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Abstract

This project aimed to investigate the integration of Narrowband Internet of Things (NB-IoT) technology with
Arduino for precise voltage and current measurements to enhance monitoring systems with cloud connectivity.
The study was commissioned to explore the viability of utilizing NB-IoT in IoT applications for improved sen-
sor-based systems.

The methodology encompassed the utilization of Arduino Mega and the DFR0763 NB-IoT module, outlining the
circuit design and data transmission to Thingspeak. The study evaluated the accuracy of voltage and current
measurements, explored cloud integration possibilities, and compared the data processing capabilities of plat-
forms like Thingspeak and Azure.

The key findings highlighted the successful establishment of a functional system for precise measurements,
validated through a comprehensive evaluation. The study's major conclusion emphasizes the practical signifi-
cance of NB-IoT integration in enhancing monitoring systems, offering insights into improved sensor-based
data collection and cloud connectivity.
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1 INTRODUCTION

The rapid evolution of the Internet of Things (I0T) has ushered in a new era of connectivity, chang-
ing how we collect, analyze, and utilize data from the physical world. In this context, the Narrow-
band Internet of Things (NB-IoT) (Chen 2017, 20557) is becoming a key technology, offering en-
hanced capabilities for efficient and reliable communication in IoT applications. This thesis explores
integrating NB-IoT technology with Arduino for precise voltage and current measurements, specifi-

cally focusing on improving monitoring systems through cloud connectivity.

The beginning of this research traces back to an enriching internship opportunity provided to me by
my teacher at Savonia. The internship immersed me in a project that delved into the capabilities of
the NB-IoT module for voltage measurement and the seamless transmission of this data to the cloud
for in-depth analysis. As the project progressed, I became more and more fascinated by its com-

plexities and the countless possibilities it opened.

This thesis is a dedicated effort to delve deeper into the functionality and practical implementation
of the NB-IoT module, particularly within the domain of voltage measurement. It seeks to compre-
hend and showcase the efficacy of this technology in real-world applications, specifically in transmit-

ting voltage data to the cloud for subsequent analysis and comparison.

The motivation behind this work lies in addressing contemporary challenges in remote power meas-
urements, such as those in solar and wind energy systems, and tackling power quality issues in vari-
ous electrical installations. Remote monitoring of power systems is crucial for optimizing perfor-
mance, predicting maintenance needs, and ensuring the reliability of energy supplies. For instance,
in renewable energy applications, precise voltage and current measurements are essential for moni-
toring the output of solar panels and wind turbines, facilitating efficient energy management and
integration into the grid. Furthermore, understanding power quality issues such as voltage sags,
surges, and harmonic distortions can help maintain the health of electrical systems and prevent po-

tential damage to sensitive equipment.

By leveraging NB-IoT technology, this research aims to provide a robust solution for real-time moni-
toring and analysis of electrical parameters, enhancing the ability to manage and optimize power
systems remotely. The integration of cloud connectivity enables continuous data collection and so-

phisticated analysis, ultimately contributing to more resilient and efficient energy infrastructures.

Objectives of the Thesis:

Functionality Assessment: Investigate the effectiveness of the NB-IoT module in facilitating precise

voltage measurements, exploring inherent challenges and limitations.

Cloud Integration Analysis: Examine the procedures for transmitting voltage data to the cloud using
the NB-IoT module. Evaluate the performance of data transmission and reception in practical sce-

narios.
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Comparison of Cloud Platforms: Assess the capabilities of the chosen cloud platform (Thingspeak) in
handling and analyzing transmitted voltage data. Compare strengths and weaknesses with alterna-

tive platforms like Azure.

Practical Applicability: Uncover practical insights and implications from implementing NB-IoT for volt-
age measurement. Explore how these findings can be extrapolated to real-world IoT and monitoring

systems applications.

Research Questions:

How effectively does the NB-IoT module facilitate voltage measurement, and what are the inherent

challenges or limitations?

What procedures are involved in transmitting voltage data to the cloud using the NB-IoT module?

How does the data transmission and reception perform in practical scenarios?

How does the chosen cloud platform (Thingspeak) fare in handling and analyzing the transmitted

voltage data? What are its strengths and weaknesses compared to alternative platforms like Azure?

What practical insights and implications emerge from implementing NB-IoT for voltage measure-
ment? How can these findings be extrapolated to real-world IoT and monitoring systems applica-

tions?

During writing this thesis, I utilized ChatGPT (ChatGPT 2024.), a language model (GPT-40, May
2024) developed by OpenAl (OpenAl 2024.), for assistance with language checking and refinement.
ChatGPT helped me ensure that the content of the thesis is clear, coherent, and professionally pre-
sented. I used the tool to review my writing for grammatical accuracy, improve sentence structure,
and enhance overall readability. This integration of Al tools showcases the practical application of
advanced technologies not only in technical research but also in academic writing, emphasizing the

potential benefits of Al in improving the quality and clarity of academic documents.
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2 LITERARURE REVIEW

2.1  Overview of IoT and its applications in monitoring systems

The Internet of Things (IoT) has emerged as a transformative paradigm, connecting physical de-
vices and enabling them to communicate, share data, and operate collaboratively. In the realm of
monitoring systems, IoT offers unparalleled capabilities for real-time data collection, analysis, and
decision-making. Monitoring systems, ranging from environmental sensing to industrial processes,

benefit from the seamless integration of IoT technologies. (Atzori 2010, 2787.)

IoT in Monitoring Systems: Revolutionizing Data Collection and Analysis IoT technologies have revo-
lutionized traditional monitoring systems by enabling the integration of sensors, actuators, and com-
munication networks. These interconnected systems facilitate the continuous monitoring of physical
parameters such as temperature, humidity, pressure, and motion. By collecting and analyzing data
in real-time, IoT-enabled monitoring systems provide valuable insights into the performance, status,
and behavior of monitored assets. (Da Xu 2014, 2233-2243.)

The applications of IoT in monitoring systems span across diverse domains, showcasing its versatil-
ity and adaptability. In healthcare, IoT devices are utilized for remote patient monitoring, medication
adherence tracking, and healthcare asset management. These systems enable healthcare providers
to deliver personalized care, monitor patient vital signs, and detect anomalies in real-time, thereby
improving patient outcomes and reducing hospital readmissions. In agriculture, IoT-based monitor-
ing systems are revolutionizing precision farming practices. Sensors deployed in fields collect data
on soil moisture levels, temperature, and nutrient levels, enabling farmers to optimize irrigation
schedules, fertilization practices, and crop management strategies. Farmers can increase crop yields,
conserve water resources, and mitigate environmental impact by leveraging IoT technologies. Smart
cities leverage IoT to monitor and manage critical infrastructure and public services. IoT sensors
embedded in urban environments monitor air quality, traffic congestion, waste management, and
energy consumption. This data is used to optimize city operations, enhance public safety, and im-
prove the overall quality of life for residents. Smart city initiatives also enable efficient transportation
systems, intelligent parking solutions, and sustainable urban development practices. In industrial
automation, IoT-enabled monitoring systems play a pivotal role in enhancing operational efficiency
and safety. Industrial IoT (IIoT) platforms integrate sensors, actuators, and control systems to mon-
itor equipment health, predict maintenance needs, and optimize production processes. By leveraging
real-time data analytics and predictive maintenance algorithms, industrial organizations can mini-
mize downtime, reduce maintenance costs, and ensure worker safety. (Al-Fugaha 2015, 2347-
2376.)

The ability to remotely monitor and control devices has led to significant benefits and impact across
various sectors. By harnessing the power of IoT technologies, organizations can achieve: - Improved
Efficiency: Real-time monitoring enables proactive decision-making, optimizing resource utilization
and reducing wastage. - Cost Reduction: Predictive maintenance and asset monitoring help minimize
downtime and maintenance costs, leading to overall cost savings. - Enhanced Safety: Continuous

monitoring of environmental conditions and equipment performance enhances workplace safety and
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reduces the risk of accidents. - Data-Driven Insights: IoT-generated data provides valuable insights

for process optimization, product innovation, and strategic decision-making. (Manyika 2015.)

