power profile reflects the expected behavior of CC-CV charging,
with higher power during the CC phase followed by a gradual decrease during the CV

https:/ /doi.org/10.3390/en19051310




122

Energies 2026, 19, 1310

200f34

A

2026-01-19 19.00 28
2026-01-19 19.01:31
2026-01-19 19.02 01
2026-01-19 190238
2026.01-19 1903 10
2026-01-19 1904 03
2026-01-19 19.04.36
2026-01-19 19.0517
2026.01-19 190550
2026-01-19 1906 56
2026-01-19 19.07:35
2026-01-19 19.08.06
2026-01-19 19.0801
2026-01-19 19.09.46
2026-01-19 191041

phase. The accumulated energy curve increases monotonically throughout the charging
session, confirming consistent energy transfer from the charger to the battery.

Figure 11 provides an example of the energy history and session-level logging ex-
tracted from the time-series database. These results demonstrate that the proposed system
not only enforces charging parameters at the hardware level but also provides accurate and
continuous measurement of energy delivery, which is essential for performance evaluation,
traceability, and energy accounting.

L] c o 3 F 4] H

0 0 0 8206 idle 0 0
21272 5233 094 8an On-peak 51135 0
2127 5228 094 8219 On-peak 51135 0
21289 5234 094 8228 On-peak 51135 0
21262 5262 095 8237 On-peak 51135 0
2273 5267 085 825 On-peak 51135 0
21261 5280 095 8259 On-peak 51135 0
2126 5295 096 827 On-peak 51135 0
21241 5306 096 8279 On-peak 51135 0
21248 5326 096 8297 On-peak 51135 0
21256 5334 096 8307 On-peak 5135 0
21284 5339 097 8315 On-peak 51135 0
21323 4770 085 8320 On-peak 51135 0
21367 4366 079 83U On-peak 51135 0
21424 4.008 072 8351 On-peak 51135 0

Figure 11. An example of the energy history (72V 15 A).

4.5. Summary of Experimental Results and Practical Implications

The experimental results confirm that the proposed charging architecture achieves
reliable automatic battery identification, deterministic charging profile selection, and stable
CC-CV charging behavior across multiple battery configurations. The integration of
CANopen-based identification, hardware-enforced CC-CV control, supervisory routing,
and real-time measurement ensures that unsafe or conflicting charging configurations are
structurally prevented.

From an energy-system perspective, the proposed architecture provides a clear sepa-
ration between supervisory logic and safety-critical charging enforcement, ensuring that
voltage and current limits are physically constrained by hardware rather than software
logic alone. This approach significantly reduces the risk of misconfiguration, human error,
and unintended charging behavior in environments where multiple battery types and
voltage levels coexist.

Overall, the experimental validation demonstrates that the proposed system offers a
robust and energy-consistent charging solution suitable for industrial electric vehicles, fleet
charging environments, and other safety-critical charging infrastructures where determinis-
tic behavior, repeatability, and accurate energy monitoring are essential.

No abnormal interruptions or unintended profile activations were observed during the
experimental sessions, confirming stable operation. Future work will include long-duration
testing and higher power validation to further assess system scalability.

4.6. System-Level Implications and Comparison with OCPP-Based Charging Archilectures

Table 5 summarizes the key differences between the proposed identifier-driven,
hardware-enforced charging architecture and conventional OCPP-based charging systems.
While OCPP-based solutions primarily emphasize interoperability, backend coordination,
and software-defined charging management, the proposed approach focuses on determinis-
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tic enforcement of voltage and current limits at the physical power interface. By embedding
charging profile selection into CANopen identifiers and binding them to relay-selected
CC-CV control boards, safety-critical charging parameters are guaranteed by hardware
rather than network-dependent software control. This complementary architectural dis-
tinction is particularly relevant for industrial and fleet charging environments requiring
reliable operation under heterogeneous battery configurations and stringent safety con-
straints [72-76]. The comparison highlights architectural trade-offs rather than performance

superiority claims.

Table 5. Detailed Comparison between OCPP-Based Charging Architectures and the Proposed

Hardware-Enforced Charging Framework.

Aspect

Conventional OCPP-Based Charging
Architectures

Proposed Identifier-Driven
Hardware-Enforced Architecture

System Layer Focus

Charging Profile Definition

Operates primarily at the application and
backend layers, focusing on charging
session control, billing, authorization, and
interoperability between charging stations
and central management systems via
[P-based communication.

