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Abstract − The development of renewable energy systems, especially three-phase on-grid PLTS, requires accurate current
monitoring and reliable protection to ensure stable and safe operation when connected to the utility grid. This study
presents the design and implementation of a monitoring and protection system using three PZEM-004T sensors to measure
voltage, current, power, and energy on each phase, with an ESP8266 microcontroller serving as the central controller. A
100 WP solar panel supplies energy through a charge controller, battery, and three-phase inverter before being integrated
into the PLN grid. The hardware configuration is supported by dedicated firmware capable of managing multi-sensor
UART communication, calculating electrical parameters in real time, and executing relay-based protection logic during
abnormal operating conditions. Experimental results demonstrate high measurement accuracy, with current deviations
between 0.00–0.13 percent and voltage deviations between 0.07–0.15 percent when compared to reference instrument
readings under various loading conditions. The system successfully detected current variations in the 7.10–8.30 A range
and triggered automatic power disconnection during overcurrent events, confirming the reliability of the relay-based
protection mechanism. Although laboratory testing was limited to 8 A, the system design supports currents up to 50 A,
enabling scalability for higher-capacity on-grid photovoltaic installations. Furthermore, the integrated approach allows
real-time measurement visualization through an I2C LCD while maintaining a compact and low-cost hardware footprint.
Overall, the proposed system offers an effective solution for real-time monitoring and automatic current cutoff, thereby
enhancing operational safety and reliability in three-phase on-grid PLTS applications. Future development may include
the integration of cloud-based monitoring dashboards or long-range communication technologies such as LoRa, allowing
broader deployment across distributed photovoltaic infrastructures and remote installations.
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I. INTRODUCTION

SOLAR Power Plants (PLTS) generate electrical
energy from photovoltaic modules and can supply

power directly to loads or feed it into the PLN grid in an
on-grid configuration [1, 2]. Compared to off-grid sys-
tems, the on-grid setup is more cost-efficient because
it reduces dependence on large battery banks [2]. This
economic feasibility has positioned grid-connected pho-
tovoltaic systems as one of the preferred configura-
tions for large-scale renewable penetration, particularly
in regions with established transmission infrastructure
and stable grid availability. Furthermore, the increas-
ing adoption of net-metering regulations enables con-
sumers to obtain financial returns from exported energy,
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creating additional incentives for integrating on-grid
PLTS into commercial and residential facilities. As
a result, the scale and operational diversity of grid-
connected solar systems continue to expand, raising
new technical requirements regarding supervision, au-
tomation, and reliability at the interface between photo-
voltaic sources and the national utility network.

However, on-grid systems require more reliable
control and protection due to the switching interaction
with the utility grid [3]. Unlike standalone photovoltaic
installations that operate in isolation, grid-connected
systems must constantly synchronize with grid voltage,
frequency, and phase—parameters that fluctuate due to
dynamic power exchanges across the national network.
When environmental variations affect solar generation,
voltage and current profiles at the inverter output may
deviate from optimal ranges, increasing the likelihood
of asymmetric loading and irregular current flow among
phases. One common issue is phase overcurrent caused
by high power output or load imbalance [4], which not
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only reduces inverter performance but may also initi-
ate cascading disturbances: excessive thermal stress
on cables, accelerated wear on connectors, increased
harmonic distortion, and premature aging of protection
components. In extreme cases, inadequate monitoring
may allow persistent current imbalance to propagate
into the grid, posing safety concerns and potentially
violating interconnection standards.

To mitigate these risks, effective real-time mea-
surement and autonomous protective mechanisms are
required so that abnormalities are detected and ad-
dressed before they evolve into hazardous conditions.
Existing inverter integrated monitoring features are typ-
ically optimized for aggregated measurements rather
than phase-level granularity, which may obscure sub-
tle imbalances that gradually lead to operational inef-
ficiencies. Consequently, a complementary layer of
monitoring is needed outside the inverter to provide
high-resolution electrical visibility while maintaining
compatibility with commercial systems. Addressing
this requirement, this study designs a monitoring and
protection system using the PZEM-004T module in-
stalled on each phase after the three-phase inverter. The
module measures voltage, current, and other electrical
parameters in real time with high accuracy [5]. The
microcontroller processes these measurements to de-
tect excessive current. When the current exceeds the
50 A limit, a relay automatically disconnects the PLTS
output from the grid [6], allowing rapid isolation and
preventing further propagation of overcurrent distur-
bances.