The integration of IoT technologies into monitoring systems has unlocked new possibilities for data
collection, analysis, and decision-making across various domains. From healthcare and agriculture to
smart cities and industrial automation, IoT-enabled monitoring systems are revolutionizing how we
monitor and manage the world around us. IoT solutions have significantly enhanced the efficiency
and reliability of energy generation, distribution, and consumption in the energy sector. For in-
stance, smart grids utilize IoT devices to monitor and manage the flow of electricity, ensuring opti-
mal performance and reducing energy losses. In renewable energy, IoT-enabled sensors and moni-
toring systems are used to track the performance of solar panels and wind turbines, optimizing en-
ergy output and maintenance schedules. Additionally, IoT-based energy management systems in
buildings and industrial facilities enable real-time monitoring and control of energy usage, leading to
substantial cost savings and reduced environmental impact. As technology continues to evolve, the
potential for IoT to drive innovation and create intelligent, responsive monitoring ecosystems re-
mains limitless. (Gubbi 2013, 1645; Mehmood 2017, 16; Alahakoon 2015, 425-436.)

2.2 Explanation of NB-IoT technology and its advantages in IoT applications

The Narrowband Internet of Things (NB-IoT) technology represents a significant advancement in
IoT communications, tailored specifically to meet the demands of low-power, wide-area networks
(LPWANS). It offers a specialized communication standard designed to provide reliable connectivity
for IoT devices while optimizing energy consumption and ensuring cost-effectiveness. (Raza 2017,
855.)

NB-IoT operates on existing cellular networks, utilizing licensed spectrum bands to establish com-
munication links between IoT devices and network infrastructure. Unlike traditional cellular net-
works, NB-IoT is optimized for scenarios where devices require intermittent communication over
long distances with minimal power consumption. This optimization makes NB-IoT particularly suita-
ble for applications involving remote monitoring, asset tracking, and environmental sensing. (Yin
2022, 838-842.)

The architecture of NB-IoT (Figure 1) comprises several key components:

1. NB-IoT Devices: These are the end devices or sensors that collect data and communicate it
to the network. They are designed to be energy-efficient and can operate on battery power
for extended periods.

2. NB-IoT Base Stations: These base stations are part of the existing LTE infrastructure and
are modified to support NB-IoT. They handle the communication between NB-IoT devices
and the core network.

3. NB-IoT Core Network: The core network, which includes components such as the Mobility
Management Entity (MME) and the Serving Gateway (SGW), manages the data routing, de-
vice authentication, and service delivery.

4. NB-IoT Cloud Platform: These servers process the data received from NB-IoT devices and

provide services such as monitoring, analytics, and control.
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Figure 1. NB-IoT Architecture

Comparison with Other Wireless Technologies

To better understand the advantages and limitations of NB-IoT, it's essential to compare it with

other alternative wireless technologies commonly used in IoT applications:

LoRa (Long Range) (Devalal 2018, 284-290.)

Range: LoRa offers similar range capabilities to NB-IoT, often reaching several kilome-
ters in urban environments and up to 15 kilometers in rural areas.

Frequency Band: Operates in unlicensed spectrum bands, which can lead to interference
issues.

Data Rate: It generally has lower data rates than NB-IoT, making it suitable for applica-
tions requiring small amounts of data.

Power Consumption: Very low power consumption, enabling long battery life.

Deployment: Requires deployment of proprietary gateways and network infrastructure.

LTE-M (LTE Cat-M1) (Lauridsen 2016, 1-5.)

Range: Like NB-IoT, leveraging existing LTE networks.

Frequency Band: Uses licensed spectrum, providing reliable and interference-free com-
munication.

Data Rate: Higher data rates than NB-IoT, suitable for applications requiring more
bandwidth.

Power Consumption: Slightly higher power consumption than NB-IoT but still suitable
for battery-operated devices.

Deployment: Uses existing LTE infrastructure, simplifying deployment for operators.
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Wi-Fi (Ma 2019, 1-36)

e Range: Limited range compared to NB-IoT, typically up to 100 meters indoors.

e Frequency Band: Operates in unlicensed spectrum bands, susceptible to interference.
o Data Rate: High data rates, suitable for applications requiring substantial bandwidth.
e Power Consumption: High power consumption, not ideal for battery-operated devices.

e Deployment: Widely available infrastructure but limited to areas with Wi-Fi coverage.

While each wireless technology has its strengths and weaknesses, NB-IoT stands out for its optimal

balance of range, power consumption, and data rate, making it particularly suitable for applications

involving remote monitoring, asset tracking, and environmental sensing. The choice of technology

ultimately depends on the application's specific requirements, including data rate, power consump-

tion, range, and deployment considerations. In conclusion, NB-IoT selection for this project is driven

by its ability to provide reliable, long-range communication with minimal power consumption, lever-

aging existing cellular infrastructure to ensure broad coverage and seamless integration into IoT

ecosystems.

Advantages of NB-IoT in IoT Applications

1.

Extended Coverage:

One of the primary advantages of NB-IoT is its ability to penetrate deep into buildings and un-
derground structures, providing connectivity in challenging environments where traditional cellu-
lar signals may struggle to reach. This extended coverage ensures that IoT devices remain con-
nected even in remote or hard-to-reach locations, enhancing the reliability of data transmission.
(Adhikary 2016, 1-5.)

Low Power Consumption:

NB-IoT devices are designed to operate on minimal power, making them ideal for battery-pow-
ered or energy-constrained applications. By employing power-saving mechanisms such as ex-
tended discontinuous reception (eDRX) and power-saving mode (PSM), NB-IoT devices can
achieve long battery life while maintaining continuous connectivity with the network. (Raza
2017, 1-36.)

Cost-Effectiveness:

The deployment of NB-IoT networks leverages existing cellular infrastructure, minimizing the
need for additional infrastructure investments. This cost-effective approach enables network op-
erators to expand coverage and support many IoT devices without incurring significant capital
expenditures. (Sinha 2017, 14-21.)

Suitability for Massive Deployments:

NB-IoT technology is well-suited for scenarios requiring deploying many IoT devices within a
geographical area. Its efficient use of spectrum resources and robust communication protocols
enable seamless connectivity for large-scale IoT deployments, such as smart city initiatives, in-

dustrial monitoring systems, and agricultural sensor networks. (Palattella 2016, 510-527.)
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NB-IoT technology offers compelling advantages for 10T applications as shown in the list. Its spe-
cialized communication standard fills a crucial niche within the IoT ecosystem, enabling reliable con-
nectivity for various devices and use cases. As research and development in NB-IoT continue to pro-
gress, the technology is poised to play a significant role in shaping the future of IoT connectivity and
infrastructure. (Malik 2022, 172.)

2.3 Review of similar projects involving Arduino, sensor measurements, and cloud integration

Several projects documented in the literature have delved into integrating Arduino microcontrollers
with various sensors, emphasizing data acquisition and cloud integration. These endeavors typically
showcase Arduino's adaptability in interfacing with various sensors, including those for measuring
voltage, current, temperature, humidity, and more. The primary objective across these projects is to
harness Arduino's capabilities for precise sensor readings and then seamlessly transmit this data to

cloud platforms for remote monitoring, storage, and analysis. (Debele 2020, 428-432.)

In these projects, researchers commonly select sensors based on the specific parameters they aim
to measure, such as voltage and current for electrical systems or environmental parameters for
weather monitoring. They then develop Arduino code to interface with these sensors, ensuring accu-
rate data acquisition and conversion. Communication protocols, such as MQTT or HTTP, are estab-
lished to facilitate the transmission of sensor data to cloud platforms like Thingspeak, AWS, or Az-
ure. (Pulver 2019)

Researchers assess the effectiveness of these integrated systems through real-world experimenta-
tion, evaluating factors such as reliability, scalability, and ease of implementation. Reliability pertains
to the consistency and accuracy of sensor readings, while scalability refers to the system's ability to
accommodate increasing numbers of sensors or users. Ease of implementation considers the sim-

plicity of setting up and maintaining the integrated hardware and software components.

These projects contribute significantly to advancing IoT applications by demonstrating practical im-
plementations of sensor data acquisition and cloud integration. They serve as valuable references
for developers and researchers seeking to build similar systems for diverse monitoring and automa-
tion purposes. Moreover, they highlight the potential of Arduino-based solutions in enabling cost-

effective and accessible IoT deployments across various domains. (Zafar 2018, 3238-3242.)

2.4  Examination of existing methodologies for voltage and current measurement

The accurate voltage and current measurement is crucial in IoT applications, especially in systems

where electrical parameters play a vital role. The existing literature extensively covers various meth
odologies employed to achieve precise voltage and current measurements, encompassing both tra-

ditional analog techniques and modern digital approaches.

Analog-to-digital converters (ADCs) (Walden 1999, 539-550.) are commonly used in IoT systems to
convert continuous analog signals, such as voltage and current, into digital data that can be pro-
cessed by microcontrollers or computers. These ADCs sample the analog signal at regular intervals

and quantize it into discrete digital values, allowing for accurate measurement and analysis.
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Additionally, sensor calibration techniques are employed to calibrate sensors used for voltage and

current measurements, ensuring their accuracy and reliability over time. (Ripka 2010, 1108-1116.)

