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Abstract: The rising global demand for electricity and continued reliance on fossil fuels makes
efficient household energy management crucial for promoting sustainability. This paper
introduces a cost-effective Internet of Things (IoT)-based system designed to monitor, analyze,
and control household power consumption in real time. The system utilizes current and voltage
sensors, namely SCT013-030, ZMPT101B, and PZEM-004T, integrated into the NodeMCU
ESP32 microcontroller, to gather accurate energy usage data from household appliances. The
collected data is transmitted through Wi-Fi to cloud platform, Blynk, where users can access an
interactive dashboard. This dashboard allows for real-time monitoring, data visualization, remote
control of appliances, and push notifications for energy usage alerts. The system integrates load
scheduling, consumption limits, and voltage tracking, enabling users to optimize energy use,
reduce electricity bills and enhance overall efficiency. Operational effectiveness was validated
through comparative measurements using digital multimeters. Ultimately, this IoT-based
solution offers a scalable approach for Malaysian households to adopt smarter energy practices,
leading to significant economic savings while contributing to environmental sustainability.
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1. Introduction

Over time, technological advancements have contributed to an increase in global electricity
demand. However, most of the country still relies heavily on fossil fuels like coal, oil and natural
gas to produce energy, causes the increased levels of air pollution [1]. The burning of fossil fuels
to generate electricity, releases carbon dioxide and greenhouse gases released into the
atmosphere [2]. To meet electricity demands that are rising, it is necessary for the construction
of new power plant [3]. However, these actions required a higher utility cost for construction and
also lead to greenhouse gas emissions contributing to possible air pollution. Therefore, it is
important to change the energy consumption behaviour of the consumer while seeking efficient
delivery and electricity [4]. Previous studies recommended that the specification on household
electrical demand can help to save electrical energy consumption, the propose real-time power
energy consumption system to help the consumers to control and monitor flow of energy
consumption [5].

Recently, the demand for electricity consumption has increased which has resulted in higher
electricity bills and consumers intend to reduce power consumption usage for own premises [6,
7]. In Malaysia, the consumption of electrical energy for individual households were measured
by energy meter, but precise data and real-time feedback on the household power consumption
is limited [8, 9]. Due to the lack of power consumption information, consumers are unable to
make changes to lower on energy usage by time [10] and have to hold off until end of the month
to monitor the electricity bills. Therefore, it is difficult for the consumers to improve electrical
energy efficiency and electricity cost.

A smart home energy monitoring system using Internet of Things (IoT) technology allows
real-time tracking and optimization of energy consumption. Recent literature highlights the
integration of sensors, smart meters, and cloud-based analytics to track patterns in energy usage,
providing feedback to homeowners [11, 12, 13]. IoT systems often use wireless communication
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protocols like Zigbee [14], Wi-Fi [15], or LoRa to transmit data to a central platform, enabling
remote control of devices [16].

