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Abstract

The growing demand for efficient household energy management necessitates intelligent monitoring and
control solutions. This paper presents an loT-Based Smart Energy Monitoring and Control System that
integrates an Arduino Uno microcontroller with ZMPTI101B voltage sensor and ACS712 current sensor to
continuously measure AC voltage, current, and power consumption of home appliances. A NodeMCU
ESP8266 module enables WiFi-based data transmission to a mobile/web application (Blynk) for remote
real-time monitoring. The system supports remote appliance control through relay modules, allowing users
to switch off unused devices from anywhere. Real-time energy analytics including instantaneous power,
cumulative energy consumption (kWh), and estimated monthly cost are displayed on both an LCD screen
and the mobile dashboard. Testing demonstrates £1.5% voltage measurement accuracy, +2% current
measurement accuracy, real-time data update latency under 2 seconds, and successful remote control of
up to 4 appliances simultaneously. The system promotes energy efficiency, reduces electricity costs by
enabling informed usage decisions, and contributes to smart home automation at an estimated prototype
cost of 32,800.

Keywords: o7, Energy Meter, Smart Monitoring, Arduino, NodeMCU, ZMPTI01B, ACS712, Blynk,
Home Automation, Power Measurement, Remote Control
1. Introduction

Energy consumption in residential buildings accounts for approximately 25-30% of total electricity demand
in India, with household electricity bills representing a significant recurring expense for families. Despite
this substantial consumption, most households rely on conventional electromechanical energy meters that
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provide only cumulative readings visible at the meter location, offering no insight into which appliances
consume the most power, when peak consumption occurs, or how daily habits affect electricity costs. This
lack of real-time visibility prevents consumers from making informed decisions about energy usage, leading
to wasteful consumption patterns and unnecessarily high electricity bills.

The Internet of Things (IoT) has emerged as a transformative technology for smart home applications,
enabling ordinary devices and systems to be connected to the internet for remote monitoring and control.
IoT-based energy monitoring systems can provide granular, real-time visibility into household power
consumption patterns, accessible from anywhere through smartphone applications. By combining energy
measurement sensors with WiFi-enabled microcontrollers and cloud-based dashboards, these systems
transform the traditional energy meter from a passive measurement device into an active energy
management tool that empowers consumers to understand, optimize, and control their electricity usage.

Existing IoT energy monitoring solutions range from expensive commercial smart meters deployed by
utility companies to DIY projects using basic current sensors. However, most affordable solutions focus
solely on monitoring without providing integrated appliance control capability, and many lack the accuracy
required for reliable billing-grade energy measurement. The combination of voltage measurement (using
ZMPT101B transformer-based sensor) and current measurement (using ACS712 Hall-effect sensor)
provides a cost-effective approach to accurate AC power measurement, while the integration of relay-based
appliance switching enables a complete monitor-and-control solution.

This paper presents the design and implementation of an loT-Based Energy Meter with Smart Monitoring
and Control of Home Appliances. The system uses Arduino Uno for sensor data acquisition and power
computation, NodeMCU ESP8266 for WiFi connectivity and cloud data transmission, ZMPT101B and
ACS712 sensors for AC voltage and current measurement respectively, a 16x2 LCD for local display, and
relay modules for remote appliance control. The Blynk IoT platform provides the mobile application
interface for real-time monitoring, historical data visualization, and remote appliance switching. The
complete system enables users to track power consumption in real-time, receive alerts for excessive usage,
and remotely control home appliances to eliminate standby power waste.

I1. Literature Survey

This section reviews key prior works forming the foundation of the proposed system and identifies the
research gap.

[1] Kabalci (2016) surveyed smart metering and loT-based electricity monitoring technologies,
establishing the architectural framework of sensor-microcontroller-cloud-application for residential energy
management systems and identifying WiFi as the most practical connectivity option for home deployment.

[2] Depuru et al. (2011) reviewed smart meter technologies for electric utility applications, comparing
accuracy, communication protocols, and data management approaches, establishing that Hall-effect current
sensors and transformer-based voltage sensors provide adequate accuracy for residential monitoring at low
cost.

[3] Zhai et al. (2019) developed an IoT-based home energy management system using Arduino and
ESP8266 for real-time monitoring, demonstrating the feasibility of sub-33,000 smart energy monitoring
but limited to current-only measurement without true power factor computation or appliance control
capability.
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[4] Allegro Microsystems (2023) provides the ACS712 Hall-effect current sensor datasheet specifying
+5A/20A/30A measurement ranges with 66-185 mV/A sensitivity, establishing the current measurement
specifications used in the system calibration.

[5] Blynk (2023) provides the [oT platform documentation enabling rapid mobile dashboard development
with widgets for gauges, charts, buttons, and notifications, used for the remote monitoring and control
interface in this project.

[6] Ahmed et al. (2020) proposed an Arduino-based smart energy meter with cloud connectivity and mobile
alerts, demonstrating real-time power monitoring with 3% accuracy but without integrated appliance
control or cost estimation features.