Charging profiles are dynamically
generated, negotiated, or updated via
backend software and transmitted over
network protocols (e.g., OCPP JSON
messages).

Operates at the execution and
power-interface layer, focusing on
deterministic enforcement of voltage and
current limits directly at the charger
hardware.

Charging profiles are predefined,
physically configured, and selected via
CANopen identifiers mapped to
relay-selected CC-CV control boards.

Parameter Enforcement

Role of Communication
Protocols

Safety-Critical Behavior

Handling of
Heterogeneous Batteries

Experimental Validation
Emphasis

Failure Mode Isolation

Voltage and current constraints are
enforced by software commands
interpreted by the charger controller,
making correct behavior dependent on
communication integrity and firmware
correctness.

OCPP enables coordination, monitoring,
and management but does not directly
constrain the power electronics behavior
at the physical interface.

Safety depends on correct backend
configuration, protocol compliance, and
cybersecurity measures; misconfiguration
or communication failure may propagate
to the charging process.

Typically relies on backend databases and
software logic to associate vehicle types
with charging profiles.

Validation commonly focuses on
interoperability, protocol compliance, and
smart charging logic rather than physical

CC-CV behavior.

Software or network failures may affect
charging correctness if not properly
mitigated.

Voltage and current constraints are
enforced at the hardware level by
preconfigured CC-CV boards,
independent of software state or network
availability.

CANopen identifiers act as deterministic
selectors, while Modbus RTU performs
physical routing and actuation without

modifying charging parameters.

Safety is guaranteed by design through
hardware-level interlocking, preventing
unsafe or conflicting charging
configurations regardless of software
faults.

Vehicle-side identifiers directly encode
battery configuration, enabling immediate
and unambiguous profile selection upon
physical connection.

Validation emphasizes real-time voltage,
current, power, and energy measurements,
demonstrating stable CC-CV transitions
and deterministic charging trajectories.

Hardware-enforced constraints isolate
failure modes, preventing unsafe charging
even under communication or
supervisory control failures.
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In addition, the proposed architecture reduces reliance on continuous network con-
nectivity and backend decision-making during active charging, thereby mitigating risks
associated with communication delays, packet loss, or cybersecurity incidents that could
otherwise affect software-controlled systems. The hardware-level binding between vehicle
identification and charging configuration establishes a deterministic execution path, en-
suring that voltage and current limits remain enforced regardless of supervisory network
conditions. This characteristic is particularly beneficial in industrial environments where
charging operations must continue safely under intermittent connectivity or degraded
communication scenarios [72-76]. Furthermore, by separating high-level monitoring from
low-level enforcement, the system maintains operational safety even if supervisory services
experience temporary interruptions, since critical constraints are governed locally at the
power interface. The explicit mapping between CANopen identifiers and relay-selected
CC-CV boards also improves traceability and auditability of charging events, facilitat-
ing root-cause analysis and compliance verification in regulated deployments. From a
system assurance perspective, enforcing limits through fixed hardware configurations
simplifies validation and reduces the risk of unintended parameter changes introduced by
software updates or configuration errors. While OCPP-based platforms provide flexibility
for large-scale network coordination, billing integration, and remote management, the
proposed approach prioritizes predictable behavior, fail-safe operation, and robustness
against operational uncertainties. This architectural emphasis is especially relevant for
fleet and industrial applications where heterogeneous battery systems coexist and strict
safety margins must be preserved. Consequently, the comparison underscores complemen-
tary design philosophies, highlighting how hardware-enforced control can coexist with
higher-level coordination frameworks to achieve both safety and operational efficiency in
practical deployments.

Unlike OCPP-based architectures that primarily address interoperability and backend
coordination, the proposed system introduces a hardware-enforced execution layer where
charging safety, correctness, and determinism are guaranteed at the physical power inter-
face. This complementary design is particularly suitable for industrial and fleet charging
infrastructures where heterogeneous battery configurations, unattended operation, and
strict safety requirements are critical.