Y. Baiand C. Hung [17] developed smart electricity meters that use Zigbee communication
as control module to remotely regulate household electric outlets. The sensing module returns
measured current and delivers a notification when overload is achieved. However, the
implementation is limited because of the costly and difficulty of installation. K. Luechaphonthara
and A. Vijayalakshmi [18], designed a low cost and easy electricity monitoring device that
allows for automated load energy readings. The device has a Wi-Fi module that uses wireless
network to communicate power consumption data to the cloud server for storage and subsequent
monitoring. In 2020, A. Salisu [19] utilized a ESP32 microcontroller to develop an IoT based
household power energy monitoring and electric bulb remote control system to encourage energy
conservation and reduce electricity waste. The real-time energy usage data, temperature
readings, and electric bulb data acquired by the sensors are wirelessly transmitted to the
ThingSpeak cloud server through built in Wi-Fi and then displayed and monitored by the
MATLAB GUI App. Additionally, when electricity consumption or temperature readings
exceeded the threshold, an email notification was sent out to consumers. In 2021, R. S. Hariharan
et al. [20] designed an energy consumption monitoring system for home appliances that uses an
Android app. The designed system employs ACS712 current sensor to calculate energy
consumption, transmitting data to Thingspeak cloud via NodeMCU and notify the user of the
electricity usage at the end of each month. This paper introduces a novel and cost-effective 1oT-
based energy management system that integrates SCT013-030, ZMPT101B, and PZEM-004T
sensors with the powerful NodeMCU ESP32 microcontroller and the Blynk cloud platform. The
system offers real-time monitoring, intelligent load scheduling, voltage tracking, and push-
notification alerts, enabling efficient control of household appliances. Furthermore, the system’s
ability to estimate electricity bills, visualize consumption trends, and execute remote commands
through a user-friendly mobile interface enhances accessibility and operational effectiveness for
non-technical users. These features combined with scheduled load control, energy tracking, and
an intuitive dashboard significantly improve usability, affordability, and scalability, making the
system practical for large-scale residential adoption compared to existing loT-based power
distribution solutions.

2. Methodology
A. System Configuration

The proposed system combines hardware and software components to enhance functionality
and user convenience in smart home automation and energy management. It features a NodeMCU
ESP32 microcontroller, a PZEM-004T current voltage multimeter module, SCT-013 AC current
sensor split core current transformer, ZMPT101B 250V AC voltage sensor, switches, relays, and
Blynk Server. This integrated setup offers a comprehensive solution for single-phase power
measurement supporting a voltage rating of 250 VAC, a current rating of 30 A and power rating
of 7.5 kW, making it compatible for standard residential electrical systems.

The SCTO013-030 is a split-core AC current sensor that supports non-invasive current
measurement up to 30 A, with an output voltage range of 1V. It is ideal for residential appliances
due to its safety and ease of installation. The ZMPT101B voltage sensor provides accurate AC
voltage measurement up to 250 V and includes a built-in operational amplifier for signal
conditioning. The PZEM-004T module supports the measurements of RMS voltage, RMS
current, active power, apparent power, reactive power, frequency and energy consumption. It
communicates via UART and offers higher precision and better integration for real-time
applications.

The NodeMCU ESP32 microcontroller is equipped with a dual-core processor, 240 MHz
clock speed and integrated WiFi and Bluetooth. Its multiple GPIOs and low-power consumption
make it suitable for IoT applications requiring sensor interfacing, real-time control and wireless
data transmission. These components were selected for their affordability, accuracy, compactness
and seamless compatibility in a household environment
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The system accurately monitors RMS voltage, RMS current, active power, reactive power,
energy consumption and calculates the power factor, reflecting appliance efficiency. It offers a
high update rate of 1-5 seconds, enabling real-time monitoring. Users can remotely access the
system through the Blynk mobile application, which offers a user-friendly interface for monitoring
energy consumption, controlling appliances and accessing historical data. The application
displays real-time power consumption, total energy consumption over specific periods, power
factor, remote appliance control options and energy consumption trends for better decision-
making.

Main functionalities of the proposed system include remote monitoring of real-time power
and energy consumption, electricity bill estimation and remote control home appliances through
the Blynk Mobile Application. Additionally, the users can schedule appliance operation to optimize
energy usage and enhance overall comfort.

B. Block diagram

The block diagram in Fig. 1 illustrates that the ESP32 board functions as the microcontroller,
regulating inputs, actuating corresponding outputs, and transmitting data to the application
software server via its built-in Wi-Fi module.

