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Abstract

Standalonephotovoltaic PV) systems are crucial in the transition towards sustainable energy,
offering reductions in fossil fuel dependence and lower electricity costs. Optimizing these
systems' performance requires effeetdlata loggrs to monitor and record operational data.
Furthermore, proprietary and non-configurable data loggeravailable in the current market
impede their massive adoptidn.this thesis four different designs of thata loggingsystem are
proposedio solve the existinglata loggingsystemproblems The first designemphasies low
power consumptionand comprehensive data managemdfey low-power strategiesare
presented,including reducing supply voltage and CPU frequenaging a data buffering
mechanism and optimizing theWi-Fi connection intervalln the second desigthe novel
HumanMachine Interface (HMI) and data storag@ution are proposed A mobile application

as the HMI receives data Vidluetooth Low Energyand then carries otistorical data analysis
and trend identification. Data ialso intermittently transferred to a website via WAli for
substantial remote storagee of chargeFollowing is the third design, which put emphasis on
supervisory control of the lodaly using a relaythe deployment dflaster Terminal UnitNAITU),
andthe use of the middleware Ne&ED. Datais transmitted from an ESP3 microcontroller

to a Banana Pi M4 BerryMTU) via the MessageQueuing Telemetry Transpo(MQTT)
protocol. The NodeRED platform on theMTU provides customizable dashboarts.the last
design, twolnternet of ThinggloT) platforms are utilized to build scalableloT-Supervisory
Control and Data AcquisitionSCADA) system, which facilitates the implementation of a
complete fivelayer I0T architectureThe load images are available on a web camera server for

inspectionVerified under the laboratory setup, the ulbav power, opersource, lothased data



loggers have showcas#ukir great potential in monitoring, controlling, and logging PV system

operationabata and process.
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Chapter 1. Introduction

1.1 Introduction

1.1.1Non-renewableEnergy and RenewableEnergy

Nonrenewable energy is produced $gurceghat cannot be supplemented in short time. Fossil
fuels like coal, petroleum, and natural gas are the three main forms @émenable energy
sources. They are formed gradually during hundreds of millions of years, from the remains of
plants and animals that are buried underground with high pressure and temperature as for coal,
and from micreorganisms under the sea floor at a substantial depth as for petroleum and gas.
Since the high pressure and temperature cannot be achieved in laboratory, fossil fuels are
considered nomenewable in terms of the long period of formation process. The other non
renewable energy source is nuclear energy. The reason it is consideredrasenable is the
material used in nuclear power plants, which is the element uranium in fora2286.Wranium

is a norrenewable resource, since it is rare and cannot be replenished in a short period of time.

By its nature, a nonenewable energy resource production follows a bell curved shapeuas Fig
1-1 [1] shows. Fossil fuels production will peak and then decrease over time, letinang
environmentdamaged and having to find another spot before the end of the curve. Another
disadvantage of fossil fuels is the introduction of many harmful particles to the air. Insufficient
burning of fossil fuels like motor vehicle exhaust results in har@falbonMonoxide (CO)
emission to human body, while sufficient burning of them iikghermal power plants still
produce massiveCarbon Dioxide €CO;) and thus amplify the greenhouse effg¢et and

contributes to uprising of global temperature. Usage of nuclear energy can be dangerous and

16



bring irreparable harm tdwumanssince the fission produces radioactiveste which is

extremely toxic tahe body
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Figure 1-1 World Annual Oil Production 1960021 and Peak Oil 2068020 Scenarios.

Renavable energy is the energy that can be replenished over time. Common renewable energy
sources include solar, wind, geothermal, hydropower, biomass. Solar energy is the energy from
radiant light and heat of theun;thus,it is renewable when the Sun exists. Solar energy can be
utilized by various ways, such as using solar power to generate electricity, using solar power to
heat, and solar architecture. Wind energy refers to the kinetic energy of air in motion. Wind is
formed by the air that moves across Earth surface due to pressure difference. Air above the land
gets heated up by the Sun quicker than that above the sea during daytime, resulting in density
difference of the air. Warmer air rises and expands, while colder air falls and exchanges
positions with warmer air. During night, this process remains similar with the only change that
air above land cools down quicker, creating the wind as well. If the air and the Sun exist, wind

energy can be supplemented and renewable. Geothermal energy is from the heat produced by the
17



core of Earth. Hydropower utilizes the kinetic energy of falling water to rotate the turbine blades
to generate electricity. Biomassagind of plant material which can be transformed into biofuel.
Though burning biofuel releases &f0st like fossil fuels, it would not produce huge amounts of

CQO; since the plants utilized have a lifetime ranging from only one growing season to two
decades. The COthe plants absorb is significantly less than fossil fuels. Geothermal,
hydropower, and biomass are renewable energy since they can be replenished if Earth core, the

atmosphere, and the Sun exist.