5. Conclusions and Future Work

This study presented an identifier-driven and hardware-enforced charging architec-
ture designed to ensure safe, deterministic, and energy-consistent operation for electric
vehicles with heterogeneous battery configurations. By binding CANopen-based vehicle
identification directly to relay-selected fixed CC-CV charging paths, the proposed system
enforces voltage and current limits at the physical power interface rather than through
software-defined negotiation. Experimental validation demonstrated stable CC-CV charg-
ing behavior, smooth current-voltage transitions, accurate electrical parameter acquisition,
and reliable energy logging across multiple voltage levels. From an energy systems perspec-
tive, this approach structurally prevents unsafe power transfer, minimizes configuration-
induced losses or instability, and provides a robust charging framework well suited for
industrial, fleet-based, and safety-critical electric vehicle applications where repeatability
and correctness of energy delivery are paramount.

While the experimental validation demonstrates stable and deterministic operation un-
der representative conditions, the current study is conducted at moderate power levels and
on a prototype-scale deployment. Further validation under higher power ratings and large-
scale multi-charger environments remains an important direction for future investigation.
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Looking forward, the proposed architecture provides a scalable foundation for fu-
ture energy-oriented charging infrastructures. Ongoing and future work will focus on
extending the system to higher power levels and broader battery voltage ranges while
preserving hardware-level enforcement of energy constraints. Further integration with
battery management systems will enable health-aware and energy-optimized charging
strategies, while advanced analysis of time-series power and energy data will support long-
term performance assessment, degradation monitoring, and system-level optimization.
These developments aim to position the proposed charging framework as a practical and
extensible execution layer for next-generation energy-aware charging systems in connected,
autonomous, and industrial electric vehicle ecosystems.
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Appendix A. Vehicle-Charger CANopen Communication Layer

This appendix provides implementation-level details to support reproducibility and
to clarify how deterministic profile selection and hardware-enforced safety mechanisms
are realized in practice. The included code excerpts illustrate representative configura-
tion, communication, and validation logic used during experimental validation, while
the charging behavior itself remains governed by hardware constraints described in the
main manuscript.
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Abbreviations

The following abbreviations are used in this manuscript:

ATV All-Terrain Vehicle

EV Electric Vehicle

CANopen  Controller Area Network Open Protocol
cCc-cv Constant-Current/Constant-Voltage

Appendix A. Vehicle-Charger CANopen Communication Layer

This appendix provides implementation-level details to support reproducibility and
to clarify how deterministic profile selection and hardware-enforced safety mechanisms
are realized in practice. The included code excerpts illustrate representative configura-
tion, communication, and validation logic used during experimental validation, while
the charging behavior itself remains governed by hardware constraints described in the
main manuscript.
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Appendix A.1. Vehicle-Side Configuration Encoding and CANopen Identification

On the vehicle side, the ESP32-based embedded node is responsible for encoding
the battery configuration parameters and transmitting the corresponding identification
information to the charging cabinet via the CANopen communication layer over the CAN
bus. The nominal battery voltage and current limits are selected using physical DIP
switch settings and mapped to predefined discrete levels. This hardware-based parameter
selection mechanism ensures that only validated and predefined charging profiles can be
generated, eliminating software ambiguity and reducing the risk of misconfiguration in
automated charging environments. No runtime voltage or current parameters are written
or negotiated over the communication interface.

Each vehicle is uniquely identified by a predefined CANopen identifier (CAN ID),
which is automatically assigned by the ESP32 controller during system initialization based
on its internal chip identifier. In the present implementation, four CANopen identifiers
(0x500, 0x600, 0x700, and 0x800) are used to represent different vehicle or battery config-
urations. This identifier is subsequently used by the charger-side supervisory system to
select the corresponding charging profile. The CANopen identifier serves solely as a profile
selector rather than a command-based parameter update mechanism.

By binding the battery configuration and charging profile information to a hardware-
defined CANopen identifier, the proposed approach enables immediate and unambiguous
vehicle and battery identification upon physical connection, without requiring any man-
ual software configuration or negotiation process. This design choice enhances safety,
repeatability, and deterministic behavior, and is particularly suitable for unattended and
automated operation in connected charging infrastructures. The presented configuration
logic reflects the experimental prototype and is intended to demonstrate the feasibility
of identifier-based parameter enforcement rather than prescribe a production-ready im-
plementation. Additional validation layers, such as redundancy checks and extended
diagnostics, can be incorporated in larger-scale deployments.

Box Al Presents the vehicle-side logic used to encode the predefined voltage and current settings
into a CANopen identifier based on the physical configuration.