SCT-013 AC current
sensor Split Core
Current Transformer

-~

ZMPT101B 250V AC |
User Voltage Sensor
! > Relay 1 > Load 1

NodeMCU ESP 32
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Blynk Server < >
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PZEM-004T
Current Voltage
Multimeter Module

Figure 1. Block diagram

The block diagram also illustrates the interconnection of all components. The user interacts
with the server, Blynk, through a smartphone application. Subsequently, the Blynk server
transmits commands to the NodeMCU ESP32 Wi-Fi Module. This microcontroller manages the
system’s relays and collects data various sensors, PZEM-004T current voltage multimeter module,
SCT-013 AC current sensor (split core current transformer) and ZMPT101B 250V AC voltage
sensor. Data from the sensors is transmitted to the NodeMCU ESP32 and the server, which relays
the information back to the user’s device. This continuous cycle enables user control and real-time
data monitoring through seamless connectivity.

C. Circuit Design

Fig. 2(a) and 2(b) present the schematic diagram and the constructed circuit design of the IoT-
based Home Appliance Control and Power Consumption Analysis System. The system features
a circuit design that integrates various components to enable remote monitoring of power
consumption and control the status of individual home appliances. The core elements of the
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design include microcontrollers, sensors, actuators and communication modules, all
interconnected to operate cohesively and efficiently.
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Figure 2. (a) Schematic diagram (b) Designed circuit of proposed system
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D. Experimental Design and Testing

The Blynk mobile application was configured and the system was tested in two main phases:
controlling and monitoring. The controlling phase focused on verifying the remote operation of
home appliances through the Blynk Legacy mobile application and switches. This involved
setting up the Blynk application with control elements assigned to specific virtual pins. Each
control feature was tested for responsiveness and accuracy, while feedback mechanisms like
status updates and event schedulers were evaluated for seamless communication with the ESP32
microcontroller.

Next, the monitoring phase was tested to validate real-time data visualization from the
connected sensors or appliances. The Blynk application was configured with widgets to display
parameters such as power consumption, energy consumption (kWh), RMS current, RMS voltage,
and estimated electricity bills. Test data was collected and compared with multimeter readings to
verify measurement accuracy. Any discrepancies were addressed through sensor calibration and
code adjustments. After individual testing, the controlling and monitoring phases were integrated
and tested as completed system to ensure seamless communication and functionality.

To enable energy-aware automation, the system implements three key-features: load
scheduling, allowing users to configure timers for appliances through the Blynk interface; voltage
tracking, where real-time RMS voltage is displayed on graphs to detect anomalies or instability;
consumption limits, where users are notified via push notifications when power or energy crosses
user-defined thresholds. These functions work in tandem to prevent overloading, improve safety
and support more efficient appliance operation.

E. Data Analysis and Performance Evaluation

The designed system gathered data through testing and experimentation underwent
comprehensive processing to extract meaningful insights and evaluate system performance.
Various analysis techniques were applied to assess the system's effectiveness in achieving the
objectives. Data from the controlling phase, the analysis focused on the responsiveness and
accuracy of appliance control through the Blynk Legacy mobile application. This involved testing
individual controls such as turning appliances on and off, adjusting settings and scheduling events.
Feedback mechanisms, including status updates and notifications, were also evaluated to ensure
seamless communication between the application and the ESP32 microcontroller.
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For the monitoring phase, data on real-time parameters including power consumption, RMS
current, RMS voltage and estimated electricity bills was analyzed. The accuracy of data (RMS
voltage and current) was verified by comparing the values displayed on the Blynk application
with measurements obtained from the multimeters. Any discrepancies were resolved through
sensor calibration and code adjustments. The system's performance was evaluated against the
stated objectives by assessing functionality, usability and reliability. The system’s ability to
provide real-time information on appliance usage and insights into energy consumption patterns
was examined. Usability testing focused on the intuitiveness and user-friendliness of the interface.
Additionally, the system was tested under various scenarios such as simultaneous control and
monitoring, remote scheduling and performance including no load and load conditions and
network conditions, to ensure robustness and reliability.

3. Results and discussion

A low-cost, user-friendly IoT system for monitoring, controlling, and analyzing home
appliance power consumption has been developed. It demonstrates the system’s implementation,
evaluates its performance, and assesses its effectiveness in achieving the project objectives.