1.1.2Photovoltaic System

To convert solar energy into electricity, one of the most common methods is by photovoltaic
(PV) systemsThis technology has been around for several decades and has seen rapid growth in
recent years due to advancements in chemistry and materials domain, as well as an increased
policy focus on reducing greenhouse gas emissions and dependencerenavaable energy
sources. Coming in a variety of sizes and configurations, PV systems range frorscateall
residential systems to largeale utilityscale projects. Residential systems are typically installed

on the roofs of homes and can range in size from a few panels to several kilowattsstiéty
systems are typically installed on the ground and can range in size from several megawatts to

hundreds of megawatts.

PV systems work by converting sunlight into direct current (DC) electricity. A PV system
consists of solar panels, inverters, charge controllers, batteries and other components. These
components work together to convert sunlight into usable electricity. A PV cell is the basic

building block of a PV system, which is a semiconductor device that converts sunlight into

18



electricity. These cells are made of semiconducting materials such as silicon, and absorbs
photons from the sun and frees electrons, creating an electrical current. They are connected to
form PV modules. The modules are mounted on a frame and covered to protect the cells. The
cells in a PV module are connected in series, so that the voltage of the module is equal to the
sum of the voltages of the individual cells. Furthermore, a PV panel is a collection of PV
modules thagatheredo form a larger unit. PV modules and panels are both designed to produce
a specific amount of power, and are typically rated in watts, and kilowatts/megawatts,
respectively. These panels are normally mounted on the roof of a building or on the ground. A
PV array is a largscale installation of interconnected PV panels. The panels are wired together
to increase the total power output of the system, ranging from several kilowatts for a residential
installation to hundreds of megawatts. The cost of PV cells, modules, panels, and arrays has
dropped dramatically in recent years, making PV systems more affordable for both residential
and commercial applications. lllustration of PV cell, module, panel, and array iswas BEig
shows][3].

Photovoltaic (PV) Module
Cell

Array

Figure 1-2 PV cell, module, panel, and array.
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One of the main advantages of PV systems is their low environmental impact. Unlike traditional
energy sources such as coal and natural gas, PV systems do not produce greenhouse gases or
other harmful pollutants during operation. In addition, the materials used to produce photovoltaic
cells are noftoxic and recyclable, making them anvironmentally friendlyenergy source. Also,

PV systems are becoming increasingly @mstpetitive compared to traditional energy sources.

The cost of photovoltaic cells and other components has dropped dramatically in recent years,
making PV systems more accessible and affordable for both residential and commercial
applications. Additionally, many countries and states offer incentives and subsidies to encourage
the adoption of renewable energy sources, making PV systems even meeffecbise. In

addition to their environmental and economic benefits, PV systems also offer increased energy
independence and security. By generating their own electricity, homes and businesses can reduce
their dependence on the grid and become less vulnerable to power outages and other disruptions.
As more homes and businesses adopt PV systems, the demandfene&wable energy sources

will decrease, reducing the dependence on importing energy sources and increasing energy

security.

Despite the many benefits of PV systems, challenges still exist before their widespread adoption.
One of the main challenges is thermittentsunlight, which can result in varying levels of
electricity generation throughout the day and year. This can make it difficult to integrate PV
systems into the existing grid, particularly in areas with limited grid capacity. Another challenge

is the upfront cost of PV systems, which can be a barrier to adoption for some homeowners and
businesses. While the cost of PV systems has decreased dramatically in recent years, the initial

investment can still be substantial, particularly for larger systems.
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The trend towards renewable energy sources is clear, and photovoltaic systems will likely play a
critical role in the transition to a clean energy future, even with the challenges above. With
continued advancements in technology, the adoption of PV systems is likely to continue to grow,

providing a clean and reliable source of electricity for generations to come.