#define S1 25

#define 52 26

#define S3 27

#define 54 14

#define S5 12

#define S6 13

int readVoltageSetting() |

int bl = digitalRead(S1);

int b2 = digitalRead(S2);

int b3 = digitalRead(S3);

intval = (bl <<2) | (b2<<1) | b3;

switch (val) [

case Ob000: return 12;

case 0b001: return 24;

case Ob010: return 36;

case ObD11: return 48;

case 0b100: return 60;

case 0b101: return 72;

case Ob110: return 84;

case Ob111: return 100;

default: return - 1;

|
]
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Box A1l. Cont.

int readCurrentSetting() |

int b4 = digitalRead(54);

int b5 = digitalRead(S5);

int bé = digitalRead(S6);

intval = (b4 <<2) | (b5<<1) | bé;
switch (val) [

case 0b000: return 5;

case Ob0\1: return 10;

case Ob010: return 15;

case 0b011: return 20;

case 0b100: return 25;

default: return - 1;

|

|
// CANopen ID assignment based on ESP32 chip ID

uint64_t chiplD; uint32_t can_id; chiplD = ESP.getEfuseMac();
if (chiplD == 0xF4D1B21 AD6BS) {

can_id = Ox500;

| else if (chipID == 0x1CB2FSBDIE7C) |

can_id = Ox600;

| else if (chipID == 0xCOEA9BIEFOCS) |

can_id = 0x700;

| else if (chipID == 0x48BDF1BDYE7C) {

can_id = Ox80;

] else {

can_id = 0x000;

|

Appendix A.2. Vehicle-Side CANopen Frame Packing and Transmission

After determining the voltage and current configuration, the vehicle-side ESP32 pack-
ages the selected charging profile information into a fixed-format CANopen data frame.
The CANopen identifier is used as the primary means of vehicle and battery identification,
while the data payload provides additional consistency information for charger-side val-
idation. These values are not interpreted as runtime control commands but are used for
identification consistency and validation purposes only.

The CANopen frame is transmitted periodically using the ESP32 TWAI (Two-Wire Au-
tomotive Interface) over the CAN physical layer at a bit rate of 125 kbps. This lightweight
and deterministic communication mechanism ensures that the charger-side controller
always receives a valid and up-to-date identification frame prior to any power-stage activa-
tion. Periodic broadcasting, rather than event-driven transmission, improves robustness
against transient communication disturbances and guarantees predictable system behavior
during automated charging operations.

The use of fixed-format frame packing and periodic transmission aligns with the deter-
ministic design philosophy of the proposed charging system, where charging parameters
are strictly enforced at the hardware level and communication is used solely for identi-
fication and verification. This approach is particularly important in connected charging
infrastructures, where reliable and unambiguous identification is a prerequisite for safe
and unattended operation.
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Box A2, Illustrates the low-level CANopen frame packing and periodic transmission procedure
implemented on the vehicle-side controller.

float voltage = (float)readVoltageSetting();
float current = (float)readCurrentSetting();

twai_message_l tx_message;
tx_message.identifier = can_id;
tx_message.extd = 1;
tx_message.rtr = ();
tx_message.data_length_code = §;

/ / Pack voltage and current into CANopen payload
memcpy(&tx_message.data[0], &voltage, 4);
memcpy(&tx_message.data[4], &current, 4);

// Transmit CANopen frame

if (twai_transmit(&tx_message, pdMS_TO_TICKS(100)) == ESP_OK) {
Serial.print(“Sent CAN ID: “);

Serial.printin(can_id, HEX);

|

Appendix A.3. Charger-Side CANopen Reception and Identifier Validation

On the charger side, an ESP32-based CANopen interface continuously monitors the
CAN bus and receives incoming frames transmitted by the vehicle-side controller. Each
received frame is subjected to an initial validation process that checks both the payload
length and the CANopen identifier. Only messages with a valid data format and one of the
predefined CANopen identifiers corresponding to supported charging profiles are accepted
for further processing.

Upon successful reception, the CANopen identifier is used to confirm the selected
charging profile prior to any hardware-level action. Payload information contained in
the received frame is parsed solely for identification consistency checking and charger-
side validation purposes. These values are not used to dynamically configure charging
parameters, which remain strictly enforced by the selected hardware CC-CV control board.

Any CANopen frame that does not satisfy the validation criteria is immediately
discarded, and the charger output remains inhibited. This fail-safe filtering mechanism pre-
vents unintended or unsafe charging operations and ensures that only explicitly authorized
messages can propagate to the hardware selection and control layers.