The data accuracy was verified by comparing sensor measurements displayed on the Blynk
app with digital multimeter readings, tested under no-load conditions and with load (hair dryer
and phone charger)

A. No Load Condition

The system was tested without any connected load to verify electrical parameters. Fig. 3(a)
illustrates the RMS voltage measurements, while Fig. 3(b) shows the RMS current readings
obtained using the PZEM-004T sensor and the ZMPT101B voltage sensor paired with the
SCTO013-030 current sensor, respectively. Fig. 3 compare system measurements with a digital
multimeter as a reference.

250 0.07
249 0.06
248 0.05
247 0.04
246 0.03
245 0.02
244 0.01
243 0
PZEM-004T Multimeter ZMPT101B Multimeter PZEM-004T Multimeter ZMPT101B Multimeter
(a) (b)

Figure 3. Measurement of (a) RMS voltage and (b) RMS Current at No-load

The measurements recorded percentage errors of 0.16% and 8.02% for RMS voltage and
RMS current, respectively, using the PZEM-004T sensor, compared to 0.27% and 427% for the
ZMPT101B and SCT013-030 sensor pair. These results indicate that the PZEM-004T sensor
exhibits significantly lower measurement errors and provides higher measurement accuracy than
the ZMPT101B and SCT013-030 combination.

B. Load Condition- Xiaomi lonic Hair Dryer

Table 1 summarizes electrical parameter and the percentage error of RMS voltage and current
measurements by PZEM-004T and ZMPTI101B with SCTO013-030 sensors at various
temperatures and speeds of the Xiaomi [onic Hair Dryer.
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Table 1. Measurement of Percentage error at Different Temperature and Speed

Temperature | Speed Average value measured Percentage error
ZMPTI101B & ZMPTI101B &
PZEM-004T SCT013-030 PZEM-004T SCT013-030
Hot 1 RMS voltage: 243.62V | RMS voltage: 245.02V | RMS voltage: RMS voltage:
RMS current: 6.19A RMS current: 7.07A 0.16% 0.01%
Real Power:1205.4W Real Power:1005.426W | RMS current: RMS current:
Reactive Reactive 2.06% 10.28%
Power:669.99Var Power:1435.91Var
Power Factor: 0.852 Power Factor:0.56
2 RMS voltage: 243.84V | RMS voltage: 245.33V | RMS voltage: RMS voltage:
RMS current: 7.097A RMS current: 7.78A 0.07% 0.07%
Real Power:1459.58W | Real Power:1131.59W RMS current: RMS current:
Reactive Reactive 0.99% 10.06%
Power:934.874Var Power:1584.62Var
Power Factor:0.846 Power Factor: 0.564
Warm RMS voltage: 244.6V | RMS voltage: 245.87V | RMS voltage: RMS voltage:
1 RMS current: 6.236A RMS current: 8.54A 0.25% 0.36%
Real Power:964.72W Real Power:1204.12W RMS current: RMS current:
Reactive Reactive 4.04% 46.23%
Power:1166.81Var Power:1762.50Var
Power Factor: 0.622 Power Factor: 0.55
RMS voltage: 243.6V | RMS voltage: 245.03V | RMS voltage: RMS voltage:
2 RMS current: 6.76A RMS current: 7.63A 0.25% 0.01%
Real Power:1340.92W | Real Power:1140.31W RMS current: RMS current:
Reactive Reactive 2.11% 2.8%
Power:699.87Var Power:1571.65Var
Power Factor:0.87 Power Factor:0.61
Cold RMS voltage: 246.7V | RMS voltage: 247.97V | RMS voltage: RMS voltage:
1 RMS current: 1411A RMS current: 1.612A 0.12% 0.39%
Real Power: 241.22W | Real Power: 278.71W RMS current: RMS current:
Reactive Power: Reactive Power: 14.53% 32.02%
247.46Var 292.88Var
Power Factor: 0.69 Power Factor:0.68
RMS voltage: 246.2V | RMS voltage: 246.79V | RMS voltage: RMS voltage:
2 RMS current: 1.552A RMS current: 1.870A 0.08% 0.09%
Real Power: 378.5W Real Power: 394.14W RMS current: RMS current:
Reactive Power: Reactive Power: 0.98% 18.34%
53.98Var 241.48Var
Power Factor: 0.99 Power Factor: 0.86