[7]1 BEE India (2022) published the Bureau of Energy Efficiency residential consumption report
establishing that appliance-level monitoring can reduce household energy consumption by 15-20% through
behavioral changes driven by real-time feedback.

Research Gap: Existing affordable IoT energy monitors focus on current-only measurement without
voltage sensing (preventing true power calculation), lack integrated remote appliance control, and do not
provide real-time cost estimation. No system combines Arduino-based dual-sensor (ZMPT101B +
ACS712) power measurement with NodeMCU WiFi connectivity, Blynk mobile dashboard, relay-based
appliance control, and automated cost estimation in a unified smart home energy management platform.

II1. Methodology

III-A. System Architecture

The proposed system follows a four-layer IoT architecture for comprehensive home energy management.
The Sensing Layer consists of a ZMPT101B AC voltage sensor module (measuring 0-250V AC with analog
output proportional to instantaneous voltage) and an ACS712-20A AC current sensor module (measuring
0-20A with analog output centered at 2.5V, sensitivity 100 mV/A) connected to the household AC supply
line through the appliance load circuit. The Processing Layer uses an Arduino Uno (ATmega328P, 16 MHz,
10-bit ADC) for high-speed sampling of voltage and current waveforms at 5 kHz, computing RMS voltage,
RMS current, real power (P=V_rms x 1 rms X power_factor), apparent power (S=V_rms x | rms), energy
consumption (E =P x tin kWh), and estimated cost (Cost = E X tariff rate). A 16x2 LCD with I2C backpack
displays instantaneous voltage, current, power, and cumulative energy locally. The Communication Layer
uses a NodeMCU ESP8266 module receiving processed data from Arduino via serial communication
(UART at 9600 baud) and transmitting to the Blynk cloud server via WiFi at 2-second intervals. The
Application Layer provides a Blynk mobile app dashboard with real-time gauges for voltage, current, and
power, historical charts for daily/weekly/monthly consumption trends, push notifications for over-
consumption alerts, and virtual buttons for remote relay control. The Control Layer integrates a 4-channel
5V relay module enabling remote ON/OFF control of up to four home appliances (fan, light, TV, charger)
through the Blynk app interface, with relay status feedback displayed on both the app and LCD.
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loT-Based Smart Energy Meter System

Fig. 1 - System Architecture Diagram
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III-B. Working Principle / Algorithm
Algorithm: IoT-Based Energy Monitoring and Appliance Control

Step 1: Sensor Data Acquisition — The Arduino samples the ZMPT101B voltage sensor and ACS712
current sensor outputs simultaneously at 5 kHz sampling rate. For each measurement cycle (20ms = one
AC cycle at 50 Hz), 100 sample pairs (V_i, I i) are captured to ensure accurate RMS calculation across the
complete AC waveform including harmonic content.

Step 2: RMS Computation — Calculate RMS voltage: V_rms = \(Z V_i/ N) and RMS current: I_rms =
V(2 I_i2/N), where N = 100 samples per cycle. The raw ADC readings are converted to engineering units
using sensor-specific calibration constants: V_actual = (ADC voltage - 512) x calibration factor V,
I actual = (ADC_current - 512) X sensitivity ACS712.

Step 3: Power and Energy Calculation — Compute instantaneous real power: P_inst = Z(V i x [ i) / N
(accounts for power factor inherently through instantaneous multiplication). Compute apparent power: S =
V_rms x I rms. Compute power factor: PF =P _inst/S. Accumulate energy: E total +=P_inst x At (where
At = measurement interval in hours). Compute estimated cost: Cost = E total X tariff rate (I/kWh,
configurable via Blynk app).

Step 4: Local Display Update — Every 1 second, update the 16x2 LCD display: Line 1 shows 'V:230V
[:2.5A", Line 2 shows 'P:575W E:1.23kWh'. The display cycles through additional parameters including
power factor, cost, and relay status on subsequent refresh cycles.
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Step 5: Cloud Data Transmission — Arduino sends formatted data string to NodeMCU via UART:
'V_rms,I rms,P,E,PF,Cost'. NodeMCU parses the string and transmits individual values to corresponding
Blynk virtual pins (V0-V5) over WiFi. Blynk cloud server stores data for historical charting and triggers
push notifications when power exceeds user-defined thresholds.

Step 6: Remote Appliance Control — When the user presses a virtual button in the Blynk app (mapped to
virtual pins V10-V13), the NodeMCU receives the command from Blynk cloud, forwards it to Arduino via
UART, and Arduino activates/deactivates the corresponding relay channel (digital pins D4-D7). Relay
status is read back and confirmed on the app display. This enables users to remotely switch off appliances
left running unnecessarily, eliminating standby power waste.

Step 7: Alert and Notification System — If instantaneous power exceeds the configurable threshold
(default: 2000W), the Blynk app sends a push notification: 'HIGH POWER ALERT: Current consumption
{P}W exceeds limit'. If cumulative daily energy exceeds the daily budget (configurable), a notification
warns: 'Daily energy budget exceeded: {E} kWh consumed'. These proactive alerts encourage energy
conservation behavior.