The charger-side CANopen reception and validation logic is implemented in embed-
ded firmware on the ESP32 controller. Box A3 provides the corresponding implementation
code that realizes the identifier validation, payload checking, and fail-safe filtering mecha-
nisms described above. The source code is included for completeness and reproducibility,
while the charging behavior itself remains governed by hardware-enforced CC-CV con-
straints. The validation routine is designed to ensure that only correctly formatted and
explicitly recognized messages are accepted, thereby preventing unintended activation of
charging configurations due to corrupted frames or communication disturbances. This
behavior supports fail-safe operation under realistic industrial communication conditions.

Box A3. Presents the charger-side CANopen frame reception and identifier validation logic imple-
mented in the ESP32 firmware.

twai_message_t rx_message;
float rx_voltage, rx_ampere;
uint32_trx_id = (;

bool dataReceived = false;
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Box A3. Cont.

if (twai_receive(&rx_message, pdMS_TO_TICKS(100)) == ESP_OK) |

rx_id = rx_message.identifier;

if (rx_message.data_length_code == 8) |

if (rx_id == 0x500 | | rx_id == 0x600 | | rx_id == 0x700 | | rx_id == 0x800) (
memcpy(&rx_voltage, &rx_message.data[0], 4);

memcpy(&rx_ampere, &rx_message.data[4], 4);

dataReceived = true;

| else |

dataReceived = false;

]
|

Appendix A 4. Charger-Side Status Display for CANopen-Based Vehicle Identification and
Charging Parameter Monitoring

To facilitate system commissioning, debugging, and on-site verification, a local status
display is implemented on the charger-side controller. This display provides real-time
visualization of the detected CANopen identifier and the corresponding charging profile
parameters, allowing operators and engineers to immediately verify correct profile selection
prior to and during charging operation.

Specifically, the display presents the following information:
e The detected CANopen identifier (CAN ID) of the connected vehicle;
o The target charging voltage corresponding to the selected profile;

o The target or measured charging current associated with the active CC-CV configuration.

This human-machine interface serves as a lightweight diagnostic and monitoring
tool during system setup, maintenance, and troubleshooting. By providing immediate
visual confirmation of identifier-based profile selection, the display enhances operational
confidence and supports verification that the CANopen-based identification and routing
mechanism is functioning correctly before hardware-level enforcement and throughout the
charging process.

Box A4. Shows an example implementation of the charger-side display update routine using an
SSD1306 OLED module.

/ / Clear displvay and prepare for upd.aie

display.clearDisplay(); // Clear screen
display.setTextSize(1); // Set text size
display.setTextColor(SSD1306_WHITE);
display.setCursor(0, 0); // Set cursor to top left
// Display CAN ID

display.print(“CAN ID: “);

display.println(can_id, HEX);

// Display voltage reference
display.print(“Voltage V: “);
display.printin{rx_voltage);

// Display current reference
display.print(“Ampere A: “);
display.println{rx_ampere);

// Update display

display.display();

// Small delay for display refresh stability

delay(50);
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Appendix A.5. Charger-Side MQTT Forwarding of CANopen Identification and Charging Paramelers

After successful decoding and validation of the CANopen message at the charger
side, the extracted identification and associated charging parameters are forwarded to the
supervisory control system using the MQTT protocol. The data are formatted as a structured
JSON object containing the CANopen identifier, voltage reference, and current limit.

The formatted message is published to a predefined MQTT topic subscribed to by
the NodeRED-based supervisory controller. This forwarding mechanism enables real-time
supervisory monitoring and deterministic profile routing while preserving a clear separa-
tion between the low-level CANopen communication layer and the high-level supervisory
control logic.

By decoupling charger-side embedded firmware from supervisory logic, the proposed
architecture improves modularity and allows the control strategy to be extended or mod-
ified at the supervisory level without requiring firmware changes on the charger-side
microcontroller. Due to space limitations, only the core functional components of the
MQTT forwarding logic are presented.