The strategic placement of sensors at the inverter
output enables comprehensive monitoring without re-
quiring modification of inverter firmware or commu-
nication protocols, making the approach adaptable to
different inverter brands and installation environments.
As a result, the proposed configuration aligns with prac-
tical requirements in field deployments, where simplic-
ity, compatibility, and ease of maintenance are essential.
In addition to the protection mechanism, the proposed
system provides real-time monitoring, enabling oper-
ators to observe voltage and current variations among
phases. Such monitoring is essential for diagnosing
load imbalance, early detection of abnormal operat-
ing conditions, and improving maintenance planning
for photovoltaic installations. Historical data obtained
from real-time measurements can further support pre-
dictive maintenance strategies, enabling trending anal-
ysis and enabling operators to infer early signatures
of cable degradation, contact resistance buildup, or in-
verter malfunction.

Therefore, integrating monitoring and automatic
protection contributes to safer, more efficient, and more

reliable on-grid PLTS operation. By combining scala-
bility, measurement granularity, and autonomous pro-
tection response, the proposed system establishes an
accessible yet technically robust foundation for mod-
ern photovoltaic deployment—particularly in medium-
scale installations where balancing cost and reliability
remains an ongoing design challenge.

II. RESEARCH METHODS

System design began with selecting the core compo-
nents, starting with the inverter that converts the PLTS
DC output into three-phase AC for grid connection.
The PZEM-004T modules were installed on each phase
to measure voltage, current, power, and energy [7]. All
measurement data are processed by the microcontroller
to ensure the system remains within safe operating lim-
its. If an abnormal condition such as overcurrent occurs,
the microcontroller activates a relay to disconnect the
affected phase. A PCB layout was used to improve
wiring efficiency, reduce jumper usage, and enhance
long-term reliability, providing a consistent base for
signal routing and electrical isolation between high-
and low-voltage terminals.

Figure 1: Component wiring

Figure 1 shows the wiring concept. The circuit
is designed for real-time monitoring and protection,
with the ESP8266 acting as the main controller and
retrieving data from each PZEM-004T through UART
(TX–RX) communication [8]. The AC supply is con-
verted to DC through an AC–DC module and then reg-
ulated to stable voltage levels using an LM2596 buck
converter, ensuring that the measurement circuitry and
control components receive suitable operating power.
When overcurrent is detected, the relay interrupts the
corresponding phase output, providing an immediate
isolation response. A 16×2 I2C LCD continuously dis-
plays voltage and current values, while a push button
enables user interaction for manual reset and current
limit adjustments.

The physical implementation integrates several
key components into a cohesive unit. The measure-
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ment subsystem relies on three PZEM-004T sensors
capable of reading voltages between 80–260 VAC and
currents up to 100 A at frequencies ranging from 45 to
65 Hz, enabling compatibility with typical three-phase
installations. The ESP8266 microcontroller provides a
compact, low-power platform with Wi-Fi support and
multiple communication interfaces, allowing future ex-
pansion toward cloud-connected monitoring. The relay
module operates at 5 V and is configured with active-
LOW logic to control AC loads up to 10 A, functioning
as the core protective actuator. A 16×2 LCD connected
through an I2C interface presents real-time measure-
ment results, while the power regulation stage is han-
dled by the LM2596 buck converter, which steps down
7–40 V DC to stable 5 V or 3.3 V rails. An AC–DC con-
version module supplies low-voltage DC power derived
from the 220 VAC input, enabling off-grid testing or
integration with inverter auxiliary power. Additionally,
a high-current contactor rated up to 100 A provides a
secondary mechanical protection layer, and the KC602
clamp meter serves as a calibrated reference instrument
for validating current readings and minimizing mea-
surement uncertainty.