The measurement results under both no-load and load-conditions confirmed that the PZEM-
004T sensor exhibits significantly lower percentage error across all parameters compared to the
ZMPT101B and SCT013-030 sensor pair. Specifically, the PZEM-004T maintained RMS
current errors below 4.5% across all tests, while SCT013-030 showed errors as high as 46%
under low current. This disparity reflects the SCT013 sensor’s limited accuracy below 10% of
its rated input current. Therefore, the PZEM-004T is better suited for precise residential
monitoring applications. This validation, conducted using a digital multimeter as reference,
confirms the proposed system’s accuracy and operational effectiveness. Overall, the system
accurately measured parameters under load, ensuring reliable data for energy applications.
Additionally, the proposed system's real-time voltage measurement capability enhances the
accuracy of energy consumption data, distinguishing it from existing solutions by Hariharan et
al. [20], which rely on assumed voltage values, potentially leading to inaccuracies. Compared to
previous works, the proposed system shows superior accuracy and reliability in measuring
electrical parameters, especially RMS voltage and current.

C. User Interface Evaluation

As shown in Fig. 4, the Blynk mobile application served as the user interface for this project,
providing three main tabs: "Electrical Parameters," "Bill," and "Automation". The Electrical
Parameters Tab allowed users to monitor real- time electrical parameters such as RMS voltage,

693



loT Enabled Energy Management on Household Appliances

RMS current, energy consumption (kWh), real power, reactive power, and power factor.
Graphical displays enhanced the user's ability to comprehend and track their home's energy
efficiency. The Bill Tab enabled users to check estimated monthly energy consumption and bills,
facilitating better energy management and budgeting. This feature provided clear insights into
energy usage, helping users plan and reduce their electricity expenses. The Automation Tab
provided users the ability to set automation rules for their appliances based on specific conditions
such as time of day, presence detection, or energy consumption thresholds. This functionality
optimized energy usage and reduced waste by allowing users to automate appliance operations
according to their needs and preferences.

The integration of real-time monitoring, automation and bill estimation allows users to make
informed decisions on energy use. By identifying high-consumption appliances and applying
schedule-based control, users can shift usage to off-peak hours and minimize unnecessary energy
waste. The bill estimation feature provides transparency and encourages behavioral changes to
reduce consumption. As a result, the system helps optimize energy usage patterns, reduce monthly
electricity bills and improve overall household energy efficiency.

(3  Home automation | £ i AUtemation B O

ELECTOCA MAARMETER WL MUTOMATION ELECTHICAL PARAWETEN WL AUTGMATON

Figure 4. Blynk User Interface

D. Real-Time Monitoring and Control
D.1. Real-Time Data Display

The system employs various techniques, including graphical interfaces and dashboards, to
enhance the user experience. Fig. 5(a) demonstrates the real-time display of electrical parameters
for two different loads, including real and reactive power, power factor, and energy consumption.
The graphical display in Fig. 5(b) provides a comprehensive overview of power and energy
consumption, enabling users to identify patterns, diagnose issues, and plan maintenance activities.
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Figure 5: (a) Real-time electrical parameters for two different loads (b) Overview on real
power and energy consumption of the loads

Fig. 6 showed the real-time graphical displays of RMS current and voltage, crucial for
spotting anomalies and taking quick action to prevent damage. These insights help manage
energy use, reveal trends, and enable proactive maintenance. Overall, the real-time data ensures
safe, efficient, and reliable system performance.

current(A) VULL‘”:]‘{ (\.”J .