Box A5, Illustrates the charger-side MQTT forwarding logic used to publish validated CANopen
identification and charging parameters.

if (dataReceived) [

String payload = “|*;

payload += “\“can_id\ "\ "0x"” + String(rx_id, HEX) + “\",";

payload += “\"voltage'":" + String(rx_voltage) + “,";

payload += “\“current',":" + String(rx_ampere);

payload +=“}";

if (client.publish(mqtt_topic, payload.c_str())) |
Serial.printin(“MQTT message sent: “ + payload);
| else |

Serial.printn(“Failed to send MQTT message”); |
|

Appendix A.6. Supervisory-Side CANopen Message Parsing and Normalization in NodeRED

After the charger-side controller forwards the decoded CANopen data to the supervi-
sory system via MQTT, NodeRED operates as the central orchestration layer responsible
for receiving, parsing, and dispatching incoming messages to the appropriate control logic
blocks. The received MQTT message is formatted as a JSON object containing three pri-
mary fields: the CANopen identifier (CAN ID), the requested voltage reference, and the
requested current limit.

To simplify downstream processing and ensure deterministic routing, a dedicated
NodeRED function node—referred to as the Receive ID node—is used to normalize the
incoming message payload. This node extracts the relevant fields from the JSON object and
maps them into a compact internal representation consisting of three variables:

e x: CANopen identifier (profile selector);
e y:requested voltage reference;
e z:requested current limit.

This normalized representation allows subsequent supervisory logic to remain inde-
pendent of the original MQTT message format and enables the same processing pipeline to
be reused across multiple charging profiles and multiple vehicles. Importantly, this parsing
and normalization process does not modify charging parameters; it serves solely to support
deterministic profile routing, validation, and supervisory coordination.
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Box A6. Shows the NodeRED function node implementation for CANopen message parsing
and normalization.

msg.payload = |

x: msg.payload.can_id,
y: msg.payload.voltage,
2 msg.payload.current
l;

return msg;

Appendix A.7. Charging Profile Selection and Relay Actuation via Modbus RTU

After the MQTT message has been received and decomposed into internal variables
(x,y,z), as described in Section 3.3, the supervisory control layer selects the appropriate
charging profile and initiates hardware configuration of the charger. This process is imple-
mented in NodeRED by combining identifier-based routing logic with Modbus RTU-based
relay actuation.

Specifically, the supervisory variable msg.payload.x, which represents the CANopen
identifier of the connected vehicle, is evaluated by a set of dedicated function nodes corre-
sponding to predefined charging profiles (0x500, 0x600, 0x700, and 0x800). Each function
node performs a strict equality check. If the received CANopen identifier matches the
assigned profile, the function output is asserted; otherwise, the message is discarded. This
routing mechanism enforces mutual exclusivity among charging profiles and guarantees
that only one charging configuration can be active at any given time.

Once a valid charging profile is selected, the corresponding trigger signal is forwarded
to a predefined sequence of Modbus RTU write nodes that control the RS-485 relay modules.
These relays are responsible for physically connecting the selected CC-CV control board
and associated voltage and current configuration inside the charger. A short intentional
delay (5 s) is introduced between relay actuation steps to mitigate inrush current, con-
tact arcing, and transient instability during switching. The relay activation sequence is
intentionally serialized and guarded by logical checks to avoid simultaneous switching or
transient misconfiguration. This sequencing strategy reduces electrical stress and improves
operational reliability during repeated profile transitions.

Through this mechanism, the system enforces hardware-level interlocking, ensuring
that incorrect or conflicting charging configurations cannot be activated simultaneously. As
aresult, the abstract software-level selection of a charging profile based on the CANopen
identifier is deterministically translated into a concrete hardware configuration via Modbus
RTU. After relay actuation is completed, the system enters a stable charging state and
proceeds with the measurement and monitoring phase of the charging process.

Box A7. Shows an example NodeRED routing function for the charging profile corresponding to
CANopen identifier 0x500.

let can = msg.payload.x;

if (can == “0x500") [ // Change (0x600, 0x700, 0x800)
msg.payload = 1;  // trigger signal Relay-RS485
return msg;

|
// 1f not 0x500, block this path
return null;
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Appendix B

In the main body of this paper, the experimental results focus on the 72 V 15 A
charging configuration as a representative operating condition, where the charging behavior
is visualized using a Grafana-based monitoring platform. To further demonstrate the
generality and scalability of the proposed charging architecture, three additional charging
configurations with different voltage and current ratings were evaluated using the same
measurement, logging, and visualization pipeline based on InfluxDB and Grafana.