Through the integration of these components, the
proposed system provides accurate phase-level mon-
itoring, stable power control, and rapid overcurrent
isolation, forming a reliable foundation for real-time
supervision and protection in on-grid PLTS systems.
This configuration also maintains adaptability for dif-
ferent installation environments, allowing the measure-
ment and control layers to operate independently from
specific inverter models or communication protocols,
which is beneficial when upgrading existing photo-
voltaic installations without altering inverter firmware.

i. Software Development

The software development stage focused on implement-
ing control logic in the Arduino IDE. Each PZEM-004T
module is initialized according to its phase, allowing
the ESP8266 to read voltage and current with stable
timing. The I2C LCD is configured to display real-time
measurements, while the relay and push buttons are
used for setting the current limit and activating protec-
tion.

After initialization, the program continuously col-
lects electrical data and updates both the LCD and the
Serial Monitor. Current values are compared with a
user-defined threshold adjustable through the push but-
tons. Debounce logic ensures that button inputs register
correctly. If any phase exceeds the set limit, the relay
disconnects the PLTS output. The software integrates
sensor communication, real-time monitoring, user in-
put, and protection logic into a unified control system.

ii. Hardware Implementation

Hardware implementation involved assembling all com-
ponents based on the system design. The PZEM-004T
modules were installed at each inverter output phase
and calibrated for accurate measurement. The micro-
controller was connected via serial communication to
retrieve real-time data [9]. A relay was placed on the
current line to provide automatic disconnection during
overcurrent.

A 3D-printed enclosure was also developed to
protect and organize the components. The process in-
cluded determining dimensions, modeling the casing in
SolidWorks, and validating the layout before printing.
The enclosure provides dust protection, proper ventila-
tion, and structured wiring using conduit or protective
sleeves, ensuring long-term hardware performance.

Figure 2: Hardware design enclosure showing isometric,
top, right, and front views

Figure 2 shows the casing design in isometric, top,
right, and front views, with dimensions of 8×10×15
cm, providing safe and organized housing for the moni-
toring and protection unit.

III. RESULTS AND DISCUSSION

The testing phase was carried out to verify that the three-
phase on-grid PV monitoring and protection system
built around the PZEM-004T operates correctly and
in line with the design objectives. The first aspect of
testing focused on assessing measurement accuracy to
determine how closely the readings from each PZEM-
004T sensor matched those obtained from calibrated
reference instruments such as a digital multimeter and
a clamp meter [10]. Establishing this accuracy was es-
sential to validate that the monitoring subsystem could
reliably represent real electrical conditions without in-
troducing unacceptable deviations that might mislead
operational decisions.

Beyond measurement precision, the evaluation
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also examined the system’s capability to detect overcur-
rent conditions and activate the relay-based protective
mechanism. During these trials, current values were
gradually increased until they exceeded the predefined
threshold, allowing observation of whether the protec-
tion system could accurately identify unsafe conditions
and disconnect the affected phase in a timely manner.
This stage was crucial for confirming that the relay con-
trol logic responded consistently and rapidly enough to
prevent prolonged exposure to excessive current that
might damage connected equipment.

In addition, testing was conducted to observe the
overall stability of the system both under normal load-
ing and during moments when the measured current
surpassed the preset limit. These observations enabled
analysis of how the system behaved under dynamic op-
erational scenarios, including variations in three-phase
balance, transient changes in load, and repeated acti-
vation of the protection mechanism. Stable operation
under these conditions indicates that the system can be
deployed in real installations without frequent recali-
bration or manual intervention.