Modern digital approaches utilize advanced signal processing algorithms and noise reduction strate-
gies to enhance the precision of voltage and current measurements. Digital filters, such as finite im-
pulse response (FIR) filters and infinite impulse response (IIR) filters, are applied to remove un-
wanted noise and artifacts from the measured signals, resulting in cleaner and more accurate data.
(Litwin 2000, 28-31.)

The literature highlights the challenges associated with voltage and current measurements in IoT
applications, including noise interference, signal attenuation, and sensor inaccuracies. Researchers
propose various mitigation strategies such as shielding sensitive circuitry, implementing high-quality
sensors, and employing signal conditioning techniques to amplify weak signals and minimize noise.
(Sigrist 2017, 1159-1164.)

3 METHODOLOGY

3.1 Description of hardware components used

The fundamental hardware components employed in this project play a crucial role in enabling pre-
cise voltage and current measurements using Narrowband Internet of Things (NB-IoT) technology.
The Figure 2 represents the primary microcontroller chosen for the task - Arduino Mega (Badamasi
2014, 1-4.), a versatile and widely used platform known for its compatibility with various sensors
and modules. To facilitate NB-IoT communication, the DFRobot_SIM7000 NB-IoT (DFR-0763)
(Dfrobot 2018) module was selected, which is displayed in Figure 3, offering reliable connectivity for
transmitting data to the cloud. In addition to the microcontroller and NB-IoT module, the project
involves the integration of sensors, specifically a voltmeter and an ammeter. These sensors are es-
sential for measuring voltage and current values from an alternating current (AC) network. The volt-
meter is connected to Arduino's analog pin A0, while the ammeter is connected to analog pin Al.
This hardware configuration ensures accurate and real-time acquisition of electrical parameters. The
chosen hardware components are carefully selected to create a synergistic system capable of cap-
turing precise measurements and transmitting the data efficiently. The combination of Arduino,
DFRobot_SIM7000, and the sensors forms the foundation for the successful implementation of NB-

IoT technology in voltage and current monitoring. (Kusriyanto 2016, 127-131.)
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Figure 3. DFR0763 connected to Arduino

3.2 Explanation of the circuit design and connections between components

The circuit design is a critical aspect of the project, dictating how the hardware components interact
and ensuring the seamless operation of the NB-IoT-based voltage and current measurement sys-
tem. The key connections and configurations are designed to optimize performance and accuracy.
The serial communication interface between Arduino and the DFRobot_SIM7000 NB-IoT module is
established using the SoftwareSerial library (Arduino). This allows communication on pins 7 (RX)
and 10 (TX) of Arduino. Additionally, the millis() function is employed to create periodic timer inter-
rupts, set at intervals of 2 milliseconds, triggering the execution of specific functions. The sensors,
including the voltmeter and ammeter, are connected to Arduino's analog pins A0 and A1, respec-
tively. This ensures that the analog readings from these sensors are captured efficiently for subse-
quent processing and transmission. Overall, the circuit design prioritizes clarity, efficiency, and com-
patibility, laying the groundwork for successfully integrating NB-IoT technology into the voltage and

current measurement system (Figure 5).

AC Network Box overview

The AC network box is a crucial component of the voltage and current measurement system. It
houses the necessary connections for safely interfacing with the AC power lines. This box ensures

that measurements are taken accurately and securely, adhering to safety standards.

Components Inside the AC Network Box:
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1. Phase and Neutral Wires:
e The AC network box has terminals for connecting the phase and neutral wires from the
AC main supply.
e The phase wire is connected to the voltmeter input, and the neutral wire is used both
for the voltmeter and the clamp meter (ammeter).
2. Voltmeter:
e Connected to measure the voltage between the phase and neutral wires, providing the
effective line voltage.
e The voltmeter output is routed through a BNC connector to the level shifter.
3. Ammeter (Clamp Meter):
e Clamps onto the neutral wire to measure the current flowing through the system with-
out breaking the circuit.
e The clamp meter output is connected to another level shifter.
4. Level Shifters:
e Located inside the AC network box, these components scale the voltmeter and ammeter

outputs to levels compatible with the Arduino’s analog inputs.

Figure 4. AC Network

Detailed Circuit Overview
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1. RTC (DS3231) Setup:
e The DS3231 RTC is connected to the Arduino Mega via the 12C connection.
e Connections:
o SDA (RTC) — A4 (Arduino Mega)
o SCL (RTC) — A5 (Arduino Mega)
e This setup allows the system to maintain accurate timekeeping for data logging pur-
poses.
2. Voltmeter and Level Shifter Connection:
e The phase and neutral wires from the AC network are connected to the voltmeter.
e The voltmeter output is connected to the level shifter using a BNC connector.
e The level shifter output is connected to the analog pin A0 of the Arduino Mega.
e Connections:
o Voltmeter — Level Shifter (via BNC)
o Level Shifter Output — AO (Arduino Mega)
3. Ammeter (Clamp Meter) and Level Shifter Connection:
e The clamp meter is used to measure current through the neutral wire.
e The output from the clamp meter is connected to a level shifter.
e The level shifter output is connected to the analog pin Al of the Arduino Mega.
e Connections:
o Clamp Meter — Level Shifter
o Level Shifter Output — A1l (Arduino Mega)
4. Serial Communication with NB-IoT Module:
e The DFRobot_SIM7000 NB-IoT module communicates with the Arduino Mega using the
SoftwareSerial library.
e Connections:
o RX(NB-IoT) — Pin 7 (Arduino Mega)
o TX(NB-IoT) — Pin 10 (Arduino Mega)
5. Timer Interrupts:
e The millis() function creates periodic timer interrupts at intervals of 2 milliseconds.

e These interrupts trigger specific functions for data acquisition and processing.

The integration of the AC network box ensures the safe and accurate measurement of voltage and
current, essential for the project's success. This explanation highlights the thoughtful design and
engineering behind the NB-IoT-based monitoring system by detailing the connections and providing
a visual representation. The combination of Arduino Mega, the DS3231 RTC for timekeeping, and
the DFRobot_SIM7000 NB-IoT module for communication ensures a robust and reliable voltage and

current measurement solution in IoT applications.
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Integration of RTC DS3231 For Timekeeping

An RTC DS3231 module was incorporated into the project setup in response to the need for precise
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timekeeping between data samples. The RTC DS3231 offers highly accurate timekeeping capabili-

ties, ensuring that each data point is timestamped precisely.

The RTC DS3231 module interfaces with the Arduino Mega to provide accurate timekeeping func-

tionality. It utilizes a temperature-compensated crystal oscillator (TCXO) to maintain timekeeping

accuracy within a few seconds per year, making it an ideal choice for applications requiring reliable

timestamping.
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The RTC DS3231 module communicates with the Arduino Mega via the I2C protocol, allowing the
microcontroller to retrieve current time information and update it as necessary. The module keeps
track of time even when the Arduino is powered off, ensuring continuous operation and accurate
timestamping of data samples.

The RTC DS3231 module (Figure 6) is connected to the Arduino Mega using the I2C interface. Spe-
cific pins on the Arduino (such as SDA and SCL) are utilized for communication with the RTC mod-

ule, enabling seamless integration into the existing project setup (Analog).

Figure 6. Real Time Clock Module DS3231

3.4 Detailed steps for setting up the NB-IoT module and connecting it to the cloud

The setup of the NB-IoT module and the subsequent connection to the cloud platform involves a
series of detailed steps to ensure a robust and reliable implementation. These steps are crucial in

establishing a functional system capable of seamlessly transmitting voltage and current data.

SIM7000 Initialization: The initialization process for the DFRobot_SIM7000 NB-IoT module is crucial
for establishing reliable communication with the network. This process involves configuring various
parameters, including the Access Point Name (APN), which is vital in connecting the module to the
Internet via the cellular network.

The Access Point Name (APN) is a configuration setting on the mobile device that identifies an ex-

ternal network that the device can access. It acts as a gateway between the cellular network and
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the internet, specifying the network path for all cellular data connectivity. Configuring the correct

APN is essential for enabling the NB-IoT module to communicate effectively with the cloud or any

other internet services.