1.1.3Data Logging

Data logging refers to the process of measuring, recording, and storing data over tindatal his

can be used for analysis and decisioaking purposes. Data logging provides several benefits
for PV systems in terms of performance optimization, maintenance, monitoring and control, and
energy management. Data logging gives detailed information about the performance of the
photovoltaic system, which can be used to optimize the system performance. For example, by
monitoring the battery voltage and state of charge, it is possible to determine if the battery is
being over or underutilized. This can help to adjust the system settings to optimize the battery's
performance. Another benefit is that it can also be used to monitor the performance of individual
components within a PV system. Identification of any issues with the components and schedule
of maintenance can be much faster. Also, it enables monitoring and controfkgsgstem
remotely, especially useful for largeale systems where it may not be possible to physically
inspect the system on a regular basis. By monitoring the load power consumptionuseend
optimization of the energy usage of the system can be achieved. For example, shift energy

intensive activities to times when the PV system is generating the most electricity.

In PV systems, data logging plays a crucial role in monitoring and optimizing the performance of

the system. Data logging is used to monitor various parameteiRB\bfgstem, including:
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(o} Solar panel output: The amount of electricity generated by the solar panels is an
important parameter that is monitored and logged. This information can be used to identify any
issues with the panels or to determine if they are operating at peak efficiency.

(o} Battery voltage and state of charge: Batteries are an important component of a PV system,
as they store the electricity generated by the solar panels for use during periods of low or no
sunlight. Data logging is used to monitor the voltage of the battery and its state of charge to
ensure that it is functioning properly and to optimize its performance.

(o} Inverter performance: The inverter is responsible for converting the direct DC electricity
generated by the solar panels idtlbernating Current AC) electricity that can be used by the
enduser. Data logging is used to monitor the performance of the inverter to ensure that it is
working properly and to optimize its performance.

(o} System load: The amount of electricity being used by theusadis also an important
parameter that is monitored and logged. This information can be used to determine the efficiency

of the system and to identify any issues with the electrical load.

Specific parameters logged are shown bdlowable 11 [4].
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Tablel-1 Data logging parameters.

General Specific parameters Symbol
parameters
Meteorology Total irradiance, in the plane of the G
array
Ambient temperature in a radiation Tamn
shield
Wind speed (optional) -
Rainfall (optional) -
Humidity (optional) -
PVarray Output voltage Va
Output current 1y
Output power P
PV module temperature Tood
Energy storage Operating voltage Vs
Current to storage” Its
Current from storage” Iss
Power to storage’ Prs
Power from storage” Prs
Load Load voltage Vi
Load current I
Load power P
Utility grid Utility voltage Vu
Current to utility grid” Iy
Current from utility grid® [
Power to utility grid" Pry
Power from utility grid” Pry
Back-up Output voltage Veu
sources
Output current [
Output power Pau

*A single current or power sensor can be used for the measurement of
current or power for directions or both input and output.

Several commercial data loggers are presented in Tablwith their specifications. Only one
product from the same company is picked out with recent release year and lowest cost, if the
company owns multiple products.

Table1-2 Commercial products of data logger in PV systems.

No. Product ‘Company Power consumption Cost rang.e € Number of inputs Internal data storage Data sending/saving interval Market launch year
(Sensors not included)
1 Delta Solivia Gateway M1 G2 Delta Energy Systems GmbH 1IW@5sV 174 8 \ 15 min by def. 2019
2 Fronius Datamanager 2.0 Fronius <2W 222-259 6-10 \ \ 2013
3 Q.reader Gantner Instruments GmbH 5W 600 2 8GB \ 2010
4 Smartlogger 3000A Huawei W 1495 4D, 4A1 \ \ 2020
5 Powador-proLOG M Kaco \ 549-664 4DI, 4 Al \ 300-3600 5 2009
6 ADL-MXSpro Meier-NT GmbH 0.1W-0.76 W '980-1100 max. 8 1GB 24h 2017
7  SMA Data Manager M Lite SMA Solar Technology AG aw 285 \ \ \ 2022
connected inverters <30: 5min
8 Solar-Log 2000 Solare Datensysteme GmbH 3w 1031-1248 8 \ connected inverters 30-59: 10min \
connected inverters > 60: 15min
9 MaxWeb XPN SolarMax 24 W (maximum) 500-600 1DI, 4 A1 \ 15 min by def. 2016
No. d rate of icati Measurement on Open interfaces for
RS 485 RS 422 Ethernet WLAN use 2G/3G/4G main connection point SCADA integration
1 19200 baud rate, by def. \ Yes \ \ \ Yes No
2 Yes Yes Yes Yes \ \ Yes Yes
3 Up to 115.2 kbs \ Yes \ 1sto 24h \ Yes Yes
4 1200-115200 bps \ Yes Yes Yes Yes Yes Yes
5 Yes \ Yes \ \ \ \ \
6 300-115200 baud \ 10/100 Mbit \ Yes G_SM module Yes Yes
integrated
7 Yes \ Yes Yes Yes \ Optianal Yes
3 2400-115200 bps Yes 10/100 Mbit Yes Yes \ Yes Yes
g Yes \ Yes Yes Yes \ Yes No
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1.2 Literature Review