Figures A1-A3 present the Grafana-based time-series visualizations of voltage and
current for the 24 V5 A, 48 V5 A, and 60 V 5 A charging systems, respectively. In all cases,
the charging process consistently follows the expected constant-current-constant-voltage
(CC-CV) profile. During the initial stage, the charging current remains approximately
constant while the battery voltage gradually increases (CC mode). After the target voltage is
reached, the system transitions smoothly to constant-voltage (CV) operation, during which
the voltage is regulated and the charging current decreases progressively as the battery
approaches full charge. These results confirm that the proposed CANopen-NodeRED~
Modbus-InfluxDB-Grafana-based platform can be directly reused across different battery
configurations without modification of the core control logic, while maintaining consistent
energy monitoring and visualization behavior. These additional experiments demonstrate
consistent behavior of the proposed architecture across multiple battery configurations,
supporting its applicability beyond the representative case discussed in the main text.

s ErY el

C.C.-C.V. Charging Profile
For 24V5A

Figure Al. Crafana-based time-series visualization of voltage and current during the charging
process for the 24 V 5 A configuration. The red dashed vertical line indicates the transition point from
constant-current (CC) mode to constant-voltage (CV) mode.
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Figure A2. Grafana-based time-series visualization of voltage and current during the charging
process for the 48 V 5 A configuration. The red dashed vertical line indicates the transition point from
constant-current (CC) mode to constant-voltage (CV) mode.
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68.2 V |
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Figure A3. Grafana-based time-series visualization of voltage and current during the charging
process for the 60 V 5 A configuration. The red dashed vertical line indicates the transition point from
constant-current (CC) mode to constant-voltage (CV) mode.
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n1ssieen Plateform 10 ve4 Visual Studio Code
[env:esp32doit-devkit-v1] // fuua Environment d1msuuesn ESP32
platform = espressif32 // \@onunanwesy ESP32 U89 Espressif

board = esp32doit-devkitvl  // szysuveiniilinu

framework = arduino // 14 Arduino Framework Tunswamnlusunsu
monitor_speed = 115200 // fiua Baud rate @1%¥U Serial Monitor 1¥nA1 Debug
upload_speed = 115200 // fmuanuslunssuinanlusunsuasusse
upload port = COM4 // seyneiniidouredu ESP32
lib_deps = J/ fvun Library fifiosdindasiiaiy

adafruit/Adafruit SSD1306 // Library éw3uaiuAuae OLED SSD1306

adafruit/Adafruit GFX Library  // Library @vsusansuansniln
knolleary/PubSubClient // Library dwsudeans MQTT

uinté4_t chipld;  // fhuusiiunsneiay Chip ID a1 ESP32
uint32_tcan id;  // fmuusiiumneiay CAN ID
/e R aT I R //
void setup() {
// 811 Chip ID sleruua CAN 1D Tumsideniusingnisise
chipID = ESP.getEfuseMac();  Serial.print("Chip ID: ");  Serial.printin(chipID, HEX);
// a539@au Chip ID Wisfuanuneway CAN ID ieusziinadedlusingniswse
if (chipID == OxF4D1B21AD6BS) {

can_id = 0x500;

} else if (chiplD == Ox1CB2F8BD9E7C) {
can_id = 0x600;

} else if (chiplD == OxCOE4BO9EFC08) {
can_id = 0x700;

} else if (chiplD == 0x48BFD1BDIE7C) {
can_id = 0x800;

}else {

can_id = 0x000; // nseilainu Chip ID fifvua

} }

/A IUAMIIAUIIN Dip Switch v //
int readVoltageSetting() {

int b1 = digitalRead(S1); // 8uaauzaIng S1

int b2 = digitalRead(52); // 8 uanUzaEInG S2

int b3 = digitalRead(S3); // 8rudnuzaEIng S3
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// 53AUn97n Dip Switch
int val = (b1 << 2) | (b2 << 1) | b3;
// AAUAATLTIAUAINF AU AT

switch (val) {
case 0b000: return 12; case 0b001: return 24;
case 0b010: return 36; case 0b011: return 48;
case 0b100: return 60; case 0b101: return 72;
case 0b110: return 84; case Ob111: return 100;

default: return -1; // nsalanuelylle

int readCurrentSetting() {

int bd = digitalRead(S4); // 9 udn uzaInG S4

int b5 = digitalRead(S5); // 9 uan Uz NG S5

int b6 = digitalRead(S6); // 81udnIUZEINT S6

// 53A1URN Dip Switch

int val = (b4 << 2) | (b5 << 1) | b6;