PARAMETERS FOR SIM7000 INITIALIZATION

To initialize the SIM7000 module, the following parameters must be configured:

1. APN (Access Point Name):
e Description: Identifies the network that the module will connect to.
e Example: internet for a generic APN, but it could vary based on the cellular service pro-
vider.
2. Network Selection:
e Description: Specifies the type of network (NB-IoT, LTE-M, etc.) the module should con-
nect to.
e Example: NB-IoT for Narrowband IoT.
3. Authentication Type:
e Description: Determines if authentication is required and which type (PAP, CHAP, etc.).
e Example: PAP (Password Authentication Protocol).
4. Username and Password:
e Description: Credentials required by some networks for authentication.
e Example: Provided by the cellular service provider if needed.
5. Baud Rate:
e Description: Communication speed between the module and the Arduino.
e Example: 9600 bps (bits per second).
6. MNO Profile:
e Description: Mobile Network Operator profile, ensuring compatibility with the network.
e Example: Specific profile number for the operator.
7. Band Selection:
e Description: Specifies the frequency bands to be used for communication.
e Example: B8 (900 MHz) for NB-IoT.
Parameter AT command Description Value
APN "AT+CGDCONT® Access Point Name | “iot.dna.fi’
for network connec-
tion
Network Type "AT+CNMP® Specifies the network | “38" (for NB-IoT)
type (NB-IoT)
Authentification "AT+CGAUTH® Type of authentica- " 1,1,"username","pass-
tion (PAP/CHAP) word"’
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Baud Rate ‘AT+IPR® Communication *9600°
speed between mod-

ule and Arduino

MNO Profile *AT+UMNOPROF® Mobile Network Oper- | “100°
ator profile
Frequency Band "AT+NBAND" Specifies the fre- *8" (900MHz)

quency band for

communication

Timer Setup: Utilizing the millis() function, the project configures millis() to generate periodic inter-
rupts at 2 millisecond intervals. This timer serves as a crucial component in triggering the acquisition

of voltage and current readings at regular intervals.

Cloud Platform Integration: The integration with the cloud platform, specifically ThingSpeak in this
case, is a key aspect of the project. The sendDataToThingspeak function orchestrates the opening
of a network connection to ThingSpeak and the subsequent transmission of HTTP GET requests con-
taining voltage, current, and timestamp data. This ensures that the collected measurements are effi-
ciently communicated to the cloud for further analysis. The detailed steps in setting up the NB-IoT
module and connecting to the cloud underscore the importance of a systematic and well-defined
approach to achieve seamless communication and data transmission.

ThingSpeak is an open-source Internet of Things (IoT) analytics platform that allows users to col-
lect, store, analyze, visualize, and act on data from sensor networks. It provides an easy-to-use in-
terface for setting up channels to receive data, creating visualizations, and performing real-time
analysis. ThingSpeak supports various communication protocols, including HTTP, MQTT, and REST-
ful APIs, making it versatile for different IoT applications. (Kelechi 2022, 151-169.)

Setting Up ThingSpeak
1. Create an Account:
e Sign up for a free account on ThingSpeak.

e Once logged in, create a new channel to store your data.

2. Create a New Channel:
e Navigate to the Channels tab and click on "New Channel".
e Configure the channel by adding a name and description.
e Add fields for the data you will be sending (e.g., Voltage, Current, Timestamp).
e Save the channel and note the Channel ID and API Keys (Write API Key for sending
data and Read API Key for reading data).

3. API Keys:
e Write API Key: Used to send data to ThingSpeak.
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e Read API Key: Used to read data from ThingSpeak.

3.5 Code explanation: Arduino code for data acquisition, processing, and transmission to the cloud

The Arduino code forms the basis of the project, orchestrating the entire process of data acquisition,
processing, and transmission to the cloud. The code is designed with clarity, efficiency, and func-
tionality, ensuring that the Arduino Mega operates as a reliable hub for acquiring and transmitting
voltage and current data.

takeReading(): This function is responsible for capturing voltage and current values from the Ardu-
ino's analog pins. The analog readings are then used to construct a Reading structure, incorporating
the voltage, current, and a timestamp obtained through the RTC (Figure 6).

Reading takeReading() {
DateTime now = rtc.now();//set up a time for RTC module
unsigned long milliseconds = millis();
float voltage analogRead(VOLTAGE_PIN) * (5.8 / 1823.8);
float current analogRead (CURRENT_PIN) % (5.0 / 1823.8);

return {now,milliseconds,voltage, current};

Figure 7. takereading code snippet

printReading(Reading reading): This function facilitates the printing of the captured voltage, current,
and timestamp data to the Serial Monitor. This real-time feedback is valuable for monitoring the sys-

tem's operation and verifying the accuracy of measurements (Figure 7).

void printReading(Reading reading) {
Serial.print("Voltage: ");
Serial.print(reading.voltage, 2); // Print voltage with 2 decimal places
Serial.print("V, Current: ");
Serial.print(reading.current, 2); // Print current with 2 decimal places
Serial.print("A, Date and Time: ");
Serial.println(reading.dateTime.toString("YYYY-MM-DDThh:mm:ss"));
Serial.print(".");
if (reading.milliseconds < 18) {
Serial.print("ee");
} else if (reading.milliseconds < 108) {
Serial.print("e");
}

Serial.print(reading.milliseconds);

Serial.println("Z");

Figure 8. printreading code snippet

sendDataToThingspeak(): The core of the code lies in this function, which handles the transmission
of data to the ThingSpeak cloud platform. It utilizes the DFRobot_SIM7000 library (DFRobot,
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2018)to establish a network connection, construct HTTP GET requests containing the measurement
data and send the requests to ThingSpeak. An HTTP GET request is a method the client uses to re-
quest data from a specified resource on a server. This is one of the most common HTTP methods,
primarily used to retrieve data from a web server. The structure of an HTTP GET request includes
the HTTP method (GET), the URL of the resource, and optional headers. The success or failure of

data transmission is monitored, with appropriate actions taken in each scenario (Figure 8).

void sendDataToThingspeak() {
for (int currentIndex = 0; currentIndex <= count; currentIndex++) {
if (sim7@800.openNetwork(DFRobot_SIM7800::eTCP, "api.thingspeak.com", 80) != 8) { // Check port of ThingSpeak
Serial.println("Failed to open network connection. Retrying...");
delay(50088); // Wait for a few seconds before retrying
continue; // Retry opening the network connection

}

/ Get the date and time as a formatted string
String url = "GET /update?api_key=" + String(THINGSPEAK_API_KEY) + /furl
"&field3=" + String(readings[currentIndex].voltage, 2) +
"&field4=" + String(readings[currentIndex].current, 2) +
"&field5=" + readings[currentIndex].dateTime.toString("YYYY-MM-DDThh:mm:ss") +
." + readings[currentIndex].milliseconds +
"Z HTTP/1.1\r\nHost: api.thingspeak.com\r\nConnection: close\r\n\r\n";

Serial.print("Sending data to ThingSpeak: ");
Serial.println(url);

if (sim7@80.send((charx)url.c_str())) {
/ Data sent successfully
sim70800.closeNetwork();

} else {
Serial.println(“Failed to send data. Retrying...");
delay(2600); Wait for a few seconds before retrying
sim70080.closeNetwork(); // Close the network connection
currentIndex--; // Retry the current index

¥

delay(10600); // Wait for 15 seconds before sending the next set of data

}

Figure 9. Code snippet for data transmission to Thingspeak

timerISR(): The timer interrupt service routine (ISR) plays a crucial role in triggering periodic read-
ings. By using the millis() function, we ensure that voltage and current values are consistently cap-
tured at 2-millisecond intervals. This approach aligns with the configured timer settings and helps
maintain the accuracy and reliability of the measurement system. The Arduino code is structured
and modular, encapsulating specific functionalities within well-defined functions. This promotes
readability, ease of debugging, and efficient execution, all crucial aspects of a successful implemen-
tation. The methodology's reliance on Arduino programming showcases the flexibility and versatility
of this platform in facilitating IoT projects, particularly those involving NB-IoT technology and cloud

integration.
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void loop() {
unsigned long startMillis = millis(); // Start time of the loop

// Measure the total time taken for sampling
unsigned long samplingStartTime = micros();
for (int 1 = 6; i < samples; i++) {

unsigned long iterationStartTime = micros();

readings[readingCount] = takeReading();
readingCount++;

// Wait until the next 2ms interval
while (micros() - iterationStartTime < 20600);

}

unsigned long samplingEndTime = micros();

Serial.print("Total sampling time: ");
Serial.print((samplingEndTime - samplingStartTime) / 1000.8);
Serial.println(" ms");

delay(5000); // Delay between iterations

Figure 10. millis code snippet

4 MEASUREMENT AND ANALYSIS

4.1 Explanation of the voltage and current measurement process

The voltage and current measurement process in this project involves a systematic approach to ac-
curately capture electrical parameters from an AC network (Figure 4) using sensors connected to an
Arduino Mega. In this project, the term "AC network" refers to the standard 230V AC mains electric-
ity supply commonly found in residential and commercial buildings. The measurements are taken
from this 230V AC network to monitor electrical parameters such as voltage and current. The inte-
gration of Narrowband Internet of Things (NB-IoT) technology facilitates the transmission of these
measurements to a cloud platform for further analysis. The following section provides a detailed ex-

planation of the voltage and current measurement process.
4.1.1 Sensor Configuration

In this project, using two crucial sensors, a voltmeter, and an ammeter, connected to the Arduino
Mega's analog pins A0 and Al, respectively, is paramount for capturing real-time voltage and cur-

rent values from an AC network.