Finally, the clarity and responsiveness of real-time
monitoring were examined through the 20×4 I2C LCD
interface, ensuring that voltage, current, and power val-
ues were displayed without noticeable delay or distor-
tion. This verification confirmed that the user interface
could be relied upon to support practical monitoring
tasks, such as inspection, troubleshooting, and data
verification during commissioning. Collectively, these
evaluation elements ensured that the developed sys-
tem not only measured electrical parameters with high
accuracy, but also responded effectively to abnormal
operating conditions while maintaining stable and ac-
cessible real-time visualization throughout the testing
process.

i. Testing Procedure

The testing procedure was structured to ensure that the
monitoring and protection system could be evaluated
under realistic operating conditions representative of
three-phase on-grid PLTS installations. At the begin-
ning of the experiment, the complete setup was con-
nected to a three-phase on-grid photovoltaic source,
and a combination of resistive and inductive loads was
applied to simulate practical variations in power con-
sumption. Once the system was energized, the voltage
and current on each phase were measured using cali-
brated reference instruments, namely a digital multi-
meter and a clamp meter, which served as the baseline
against which the PZEM-004T readings would later be
compared. Establishing these reference measurements
was an essential step to quantify the accuracy of the

monitoring subsystem.
After obtaining baseline readings, the measure-

ment values captured by the PZEM-004T modules were
collected and compared directly with those recorded
by the reference instruments to determine whether the
sensors provided reliable and consistent output across
different operating points. To observe the system’s
protective behavior, the load on each phase was grad-
ually increased, causing the current to rise until it ex-
ceeded the predefined protection threshold of 10 A.
Once the overcurrent level was reached, particular at-
tention was given to the activation of the relay and
whether it successfully disconnected the affected phase
from the power line in a timely and consistent man-
ner, confirming the responsiveness of the protective
mechanism.

Throughout the evaluation, both measurement re-
sults and system responses were continuously moni-
tored and recorded across ten independent test repeti-
tions. Repeating the experiment multiple times allowed
the assessment of system repeatability and ensured that
the monitoring and protection functions did not degrade
or behave inconsistently under repeated stress. This
comprehensive testing workflow provided a measurable
basis for evaluating the precision, responsiveness, and
operational stability of the developed system during
controlled yet realistic conditions.

ii. Obstacles and Solutions

During the early design phase, one of the main chal-
lenges was finding a microcontroller capable of han-
dling UART communication for three PZEM-004T
modules at the same time. Initial trials showed that
not all boards met this requirement. The ESP32, which
was considered first, could only support two RX–TX
pairs [11], making it suitable for just two PZEM mod-
ules. Because the system required three independent
communication channels, this option had to be dis-
missed. After testing several alternatives, the ESP8266
proved to be the most reliable choice, as it was able to
process data from all three PZEM-004T units consis-
tently.

Another issue appeared during sensor reading, par-
ticularly when the PZEM modules received power ear-
lier than the ESP8266. This sequence caused communi-
cation errors, resulting in invalid data and NaN values
displayed on the I2C LCD [12]. To resolve this, two
switches were added as a simple hardware solution.
The operating procedure was adjusted so the ESP8266
is powered first, allowing it to initialize properly, and
only then the second switch is turned on to connect the
RX–TX lines to the three PZEM modules. With this
sequence, the communication became stable and the
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readings were consistently accurate.
A final challenge occurred during the physical as-

sembly of the device. The initial enclosure (X7 box)
was significantly larger than needed, making the sys-
tem bulky and less practical. This led to the decision
to design a new, more proportional casing with dimen-
sions of 8×10×15 cm. The revised enclosure fit all
components neatly, improved cable organization, and
resulted in a more compact and efficient device that
was easier to use and position during testing.

iii. Voltage Test Results

The first stage of performance evaluation focused on
validating the accuracy of voltage measurements ob-
tained from the PZEM-004T modules when compared
with reference instruments [13]. A three-phase motor
was used as the primary load to generate realistic oper-
ational conditions in which the phase voltages naturally
vary due to mechanical and electrical characteristics
inherent to induction machines. The measurement data
from the PZEM-004T were subsequently compared
against readings from a calibrated digital multimeter,
with the numerical comparison summarized in Table 1
and the trend visualized in Figure 3. This validation
ensured that the proposed monitoring system produces
voltage readings consistent with standard measurement
tools typically used in field commissioning and system
maintenance.