A detailed design of loweost data logger for remote monitoring of standalone solar syséems
given in[4]. In this study, ATmega328 microcontroller serves as processing the data from analog
and digital sensors. The prototype diagram is asurEigk3 shows [4]. Considering the
disadvantages of Arduino UNO board, such as the low resolutiehit)16f the internal analeg
to-digital converter (ADC), low flash memory of 32K bytes, and lack of display, an ad hoc
printed circuit board (PCB) is developed to lift restrictions mentioned aldove 18bit ADCs
MCP3424, a 4GB SD card, and a 16x liquid crystal display (LCD) are the components of the
PCB other tharthe peripherals irArduino UNO board. Extensive meteorological sensors and
electrical sensors are adopted and tested to be in alignment with the IEC61724 standard. The
measured data is displayed instantaneously on LCD and siorad SDcard once every day.
Several techniques to reduce power consumption are also stated, including decreasing measuring
frequency during inactive periods of microcontroller, sleep modes that disables onboard ADC
and browrout detection, and ndiasting display of LCD. Statistical comparison between newly

developed datbbggersand commercial data loggers reveals its accuracy.
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Figure 1-3 Diagram of the prototype including improved modules (analog and digital sensors
modules, ADC board) and new modules (visual interface, digital pushbutton system and power

consumption module).

Authors of[5] designed a data logger for homseale hybrid renewable energy system of which
the system power sources are solar photovoltaic power and wind turbine power. The system
schematic design is shown in Figutet [5]. For DC monitoring, voltage sensor and current
sensor are used. AC monitoring by PZBEM module includes voltage, current, power and
energy at the output of the inverter. Real time clock (RTC) and anemometer are also used to

collect the data of time and wind velocity. Arduino Mega 2560 is the microcontroller for
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processing the data from sensors and modules, and then store the data in local SD card. The
recording duration of the data logger depends on the size of the chosen SD card. This design
does not require internet connection, which makes it suitable for remote sites. However, it lacks
the ability to automatically present the data graph without retrieval of the SD card by human

intervention.

% % % _= PPower'.l.f:iF-PLNl

Distributed Power Watt Meter

Line (PLN) /\
DC Sensor AC Sensor Sues ot

LB V.LP) Ppy 1 |
i | Pev =
—— e p S e 1
PV System | Grid-tie Inverter Liads
Pwindrurbine
DC Sensor AC Sensor Data Logger
q V.LP) V. LP)
/.u. pr—
l Grid-tie

s
Wind Inverter
Turbine

Anemometer

Figure 1-4 Schematic design of the data logger system.

Work presented in6] described an energyT monitoring system on solar and wind power
generation facilities. The system architecture is shown in Filybrg]. Data of voltage, current,
temperature, and battery are collected hymag Rangel(oRa node based on Arduino. The data

is then sent to LoRa gateway based on Raspberry Pi by applying -amesmdi modem, without

using base station. Through serial interface, Raspberry Pi receives the data from LoRa modem
and then storeis at the MongoDB developed for big data with NoSQL method. A web server is
implemented to display the trend graph and statistical results with min/max/avg values. Low cost
and low power consumption monitoring system is achieved by adopting Arduino board and
Raspberry Pi 2 Model B V1.1. However, the power consumption of hardware is not indicated in

the paper.
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Figure 1-5 Energy monitoring system architecture

An opensource, lowcost Supervisory Control and Data Acquisition (SCADA) system to
monitor and control a solar PV panel at Memorial University is present¢d. imhe block

diagram of the system is shown in Figuré [7]. ACS 712 Hall Effect current sensor and MH
Electronic voltage sensor are used to measure the current and voltage at the output of PV system,
and voltage across the battery. ATmega328P microcontroller processes the data from sensors and
then parses the data to Raspberry Pi2 model B through USB cableRE@d&s a programming

tool for wiring together hardware devices, which is installed on the Raspberry Pi2 to post the
data to EmonCMS local server. Remote monitoring and supervisory control can be achieved by
creating dashboards and setting alarms on EmonCMS IoT platform. Nevertheless, the overall

cost and power loss of the SCADA system are not specified in this paper.
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Figure 1-6 Block Diagram of the Proposed Iddased SCADA System.