Voltmeter (SI-9002): The SI-9002 (instruments) voltmeter (Figure 11) is used to measure the elec-
trical potential difference across a circuit. This device provides insight into the voltage levels at spe-
cific points within the system. The SI-9002 voltmeter is connected in parallel to the AC mains, spe-
cifically between the phase and neutral wires, to accurately measure the voltage. The voltmeter out-
put is then connected to a level shifter to ensure compatibility with the Arduino's input range, before

being fed into analog pin A0 of the Arduino Mega. Output Range: 0-5V (after level shifter).
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Figure 11. Voltmeter Model SI-9002
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DC to 25MHz (-3dB)

1:20/200

2%

l4ns

4MQ//5.5pF each side to ground

CAT 111

+140V(DC+AC Peak) and 140Vrms @1/20
+1400V(DC+AC Peak) and 1000Vrms @1/200
+1400V(DC+AC Peak) and 1000Vrms @1/20 & 1/200
+1400V(DC+AC Peak) and 1000Vrms @ 1/20 & 1/200

+7V (into 50k load)

<+5mV

0.7mVrms

50Q (for using 1MQ input system oscilloscope)
-86dB @50Hz, -60dB @20kHZ

-10to 407C

-30to 70C

Upto 85% RH

Up to 85% RH

4xAA cells

Power leads, Mains adaptor” (6VDC/60mA
or regulated 9VDC/40mA), USB power cord
95cm

45cm

400gms (probe and PVC jacket)

170mm x 63mm x 21mm

Figure 12. SI-9002 Specifications

Ammeter (Fluke i30s): The Fluke i30s (Fluke) An ammeter (Figure 12), a clamp meter, measures the
current passing through the circuit. It clamps around the neutral wire of the AC network to capture
the flow of electric charge. The output from the ammeter is also routed through a level shifter to
match the Arduino's input requirements and connected to analog pin Al of the Arduino Mega. Out-

put Range: 0-5V (after level shifter).



Figure 13. Ammeter Fluke i30s

General specifications
Maximum conductor size

Output connection

Output zero
Cable length
Operating temperature range

Storage temperature range
(with battery removed)

Operating humidity

Dimensions (HxWxD)

Weight

Electrical specifications
Specified current range

Usable current range

Crest Factor

Output sensitivity

Accuracy (at +25 °C)

Resolution

Load impedence

Conductor position sensitivity
Frequency range

Phase shift below 1 kHz
Temperature coefficient

Power supply

Working voltage (see safety standards)

Figure 14. Fluke i30s Specifications

4.1.2 Analog-to-Digital Conversion

19 mm (.748 in) diameter

Safety BNC connector,
supplied with safety 4 mm (.157 in) adapter

Manual adjust via thumbwheel
2 m (6.56 ft)
0°C to +50 °C (32 °F to 122 °F)

-20 °C to +85 °C (-4 °F to 185 °F)

15 % to 85 % [non-condensing)

183 mm x 71 mm x 25 mm (7.2 in x 2.8 in x 1 in)

250 g (.55 Ib)

30 mA to 30 A DC, 30 mA to 20 A AC rms
5 mA to 30 A DC, 30 mA to 20 A AC rms
14
100 mV/A

DC * 1 % of reading + 2 mA
AC % 0.5 dB of reading + 2 mA

+ 1 mA
> 100 k Ohms < 100 pF
+ 1 % relative to center reading
DC to 100 kHz (0.5 dB)
< 2 degrees
+ 0.01 % of reading/°C

9 V Alkaline, IEC BLR61,
30 hours, low battery indicator

300 V AC rms or DC

The Arduino Mega, equipped with analog-to-digital converters (ADCs), reads analog signals from the
sensors. The analog readings, obtained as discrete values, are then converted into digital values

ranging from 0 to 1023. This conversion enables the Arduino to interpret and process the voltage
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and current measurements in a format suitable for further analysis (Pelgrom, 2013).

Voltage Range of Arduino Mega ADC

The Arduino Mega's ADC has a default voltage range of 0 to 5V. This means that any analog input

signal within this range can be read and converted to a digital value. The ADC provides a 10-bit res-

olution, which divides the input range into 1024 discrete steps (0 to 1023). Each step represents a

voltage increment of approximately 4.88 mV (5V/1024 steps).

Reference Voltage

The choice of reference voltage (V_ref) is crucial for accurate measurements. The default reference

voltage for the Arduino Mega’s ADC is 5V, but it can be adjusted using the analogReference() func-

tion to other predefined values such as 1.1V (internal) or the AREF pin for an external reference

voltage.

For this project, the default reference voltage of 5V is used, which corresponds well with the level-

shifted signals from the voltmeter and ammeter.

Relationship between Sensor Output and ADC

1. Voltmeter (SI-9002) Output:

Sensor Output: The SI-9002 voltmeter outputs a voltage that represents the measured
AC voltage. This output needs to be within the 0-5V range for the Arduino to read it cor-
rectly.

Level Shifter: The output from the SI-9002 is passed through a level shifter to scale down
the high AC voltage to a safe 0-5V range.

ADC Input: The scaled voltage is connected to analog pin A0. The ADC converts this sig-
nal into a digital value between 0 and 1023.

Calculation: The actual AC voltage can be calculated using the formula:

v,
Ve = 18363 -5V - Scaling Factor

Where V. is the digital value read by the ADC.

2. Ammeter (Fluke i30s) Output:

Sensor Output: The Fluke i30s clamp meter outputs a voltage proportional to the meas-
ured current.

Level Shifter: This output is also routed through a level shifter to ensure the signal is
within the 0-5V range.

ADC Input: The scaled current signal is connected to analog pin Al. The ADC then digit-
izes this signal.

Calculation: The actual current can be determined using the formula:

IADC

ac =7023° 5V - Scaling Factor
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Where I, is the digital value from the ADC.

By understanding these relationships, the Arduino Mega can accurately interpret the voltage and
current signals from the sensors, enabling precise monitoring and analysis of the AC network.
4.1.3 Calibration and Accuracy

Calibration processes may be implemented to ensure accuracy in voltage and current measure-
ments. Calibration involves comparing the sensor readings with known reference values and adjust-
ing the system to minimize any discrepancies. This step is crucial for compensating for potential

sensor inaccuracies and enhancing the reliability of the measurements.

Calibration Process

In this project, the calibration process primarily focused on setting the appropriate attenuation ratio

for the voltmeter. The following outlines the calibration steps taken:

Attenuation Ratio Setting for the Voltmeter

1. Attenuation Ratio Configuration:
e The SI-9002 voltmeter was configured with an attenuation ratio of 1/200. This setting
ensures that the high voltage from the AC network is scaled down to a safe level that the
Arduino Mega can read.
e With an attenuation ratio of 1/200, an input voltage of 200V would be scaled down to 1V

at the voltmeter output.
Verification and Adjustment

To verify the accuracy of the attenuation ratio setting and the overall measurement system, the fol-

lowing steps were taken:

1. Known Reference Voltage:

e A known reference voltage was applied to the input of the SI-9002 voltmeter.

e The expected output voltage was calculated based on the 1/200 attenuation ratio.
2. Measurement and Comparison:

e The Arduino Mega read the output voltage from the voltmeter.

e This reading was compared to the expected output voltage.
4.1.4 Timestamping Using the RTC (DS3231) for Accurate Timestamping

The DS3231 RTC module is integrated into the system to provide accurate timekeeping. The

following steps outline how the RTC is used to timestamp each measurement:

1. RTC Initialization:
e The DS3231 RTC module is initialized at the start of the program.



31 (48)

e The I2C interface is used to communicate with the RTC module, with connections
made as follows:
o SDA (RTC) — A4 (Arduino Mega)
o SCL (RTC) — A5 (Arduino Mega)
2. Retrieving the Current Time:
e Before each measurement is taken, the current date and time are retrieved from
the RTC module.
e The RTC provides a timestamp in a human-readable format (e.g., YYYY-MM-DD
HH:MM:SS).
3. Associating Timestamps with Measurements:
e Each voltage and current measurement are recorded along with the timestamp
from the RTC.
e This ensures that each data point is accurately time-stamped, providing precise

temporal context.
4.1.5 Data Storage in Struct

The acquired voltage, current, and timestamp values are organized and stored in a structured for-
mat using a custom-defined Reading struct. This struct serves as a container for storing the meas-
ured values, allowing for efficient data organization and retrieval. By structuring the data in this
manner, the system can easily access and manipulate individual measurements during subsequent
processing and transmission steps. This structured approach to data storage streamlines the overall

data management process, enhancing system efficiency and performance. (Tutorialspoint)
4.1.6 Periodic Readings with millis()

To ensure accurate and reliable measurements of a 50Hz AC signal, it is essential to sample the
waveform at a sufficient rate to capture its details. The Nyquist theorem states that to reconstruct a
signal accurately, it must be sampled at least twice its highest frequency. For a 50Hz signal, this
would imply @ minimum sampling rate of 100Hz. However, a higher sampling rate is preferred to
obtain more precise measurements and capture the waveform's nuances.