As shown in Table 1, the voltage differences be-
tween the PZEM-004T module and the multimeter are
relatively small across all ten samples, with the average
error ranging between 0.07% and 0.15%. The read-
ings for Phase R consistently stay within a narrow band
around 228–230 V, while Phase S shows slightly lower
values in several iterations, likely due to the dynamic
load distribution of the three-phase motor. Phase T
tends to register marginally higher values in some runs,
reflecting natural phase imbalance commonly observed
in three-phase supply systems connected to inductive
machines. Despite these variations, the deviations re-
main within the standard tolerances for AC voltage
measurement, confirming that the PZEM-004T pro-
vides a sufficiently accurate representation of system
voltage for operational monitoring and protection use.

The graphical comparison presented in Figure 3
further reinforces this conclusion by showing that the
measured voltage values maintain a consistent trend
across all samples. The PZEM-004T outputs follow the
same fluctuation pattern as the multimeter readings, in-
dicating that measurement noise, offset, or drift are min-
imal during operation. Visual alignment between the
two data sets suggests that no systematic bias is present,
and the slight variations observed likely originate from

Table 1: Voltage test results for each phase

No. R PZEM R MM S PZEM S MM T PZEM T MM Avg.Err (%)

1 228.4 228.6 226.5 226.9 226.9 227.0 0.10
2 227.6 228.1 219.0 218.9 234.5 235.0 0.15
3 229.1 229.4 225.8 226.0 233.2 233.5 0.11
4 228.8 229.0 224.7 225.1 232.6 232.9 0.13
5 230.2 230.5 227.9 228.2 231.4 231.7 0.13
6 227.4 227.7 223.3 223.6 234.1 234.3 0.11
7 229.6 229.8 225.1 225.3 232.8 233.1 0.10
8 228.3 228.5 224.9 225.0 233.5 233.7 0.07
9 227.9 228.2 223.7 224.0 234.2 234.5 0.13
10 229.0 229.3 225.4 225.6 232.1 232.4 0.11

inherent phase imbalance and dynamic load effects
rather than measurement inaccuracy. Such graphi-
cal validation is particularly important in condition-
monitoring applications, where operators rely on visual
trends to detect anomalies in phase behavior over time.

Figure 3: Comparison graph of PZEM readings vs multime-
ter

Based on the measurement results shown in Fig-
ure 3, the three-phase voltage readings from the PZEM
modules compared with those from a digital multime-
ter demonstrate that the system performs with stable
and consistent accuracy [5]. The voltage values on
Phases R, S, and T exhibit minor deviations from the
reference instrument, remaining within acceptable AC
measurement tolerances. This confirms that the PZEM
modules can provide reliable monitoring of three-phase
voltage conditions. When compared with the study
by Wijayanto et al. (2022), which reported an aver-
age error of around 0.14% [14], the results obtained
in this research exhibit slightly lower deviation values.
These findings suggest improved voltage measurement
stability and reinforce the suitability of the proposed
system for real-time IoT-based voltage monitoring and
protection applications [15].

iv. Current and Protection Test Results

The second stage of evaluation investigated both the
accuracy of the current readings and the responsive-
ness of the protection mechanism when current levels
exceeded the predefined limit. Measurements were ob-
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tained using a three-phase motor load operated at vary-
ing rotational speeds, enabling controlled transitions
between normal and overcurrent conditions. These vari-
ations produced observable changes in phase current,
allowing the developed system to be tested across a
representative operational spectrum in which current
imbalance or load escalation may occur. The recorded
values are summarized in Table 2, while Figure 4 illus-
trates the comparison between measurements captured
by the PZEM-004T and those obtained from the refer-
ence clamp meter.