Figure 6. Graphical and real-time display for RMS current and RMS voltage
of Load 1 and Load 2

D.2. Control Capabilities and User Interaction

The results from the Load 1 and Load 2 controlling systems, as well as the Blynk Button 1
and 2 controlling systems, demonstrate the effectiveness and reliability of the system in
managing electrical loads through both physical switches and the Blynk app. Each scenario
highlights the interactions between physical and digital controls, ensuring real-time
synchronization and seamless transition of load statuses. The system showcases the ability to
turn loads on or off via physical switches, with immediate status updates in the Blynk app, and
to control loads independently using the app, providing users with enhanced flexibility and
convenience.

The integration of the Blynk app with the relays allows for remote control and monitoring,
crucial for modern IoT-based home automation systems. Table 2 showed the results of two timers
(Load 1 and Load 2) in the Blynk application, each with a different start and end time. The Timer
feature in the Blynk app further enhances the system's functionality, enabling automated control
of devices based on time schedules. The time schedule can be changed depending on the user's
preferences, allowing for flexibility and customization. For example, the user can adjust the start
and end times of the timer to suit their specific needs, such as turning on a light at dawn and
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turning it off at dusk. While the legacy version of Blynk has limitations in scheduling complexity,
Blynk 2.0 addresses these with the capability to set timers for specific days of the week or dates,
offering greater customization and adaptability.

Overall, the results confirm that the system performs reliably under various conditions,
providing a comprehensive and user- friendly interface for managing home appliances. The dual-
control mechanism, encompassing both physical switches and app commands, contributes to
better energy management and operational efficiency, underscoring the system's suitability for
smart home applications. The proposed system integrates schedule load control, allowing users to
customize operating schedules for individual appliances or groups.

Table 2. Resulting cases output for Timer feature in Blynk application

Load status and Blynk Load status and Blynk
.. . Button status when the Button status when the end
Condition of the timer o o
start time is reached time is reached
Initial Result Initial Result

BUTTON 1 BUTTON 1

Timer (load 1)

START

08:20:00 N 08:36:48 Nl

Timer (load 2)
START

23:04:00 N2 23:05:00

D.3. Monthly Estimated Electricity Bill and Energy Consumption Features

Fig. 7 illustrates a Blynk application feature that displays monthly estimated electricity bills
and energy consumption, providing real-time data to users. This tool is designed to help users
make informed decisions about their energy usage and manage their costs effectively. The real-
time data encourages energy-efficient habits, helps users plan budgets, and identifies areas for
reducing energy consumption and costs.

CLRRENT TIME
8:57:45

CURRENT DATE

10/5/2024

MONTHLY ESTIMATED ELECTRICTY BILL FMNMONTH)

3

MONTHLY ESTIMATED KW

01

Figure 7. Monthly Estimated Electricity Bill and Energy Consumption
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4. Conclusion

This system offers real-time monitoring and control, helping users identify high-energy
consuming devices and optimize their usage patterns to save energy. Unique features such-as
real-time voltage tracking, consumption alerts and bill estimation enhance user engagement and
operational effectiveness, particularly for non-technical users. Compared to prior systems, our
approach introduces a cost-effective and scalable IoT solution with improved accuracy and
functionality. Its integration with the Blynk platform ensures accessibility, while the sensor
validation ensures data reliability. This project contributes to smarter home energy management
by promoting energy efficiency, reducing electricity bills and supporting sustainable practices in
residential environments. Despite some limitations, such as reliance on a stable internet
connection and scalability challenges, the system provides a practical and affordable solution.
Future research should focus on enhancing Blynk connection stability, improving sensor
calibration, and integrating machine learning for appliance identification and predictive
maintenance to further advance IoT-based energy management systems.
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