Understanding the Nyquist Theorem

The Nyquist theorem (Por 2019, 5) states that the minimum sampling rate f; required to accurately

reconstruct a signal with maximum frequency fmax is given by:

f:? 2 *fmax

For a 50Hz AC signal:

fmax = 50Hz
fs= 2x50Hz = 100Hz

This means the signal should be sampled at least 100 times per second, or every 10 milliseconds.

Sampling the signal at 2ms intervals corresponds to a sampling frequency of:

fs = 500Hz

~ 0.002sec
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Calculating the Sampling Rate
Signal Frequency: 50Hz
Nyquist Rate: At least 100Hz (minimum sampling rate)

chosen Sampling Rate: 500Hz (2ms interval, providing 10 samples per cycle of the 50Hz signal)

By sampling at a rate of 500Hz (every 2ms), the system captures 10 samples per cycle of the 50Hz
signal. This higher sampling rate allows for a more detailed and accurate representation of the AC
waveform, improving the quality of the analysis and enabling the detection of subtle changes in the

signal.

Why 2ms is chosen
Adequate Sampling Rate: The chosen 2ms interval provides a sampling rate of 500Hz, which is sig-
nificantly higher than the minimum required Nyquist rate of 100Hz. This ensures a more detailed

representation of the 50Hz signal.

Data Quality: A higher sampling rate reduces aliasing and improves the accuracy of the measure-

ments.

Real-time Monitoring: The 2ms interval allows the system to continuously monitor the electrical pa-

rameters in near real-time, providing timely data for analysis and decision-making.

Improved Signal Reconstruction: A higher sampling rate than the minimum requirement results in
better resolution and accuracy in reconstructing the AC waveform. This allows for a more detailed

analysis of the voltage and current signals.

Capturing Harmonics: Higher sampling rates enable the capture of higher frequency components
(harmonics) present in the AC signal, which are critical for analyzing power quality and detecting

anomalies.
4.1.7 Real-time Monitoring through Serial Output

For real-time monitoring and debugging purposes, the system utilizes the Arduino IDE's Serial Mon-
itor (S6derby 2024) to output the acquired voltage, current, and timestamp data. By printing this

information to the Serial Monitor, users can visually inspect the data in real-time, verify the accuracy
of measurements, and ensure the proper functioning of the system. This real-time feedback mecha-
nism is essential for troubleshooting potential issues, calibrating sensor readings, and validating sys-

tem performance during operation. (Badamasi 2014, 1-4.)

4.1.8 Integration with NB-IoT for Cloud Transmission

Following the data acquisition process, the measurements are transmitted to the ThingSpeak cloud
platform using NB-IoT technology. The sendDataToThingspeak() function establishes a network
connection, constructs HTTP GET requests, and sends the data to ThingSpeak for storage and anal-
ysis. In summary, the voltage and current measurement process is a multistep procedure involving

sensor configuration, analog-to-digital conversion, calibration, timestamping, and periodic readings
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orchestrated by a timer interrupt. The integration of NB-IoT technology ensures seamless transmis-
sion of these measurements to a cloud platform, enabling remote monitoring and analysis. This pro-
cess forms the foundation for precise and efficient electrical parameter monitoring in IoT applica-
tions. (Pasha 2016, 19-23.)

Field 1 Chart 2 O 2 = Field 2 Chart & O 2 x

voltage current

Date Date

voltage

ThingSpeak com
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time

Date
ThingSpeak.com

Figure 15. Data represented in Thingspeak Dashboard

4.2 Discussion of challenges encountered during measurement

The implementation of the voltage and current measurement system using Arduino and NB-IoT
technology faced several challenges, each of which required careful consideration and innovative
solutions to ensure accurate and reliable measurements. One credible challenge was the Arduino's
inability to read negative values directly, prompting the utilization of a voltage level shifter to ad-

dress this limitation.
4.2.1 Challenge of Arduino’s Limited Capability for Negative Values

Arduino Mega, renowned for its versatility in numerous electronic projects, comes with built-in ana-
log-to-digital converters (ADCs) that facilitate the conversion of analog signals to digital values.
However, its default configuration limits ADC readings to voltages ranging from 0 to 5 volts. This
range suffices for many applications involving sensors, actuators, and other analog components.
Yet, when confronted with alternating current (AC) signals, particularly those oscillating around a

zero-voltage reference point, Arduino encounters a significant hurdle.

AC signals exhibit a waveform that alternates between positive and negative values as it oscillates

around the zero-voltage axis. While these swings contain crucial information, Arduino's ADCs can
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only interpret positive voltages. This inherent limitation arises due to the structure of the ADCs and
their reference points. The ADCs within Arduino operate by comparing the input voltage against a
reference voltage, typically 5 volts for Arduino Uno and Mega boards. Consequently, any voltage
below the reference level is registered as 0, effectively disregarding the negative portion of the AC
waveform. (Fransiska 2013, 226-229.)

This inability to read negative values poses a fundamental challenge when attempting to measure
AC signals accurately. Since the negative swings of the waveform are ignored, vital information re-
garding the signal's magnitude and characteristics is lost. Consequently, the captured data may con-

tain inaccuracies, leading to erroneous interpretations and analyses.
In essence, while Arduino Mega excels in numerous applications, its default ADC configuration pre-
sents limitations when confronted with AC signals. Overcoming this challenge requires innovative

solutions, such as voltage level shifting, to ensure accurate measurement and reliable data capture

in projects involving AC circuits and systems.

Voltage

AN AN

VAAVARVIAVARY

Current

Figure 16. Original Voltage and Current Signals of 50Hz

4.2.2 Solution and Integration of a Voltage Level Shifter

To address the challenge posed by negative values in the AC waveform, a voltage level shifter (Fig-
ure 17) was integrated into the circuit. The voltage level shifter plays a crucial role in shifting the
entire AC signal upwards by a certain voltage offset, effectively repositioning the waveform within
the Arduino's readable range. By shifting the waveform upwards, the voltage level shifter ensures

that the entire AC signal falls within the 0 to 5-volt range that the Arduino can accurately interpret.

The voltage level shifter circuit includes components such as diodes and capacitors. Specifically, a

47uF capacitor and diode are utilized in the circuit design. The capacitor helps stabilize the voltage
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levels, while the diode assists in rectifying the AC signal, allowing only the positive component to

pass through.

Ammeter

Voltmeter

Figure 17. Voltage Level Shifter

A voltage level shifter is an electronic circuit (Figure 18) designed to shift the level of an input signal
to a different voltage range, allowing compatibility with devices that operate at different voltage lev-
els. In the context of AC waveform measurement using an Arduino, the voltage level shifter adjusts

the entire AC signal so that it falls within the 0 to 5-volt range that the Arduino's ADC can read.

Working Principle of the Voltage Level Shifter

To understand the voltage level shifter, let's delve into the core components and their roles:

Diodes: A Zener diode allows current to flow forward like a regular diode but also permits current to
flow in the reverse direction when the voltage is above a certain value (the Zener breakdown volt-

age). This characteristic is used to create a fixed DC offset.