Table 2: Current test results for each phase

No. R PZ R CM S PZ S CM T PZ T CM Err(%) Relay Description

1 2.58 2.58 2.60 2.60 2.59 2.59 0.00 Low Current Active
2 2.45 2.45 2.60 2.60 2.79 2.80 0.04 Low Current Active
3 7.10 7.10 7.80 7.80 8.09 8.10 0.09 High Current Interrupted
4 2.50 2.50 2.70 2.70 2.78 2.79 0.06 Low Current Active
5 7.10 7.10 7.69 7.70 8.09 8.10 0.05 High Current Interrupted
6 2.68 2.68 2.55 2.55 2.63 2.63 0.00 Low Current Active
7 2.42 2.42 2.58 2.58 2.75 2.75 0.00 Low Current Active
8 7.30 7.30 7.90 7.90 8.30 8.30 0.00 High Current Interrupted
9 2.77 2.77 2.72 2.72 2.93 2.93 0.00 Low Current Active
10 7.05 7.05 7.60 7.60 8.19 8.20 0.13 High Current Interrupted

Figure 4: Comparison graph of PZEM readings vs clamp
meter

As shown in Table 2, the current values recorded
by the PZEM-004T closely track those obtained from
the clamp meter. When the relay remained in the Low
state, indicating normal operation, the measured cur-
rent values in all three phases were consistently within
the range of approximately 2.4–2.9 A. These readings
represent the baseline operating condition of the motor
load and verify that the system can accurately detect
low-to-moderate currents without unnecessary relay en-
gagement. Conversely, when the load was increased to
induce higher current flow, the measurements rose to
approximately 7–8 A, triggering the relay into the High
condition and interrupting the circuit as designed [16].
The alternation between active and disconnected states
demonstrates that the protection mechanism is both re-
peatable and responsive, reliably isolating the system
under abnormal operating conditions to prevent damage
to equipment or downstream grid components.

Figure 4 further reinforces these findings by il-
lustrating that the measurement trends across Phases

R, S, and T follow a consistent pattern between the
PZEM-004T sensor and the clamp meter. The overlap-
ping curves across all sampling points reveal that the
sensor does not produce systematic offsets, spikes, or
drift relative to the reference instrument. Such consis-
tency is critical in real-time monitoring applications,
where operators often rely on temporal patterns rather
than standalone numerical readings to assess system
behavior and identify anomalies.

Error values between the two measurement
sources range from 0.00% to 0.13%, reflecting min-
imal deviation and demonstrating that the PZEM-004T
is capable of achieving high accuracy in current mea-
surement applications. These margins fall well within
typical tolerances for field-deployed monitoring sys-
tems and indicate that the developed configuration per-
forms more accurately than systems reported in earlier
research [10, 17]. The observed alignment between
measurement accuracy and protection responsiveness
confirms that the monitoring subsystem does not com-
promise protective behavior; instead, precise detection
directly contributes to reliable relay activation. Overall,
the system maintains stable current monitoring across
all three phases while providing an effective and repeat-
able mechanism for isolating overcurrent conditions,
thereby validating its suitability for integration into on-
grid photovoltaic installations requiring autonomous
electrical protection.

IV. CONCLUSION

Overall, this study demonstrates that the three-phase
voltage and current monitoring system developed uti-
lizing the PZEM-004T sensor in conjunction with the
ESP8266 microcontroller successfully fulfills the in-
tended design objectives [18]. The system consistently
achieved high accuracy in measuring voltage and cur-
rent across all phases, closely aligning with reference
measurements.

The experimental outcomes further substantiate
the effectiveness of the implemented protection mech-
anism. During high-load conditions where currents
increased to 7.10–8.30 A, the relay module effectively
transitioned from low to high [19], automatically dis-
connecting the circuit and mitigating potential overcur-
rent risks. Voltage measurements maintained deviations
within 0.07–0.15%, confirming system reliability under
varying operational scenarios.

For future development, several enhancements
may be implemented, including online monitoring plat-
forms for remote access, and long-range communica-
tion technologies such as LoRa to improve scalabil-
ity and performance in large-scale renewable installa-
tions [20]. These enhancements will broaden the ap-
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plicability of the system and strengthen its deployment
potential in three-phase on-grid photovoltaic networks.
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