// IUAAINSZUERNNAULISEINT

switch (val) {
case 0b000: return 5; case 0b001: return 10;
case 0b010: return 15;  case 0b011: return 20;

case 0b100: return 25;  default: return -1; // nseianuanlalle

/E——— n13esA1 CAN ID paeluslaaaa CANopen - //
float voltage = 0.00; // FuUsSuduifumussilaih

float current = 0.00; // fudsiSudutiuanssualnii
void loop() {
twai_message_t tx_message;

tx_message.identifier = can_id; // fvua CAN ID

tx_message.extd = 1; // 1% Extended ID 911¢ 29-bit CAN ID

tx_message.rtr = 0; // dslayauuuung (Data Frame)
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tx_message.data_length code = 8; // dﬂ‘ﬁayjaﬁﬂmu 8 Byte

ff e JonAudeyand Data ——— //
memcpy(&tx_message.data[0], &voltage, 4); // fiuausasu (Voltage) 4 Tud
memcpy(&tx_message.datald], &current, 4); // \uAnszua (Current) 4 Tud
Y/ GNILH LRI TR N[ //

if (twai_transmit(&tx_message, pdMS TO TICKS(100)) == ESP_OK) {
Serial.print("Sent CAN ID: 0x");
Serial.print(can_id, HEX);
Serial.print(" V=");
Serial.print(voltage);
Serial.print(" A=");
Serial.println(current);
}else {

[

Serial.println("Failed to transmit"); // nsdldstoyalddnia

U

void loop() {
Y — n1355UA1 CAN ID saeluslanoa CANopen —--—-—-—-— //
twai_message_t rx_message;
float rx_voltage = 0.0; // FauUsiiuausuisun
float rx_ampere = 0.0; // fuUsiAuAnssuansus
uint32 trx id =0;  // fuUsiiu CAN ID
[ MIIAAOUNTTULOYR ——-mmmmmemmee //
if (twai_receive(&x_message, pdMS_TO_TICKS(100)) == ESP_OK) {
rx_id = rx_message.identifier;  // 81uf1 CAN ID
if (rx_message.data_length code == 8) {
// wlasdeyasin Data 1Uu float
memcpy(&rx_voltage, &x_message.data[0], 4);
memcpy(&rx_ampere, &rx_message.datald], 4);
// 9539&8U CAN ID Y83usiaznaas
if (rx_id == 0x500 || rx_id == 0x600 || rx_id == 0x700 || rx_id == 0x800) {
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Serial.print("Received from CAN ID: 0x");
Serial.print(rx_id, HEX);
Serial.print(" V="),
Serial.print(rx_voltage);
Serial.print(" A=");
Serial.println(rx_ampere);

Yelse {
Serial.print("Unknown CAN ID: 0x");
Serial.println(rx_id, HEX);

}

}else {

Serial.println("Invalid data length");  // %Jaﬂgahiﬂiu 8 Byte

}
}else {
Serial.println("No data received"), // VLiJWU‘ﬁa;gaﬁ%ULﬁﬁﬂm
} delay(2000); // miaanewiuguseudaly
}
/A fernisideusie WiFi wae MQTT //

void setup() {
setupWiFi(); // \FousolAsevne Wi
// vium MQTT Server wag Port
client.setServer(mqtt_server, 1883);

}

void loop() {

if (Iclient.connected()) {

reconnectMQTT(); // Wouste MQTT Tsinsdivgn
}
client.loop(); // Shwnannurnsidouss MQTT

Y MIIAADUTDYA CAN —--mmmmemmmeees //
if (dataReceived) {
// @513fom1nu JSON dmsuds MQTT
String payload = "{";
payload += "\"can_id\"\"" + String(rx_id, HEX) + "\",";

payload += "\"voltage\":" + String(rx_voltage) + ",";
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payload += "\"current\":" + String(rx_ampere);

payload +="}";
[ deoyaluds MQTT Broker -------------- //
if (client.publish(mqtt_topic, payload.c_str())) {
Serial.printin("MQTT message sent"); // ﬁﬁaiﬂaﬁ%%ﬁ]
Yelse {

Serial.printin("Failed to send MQTT message"); // z‘ﬁsﬁa;dalziﬁwﬁﬁ]

}
delay(5000); // #3ak3a1 5 Iundineutuguseudaly