Capacitors: Capacitors, such as the 47uF capacitor mentioned, are used for filtering and stabilizing

voltage levels.
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By integrating a voltage level shifter into the circuit, the system can accurately capture both positive
and negative swings of the AC waveform (Figure 19), enabling more precise voltage and current
measurements. This solution enhances the reliability and accuracy of the measurement system, en-
suring that no information is lost during the analog-to-digital conversion process. (Horowitz 1989,

658)
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Figure 18. Voltage level Shifter Diagram

Voltage a’

wa NaAWAWA

1\_/ Wi iR,

Current

5. -
-50,0tns 40,0 -300 200 10,0 00 100 200 300 400 50,0

Figure 19. Shifted Voltage and Current Signals of 50Hz
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4.2.3 Additional Considerations and Implications

While the voltage level shifter effectively addresses the issue of negative values, it introduces an
additional layer of complexity to the circuit design. The selection of an appropriate voltage offset
becomes critical, as it determines the extent to which the signal is shifted and, consequently, affects
the accuracy of measurements. Furthermore, the integration of external components, such as the
voltage level shifter, necessitates careful calibration to align the measurements with the actual AC
signal. Calibration procedures were implemented to fine-tune the system and ensure that the read-

ings accurately reflected the true electrical parameters.
4.2.4 Future Considerations and Improvements

In future iterations of the project, the exploration of alternative solutions to handle negative values
without the need for external components could be considered. Additionally, advancements in mi-
crocontroller technology or the incorporation of dedicated signal conditioning circuits might provide
more seamless solutions to address this challenge. In conclusion, the challenge posed by Arduino's
inability to read negative values in AC signals was successfully mitigated by the strategic integration
of a voltage level shifter. This discussion highlights the importance of identifying and overcoming
technical limitations during the implementation of IoT projects, underscoring the adaptability and

problem-solving skills inherent in the development process.
4.3 Presentation of collected data samples and their significance

The successful implementation of the voltage and current measurement system using Arduino and
NB-IoT technology has yielded a dataset rich in electrical parameter readings. This section focuses
on presenting selected data samples and elucidating their significance within the context of the pro-

ject's objectives.
4.3.1 Data Sample Representation

The collected data samples (Figure 20) encompass voltage, current, and corresponding timestamps,
each stored in the structed reading format. A subset of this dataset is presented for analysis and

interpretation.
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Figure 20. Example of collected data in Arduino serial monitor

4.3.2 Analysis of Voltage and Current Trends

The dataset obtained from the voltage and current measurements enables a comprehensive analysis
of trends over time. By generating plots and graphs from the collected data, it becomes possible to
visually represent fluctuations, peaks, and troughs in both voltage and current readings. These visu-
alizations serve as powerful tools for identifying patterns that may correlate with specific electrical
events or operational conditions. For example, recurring spikes or dips in voltage may indicate irreg-
ularities in the power supply, while fluctuations in current could signify changes in electrical load. By
analyzing these trends, it becomes easier to detect anomalies, anticipate potential issues, and opti-

mize system performance.

4.3.3 Temporal Dynamics

The inclusion of timestamps in each data sample facilitates the analysis of temporal dynamics. Tem-
poral trends are crucial for understanding how voltage and current parameters evolve over different
periods, such as hourly, daily, or weekly cycles. This temporal granularity provides insights into the

system's behavior and can reveal patterns related to usage patterns or external factors.
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4.3.4 Significance for IoT Applications

The presentation and analysis of collected data samples hold significant implications for IoT applica-
tions. Understanding electrical parameters in real-time empowers stakeholders to make informed
decisions, implement predictive maintenance strategies, and optimize energy usage. By leveraging
cloud connectivity, the data collected from voltage and current measurements can be transmitted
and analyzed remotely, facilitating proactive management of electrical systems. For example, anom-
alies detected in voltage or current trends can trigger automatic alerts, prompting timely interven-
tion to prevent potential downtime or equipment failures. Furthermore, insights gleaned from data
analysis can inform long-term planning, enabling organizations to optimize resource allocation, im-
prove operational efficiency, and enhance overall system reliability. The significance of analyzing
voltage and current data lies in its potential to drive actionable insights and facilitate continuous im-
provement in IoT-enabled monitoring systems. (Morello 2017, 7828-7837.)

CLOUD INTEGRATION AND DATA VISUALIZATION

This section elucidates the integration of the voltage and current measurement system with the Thingspeak
platform, highlighting the nuances of data transmission from Arduino to Thingspeak. Additionally, it provides
a detailed overview of the Thingspeak platform, explores the generated data visualizations, and includes a

comparative analysis between Thingspeak and Azure for data processing and analysis.
Detailed Overview of Thingspeak Platform

Thingspeak, chosen as the cloud platform for this project, offers a comprehensive environment for
IoT applications. Its user-friendly interface, coupled with robust capabilities, makes it an ideal choice
for data storage, visualization, and analysis.

Key features of Thingspeak

1. Real-time Data updating
o Description: Thingspeak supports real-time data streaming, which enables users to re-
ceive, visualize, and analyze data as it is collected.
o Capabilities:
e Instant data updates with minimal latency.
e Live dashboards to monitor ongoing processes.
e Customizable visual widgets to display real-time data.
2. Chanel Customization
e Description: Channels in ThingSpeak are used to store and organize data streams. Each
channel can hold multiple data fields.
e Capabilities:
e Up to 8 data fields per channel.
e Metadata fields for descriptive information.
e Public or private channel settings for data sharing.

e Advanced data categorization and tagging options.
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3. Support for Various IoT Devices
e Description: ThingSpeak is compatible with many IoT devices and platforms, making it
versatile and adaptable.
e Capabilities:
e Integration with popular hardware like Arduino, Raspberry Pi, and ESP8266/ESP32.
e  Compatibility with various communication protocols such as HTTP, MQTT, and
CoAP.
e API support for custom device integration.
4. Data Visualization
e Description: ThingSpeak provides robust tools for visualizing data through customizable
charts and plots.
e Capabilities:
e Time-series plots for historical data analysis.
e Real-time graphs for live data monitoring.
e Options for line charts, bar graphs, pie charts, and more.
e MATLAB integration for advanced data analysis and custom visualizations.
5. Data Analysis and Alerts
e Description: ThingSpeak offers built-in MATLAB analytics and the ability to trigger alerts
based on data thresholds.
o Capabilities:
e Perform complex calculations and data transformations using MATLAB code.
e Create alerts and notifications via email, SMS, or third-party services (e.g., IFTTT)
based on predefined conditions.
e Implement machine learning algorithms for predictive analysis.
6. Data Storage and Export
e Description: ThingSpeak provides reliable data storage solutions and options for data ex-
port.
e Capabilities:
¢ Long-term data storage for historical analysis.
e Data export in CSV or JSON format for external use.

e RESTful API access for data retrieval and manipulation.

ThingSpeak offers a comprehensive and adaptable environment for IoT applications, particularly for
voltage/current monitoring systems. Its real-time data capabilities, extensive customization options,
and support for various IoT devices make it a robust choice for managing and analyzing IoT data
efficiently. (Maureira 2011, 1-4.)

5.2 Data Transmission from Arduino to Thingspeak

Ensuring seamless data transmission from the Arduino microcontroller to the Thingspeak platform is
crucial for the project's success. This subsection outlines the protocols, APIs, and communication

mechanisms employed for data transfer. Key aspects of data transmission include:
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Protocol Selection: The project selects appropriate communication protocols, such as HTTP, to facili-

tate the transfer of data from the Arduino to Thingspeak.

API Integration

ThingSpeak provides a robust API that enables easy data integration. In this project, the API write
key is used to authenticate and send data to specific channels on ThingSpeak. The API write key is
a unique identifier that ensures data is sent to the correct channel. The following steps outline the
process of sending data to ThingSpeak using the API:

Prepare Data: Collect the voltage and current measurements from the sensors connected to the Ar-

duino.

Construct HTTP GET Request: Format the measurements into an HTTP GET request string, including
the API write key and the data fields.

Send Request: Use the Arduino's network capabilities to send the HTTP GET request to the Thing-
Speak server.
Verify Response: Ensure that ThingSpeak responds with a success code, indicating that the data has

been successfully received and stored.

Reliability and Efficiency: Emphasis is placed on the reliability and efficiency of the data transmission
process, minimizing latency, and ensuring that measurements are consistently and accurately up-
dated on the Thingspeak platform. (Kandimalla 2017, 3.)

5.3 Presentation and Implementation of Data Visualizations

Thingspeak's data visualization capabilities enable the creation of dynamic and insightful visualiza-
tions based on the transmitted data. Representative visualizations, including line charts, scatter
plots, and gauges, showcase voltage and current trends over time. Interpretations of these visuali-
zations shed light on patterns, anomalies, and the overall behavior of electrical parameters, provid-

ing a user-friendly interface for monitoring. Key points include:

Visualization Types: Various visualization types are explored, each offering unique insights into the
data. Line charts are ideal for tracking trends over time, while scatter plots can reveal correlations

between variables.