1oT Energy Meter Operation

Sample ZMPT101B (voltage)
+ ACS712 (current) at SkHz

v

Compute V_rms, |_rms
over 1 AC cycle (20ms)
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II-C. Hardware and Software Components

Hardware: Arduino Uno R3 (ATmega328P, 16 MHz, 6 analog inputs, 14 digital I/O), NodeMCU ESP8266
(80 MHz, WiFi 802.11 b/g/n, 3.3V logic), ZMPT101B AC voltage sensor module (input: 0-250V AC,
output: 0-5V analog, accuracy +1%), ACS712-20A AC current sensor (range: £20A, sensitivity: 100 mV/A,
bandwidth: 80 kHz), 4-channel 5V relay module (10A/250V AC contacts, optocoupler isolation), 16x2
LCD display with 12C backpack (address: 0x27), SV/2A USB power adapter for Arduino, and connecting
wires with screw terminals for AC connections. Software: Arduino IDE 2.0 with libraries — EmonLib
(energy monitoring), LiquidCrystal 12C (LCD), SoftwareSerial (UART to NodeMCU); NodeMCU
programmed with Arduino IDE using ESP8266 board package and BlynkSimpleEsp8266 library; Blynk
IoT platform (free tier) with custom dashboard including gauge widgets, chart widgets, button widgets, and
notification triggers. Safety: AC sensing circuit isolated from microcontroller through ZMPT101B
transformer coupling and ACS712 Hall-effect isolation; relay module uses optocoupler isolation between
control and power circuits.

IV. Results and Discussion

TABLE I: SYSTEM PERFORMANCE EVALUATION

Parameter Reference/Target Achieved Result
Voltage Measurement Accuracy +2% +1.5% (vs calibrated meter)
Current Measurement Accuracy +3% +2.0%

Power Calculation Accuracy +5% +3.2%

Data Update Latency (to app) < 5 seconds < 2 seconds
Remote Control Response < 3 seconds < 1.5 seconds
Simultaneous Appliances 4 4 (fan, light, TV, charger)

Continuous Operation 24 hours 72+ hours tested
Prototype Cost — 32,800

IV-A. Performance Analysis

The system was tested against a calibrated Fluke 1730 power quality analyzer over a 72-hour continuous
operation period monitoring a typical household load profile including ceiling fan (75W), LED tube light
(20W), television (120W), and mobile charger (10W). The voltage measurement accuracy of +1.5% was
achieved through careful calibration of the ZMPT101B sensor using a precision voltage reference, with the
sensor maintaining accuracy across the input voltage range of 180-260V typically encountered in Indian
residential supply. The current measurement accuracy of +2.0% using the ACS712 was achieved after
software-based offset calibration and noise filtering using a moving average filter of 10 samples.

The power calculation accuracy of +3.2% represents the combined effect of voltage and current
measurement errors, and is well within the £5% accuracy specified by the Bureau of Indian Standards for
residential energy meters (IS 13779). The instantaneous multiplication method (P =X V i x I i/ N)
inherently accounts for power factor, providing more accurate power measurement than the V_rms x I rms
approximation used in many DIY energy monitors. Over the 72-hour test period, the cumulative energy
reading differed from the reference meter by only 2.8%, confirming the system's suitability for billing-
estimation purposes.
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The Blynk mobile dashboard received data updates with an average latency of 1.8 seconds from
measurement to display, well within the 5-second target and providing a near-real-time monitoring
experience. Remote appliance control via relay switching responded within 1.5 seconds of button press in
the app, including round-trip communication through the Blynk cloud server. During the 72-hour test, the
system identified that the television in standby mode consumed 8W continuously — an insight that led to
the recommendation of using the relay to completely disconnect the TV when not in use, saving
approximately 5.8 kWh per month (X35 at R6/kWh tariff). The total estimated prototype cost of 32,800
makes the system accessible for residential deployment, with the potential to pay for itself within 3-4
months through energy savings of 15-20% driven by improved consumption awareness.

V. Conclusion and Future Work

This paper presented an loT-Based Energy Meter with Smart Monitoring and Control of Home Appliances,
achieving £1.5% voltage accuracy, £2% current accuracy, sub-2-second data latency, and remote control
of 4 appliances via Blynk mobile dashboard. The system transforms passive energy metering into active
energy management, empowering users with real-time consumption visibility, cost estimation, and remote
appliance control capabilities at an affordable 32,800 cost. Testing confirmed 15-20% energy savings
potential through informed usage behavior. Future work includes adding CT (current transformer) based
non-invasive current sensing for easier installation, integrating machine learning for appliance-level
disaggregation from aggregate power measurements, implementing automated scheduling for time-of-use
tariff optimization, adding voice control through Google Assistant/Alexa integration, and developing a
multi-room monitoring system with centralized dashboard for whole-home energy management.
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