Anomaly Detection: Visualizations are analyzed for anomalies or irregularities in voltage and current

measurements, enabling proactive identification of potential issues or abnormalities in the system.
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5.4  Comparison of Thingspeak and Azure

In the realm of cloud platforms for IoT applications, both Thingspeak (mathworks) and Azure (Azure
2016) offer robust solutions with distinct features and capabilities. A comparative analysis between
these platforms illuminates their respective strengths and weaknesses, guiding the selection process

for specific project requirements.

Ease of Integration:

Thingspeak: Known for its user-friendly interface and simplicity, Thingspeak provides straightfor-
ward integration with Arduino and other IoT devices. Its RESTful API and extensive documentation
make it easy for developers to set up data streams and visualizations. Azure: Azure offers a compre-
hensive suite of IoT services but requires a steeper learning curve for integration. While it provides
powerful tools and APIs, setting up and configuring Azure services may be more complex compared
to Thingspeak.

Scalability:

Thingspeak: Designed primarily for smaller-scale IoT projects, Thingspeak may face limitations in
handling large volumes of data or high-throughput applications. It's suitable for prototyping and
smaller deployments but may not scale efficiently for enterprise-level solutions. Azure: Azure excels
in scalability, offering a wide range of services capable of handling massive amounts of data and
supporting enterprise-grade IoT deployments. Its scalability makes it ideal for projects with growing

data needs and complex infrastructures.

Data Storage Capabilities:

Thingspeak: While Thingspeak provides adequate data storage for many IoT applications, its stor-
age capabilities may be limited compared to Azure. For projects with extensive data retention re-
quirements or advanced analytics, Thingspeak's storage options may fall short. Azure: Azure offers a
plethora of storage options, including Blob storage, Table storage, and Cosmos DB, providing flexi-
bility and scalability for storing IoT data. Azure's storage solutions are highly customizable and can

accommodate various data types and volumes.

Real-time Processing:

Thingspeak: Thingspeak supports real-time data updating and processing, making it suitable for ap-
plications requiring immediate insights or alerts based on incoming data. However, its real-time pro-
cessing capabilities may be more basic compared to Azure. Azure: Azure provides advanced real-
time processing capabilities through services like Azure Stream Analytics and Azure Functions. These
services enable complex event processing, machine learning inference, and real-time analytics, em-

powering developers to derive actionable insights from streaming data.
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Accessibility of Analytical Tools:

Thingspeak: Thingspeak offers built-in visualization tools for creating basic charts and graphs to vis-
ualize IoT data. While these tools are easy to use, they may lack the sophistication and customiza-
tion options available in Azure. Azure: Azure provides a comprehensive suite of analytical tools, in-
cluding Power BI, Azure Machine Learning, and Azure Synapse Analytics. These tools enable ad-
vanced data analysis, predictive modeling, and business intelligence, offering unparalleled insights
into IoT data. (Toutsop 2021, 413-420.)

5.5 Considerations for Platform Selection

The evaluation of Thingspeak and Azure encompasses not only their current features but also po-
tential scalability and adaptability for future expansions of the IoT system. Considerations are given
to the specific requirements of the project, such as the volume of data, real-time processing needs,

and compatibility with additional IoT devices.

5.6  Practical Insights and Recommendations

Based on a comparison of Thingspeak and Azure, the choice of Thingspeak for this project was due

to several factors:

Ease of Integration: Thingspeak's simplicity and compatibility with Arduino make it easier to set up
and integrate quickly, which is consistent with the project's goals of rapid prototyping and experi-

mentation.

Scalability: Although Azure provides excellent scalability for enterprise-level deployments, Thing-
speak's scalability was considered sufficient to scale a project that was focused on smaller-scale

monitoring systems.

Real-time processing: Thingspeak's support for real-time data updates met the project's require-

ments for instant information and responsiveness.

Cost-effectiveness: For small projects or projects with a limited budget, Thingspeak's free tier and

simple pricing structure provide a cost-effective solution without compromising basic functions.

In conclusion, while Azure may offer more advanced capabilities and scalability for large-scale IoT
deployments, Thingspeak has become the preferred choice for this project due to its ease of use,
suitability for smaller scale applications, and cost-effectiveness. However, the choice of a cloud plat-

form should always be determined by the specific requirements and goals of each IoT project.

In addition to the factors mentioned, another important aspect influencing the choice of Thingspeak
for this project is its integration with MATLAB. Integration with MATLAB is important to our project
because of its potential for future data analysis and modeling. Using MATLAB's powerful analytical

capabilities, we can perform in-depth analysis of the collected data directly on the Thingspeak
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platform. This integration simplifies the workflow and expands the project's capabilities for advanced
data processing, algorithm development and visualization. Thus, the smooth integration of Thing-
speak with MATLAB increases the platform's value by another level, making it an even more attrac-

tive choice for our IoT project. (Higham 2016.)

6 CONCLUSION AND DISCUSSION

6.1 Summary of Findings

This thesis presents a comprehensive approach to accurately measure voltage and current in an AC
network using an Arduino Mega, and subsequently transmit the data to the ThingSpeak cloud plat-
form via NB-IoT technology. The primary objectives of this project were to design a reliable system
for real-time monitoring of electrical parameters and to ensure seamless data transmission for re-

mote analysis. The following summarizes the key findings and contributions of this work:

1. System Design and Implementation:

e Utilization of an Arduino Mega equipped with analog-to-digital converters (ADCs) to
read analog signals from a voltmeter (SI-9002) and an ammeter (Fluke i30s), con-
nected to analog pins A0 and Al, respectively.

o Implementation of a voltage level shifter using a Zener diode and capacitor to en-
sure the AC signal falls within the Arduino's readable range, addressing the chal-
lenge of negative values in the AC waveform.

2. Accurate Data Acquisition:

e The system was designed to capture voltage and current readings at 2-millisecond
intervals using a timer interrupt service routine (ISR). This sampling rate was justi-
fied based on the need to accurately measure a 50Hz AC signal.

e The readings were timestamped using the millis() function, providing a temporal
context for tracking variations in electrical parameters over time.

3. Calibration and Signal Processing:

e Calibration processes were discussed to minimize sensor inaccuracies and enhance
measurement reliability. The system was set with a voltmeter attenuation ratio of
1/200 to ensure accurate voltage readings.

4. Cloud Integration and Data Transmission:

e Integration with ThingSpeak's API allowed for the seamless transmission of voltage,
current, and timestamp data to the cloud platform. The sendDataToThingspeak()
function was employed to establish a network connection and send HTTP GET re-
quests to ThingSpeak for data storage and analysis.

e A detailed comparison between ThingSpeak and Azure highlighted the strengths
and limitations of each platform, with ThingSpeak being user-friendly and suitable
for smaller-scale projects, while Azure offered advanced capabilities and scalability
for larger deployments.

5. Visualization and Analysis:
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e Real-time data updating and channel customization in ThingSpeak facilitated effi-
cient data management and visualization. The platform's compatibility with various

IoT devices enabled versatile hardware configurations and robust data handling.

6.2 Recommendations for Future Work

While the project successfully achieved its primary objectives, several areas offer potential for

further enhancement and exploration:

1. Enhanced Signal Processing:

¢ Incorporate advanced digital filtering techniques, such as FIR and IIR filters, to
reduce noise and artifacts in the measured signals, ensuring cleaner and more
accurate data.

2. Expanded Cloud Capabilities:

e Explore integration with additional cloud platforms like Azure for projects requir-
ing higher scalability and advanced analytical tools. Leveraging services like Az-
ure Stream Analytics and Azure Machine Learning can provide deeper insights
through real-time analytics and predictive modeling.

3. Data Security and Privacy:

e Address data security and privacy concerns by implementing robust encryption
methods for data transmission and storage. Ensuring secure communication
between the Arduino and the cloud platform is crucial for protecting sensitive
information.

4. Broader Application Scope:

e Extend the system's application to other types of electrical measurements, such
as power quality analysis and energy consumption monitoring. Adapting the
system for different sensor types and measurement ranges can broaden its util-
ity in various IoT scenarios.

5. User Interface Improvements:

e Develop a more intuitive user interface for configuring and monitoring the sys-

tem. This could include mobile applications or web dashboards providing real-

time feedback and control over the measurement process.

In conclusion, this project demonstrates the feasibility and effectiveness of using Arduino Mega and
NB-IoT technology for real-time voltage and current measurement in an AC network. The integra-
tion with ThingSpeak provides a robust platform for data storage, visualization, and analysis. By ad-
dressing the identified challenges and exploring the recommended future directions, this system can
be further enhanced to meet the growing demands of IoT applications in electrical parameter moni-
toring.
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