A low-cost monitoring system for a PV system using maximum power point tracking (MPPT)
technique is designed by authors[& In this PV system, a PV module, a IDXC Boost
converter, and Xkq load are connected in series. A data acquisition board and-BMC
converter board are used. The summary of used components is shown if-FgleACS 712

current sensor and LM 24 voltage sensor are used to sample the current and voltage at the output
of the PV module and the load. Thus, duty ratio of-DC converter can be obtained. Arduino

Mega 2560 recovers analog data from sensors and sends data to an LCD display to show
monitored data in real time, and an E&GPWIiFi module to transmit data as an HTTP request to

host personal computer (PC). The WiFi module is powered by PV module with a voltage
regulator. The experimental result shows MPPT is achieved successfully by observing steady

output power. The cost for the designed monitoring system is 90 Euro.
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Table1-3 Summary of the used components.

Components

Principals Features

Figures

Sensor current
AllegroACS712

Bandwidth= 50 kHz
Extremely stable output offset
voltage

Nearly zero magnetic
hysteresis

S

Sensor voltage
LM24

Input voltage =3 to 32V

I'tue diffenrtielle input stage
Four amplifiers per package
Short circuited protected output

Micro-
controller
Arduino mega
2560

Micro= ATmegal280
Input Voltage: 7-12V
Operating Voltage:5V
Digital /O pins: 54
Analog pins : 16

Module  WIFI
ESP 8862-01

WiFi Direct (P2P), soft-AP
Integrated TCP/IP protocol
stack

Dimension total de 1,4*

2 AcmNombre the PINs=8

LCD DISPLAY

Display format: 16 x 4

dots includes cursor 5*8
power supply: 5V
Module Dimension 70.6 x 60.0

Voltage
regulator Mini
BEC

Input voltage: 5 Vto 23 V
Output voltage: 3.3 V
switching frequency: 330 kHz

Small size: (38 = 15 x 10 mm)

In referencd9], the authorgroposed a low cost I0T based solution for monitoring hot spots of

PV cells. The system architecture is shown in Figlré. Battery less radifrequency
identification is adopted to harvest energy to power temperature sensors. Insideadioa
Frequency ldentificationrRFID) tag, an antenna and an integrated circuit (IC) chip are embedded.
When the sensors integrated in RFID tags get the temperature data, it sends to the RFID readers,
which are connected to PC Midniversal Serial BusUSB). The middleware developagsing

Java then broadcasts the data on the web. In case of a hotspot, an alert will be sent to an email
address using simple mail transfer protocol (SMTP). The benefit of RFID technology is the
elimination of battery and object identificationoWever, the impact on the energy harvest
induced by attached RFID tag on the PV panel surface has not been studied. Besides, the RFID

readers should be fixed in vicinity of the tag which limits the application in real world.
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Figure 1-7 System architecture of a remote RFID tag embedded with temperature sensor.

A PV-powered passive RFID tag to enhance its read range is develdpeid RFID tags can be
classified into passive, setpassive, and active tags. The classification criterion is whether the
tags are powered by external energy source insted&hdio FrequencyRF) energy. Passive

RFID tags purely rely on RF energy transmitted by interrogator, while-gassive or active

tags partly or entirely are powered by external energy source. The minimum power to power up
the 1 C is also call ed t h3& dBmGdénstivity whicls alldws foriat vy .
longer range of transmission. Two applications are shown in this paper. The first one is PV
RFID augmented building environment sensing network-RID tags are attached on the
windows or vents to monitor environment parameters such as temperature and air flow. The
schematic illustration is shown in Figute8, and the real application scenario is shown in Figure
1-9. Another application is PXRFID augmented golf field, where golf ball is equipped with a
PV-RFID tag to be tracked in real time. The IC consumes 10 A at 1.5V/3V to read/write
Electrically Erasable ProgrammableReadonly Memory (EEPROMN), which is 150W/30W

power cost. However, the price of RFID reader can liegisas hundreds of dollars.
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antenna
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Figure 1-9 lllustration potential application as building environment sensor.

In referencg11] the authors presented an IoT application for-tiea¢ monitoring of solar home
systems. An analysis of IEC61724 Standard is given in detail. A comparison of wireless
communication technologies regarding range, bandwidth and cost is also shown ds4l &ike

mobile communications are selected to add connectivity to designed datalogger based on
Arduino Ethernet Rev 3 board with ATmega328 microcontroller. This is because 3G mobile
communication offers affordable and long distance data transfer, with vast majority of
population as users around the world. Meteorological and electrical parameters are measured and
then sent and stored in a local server or a cloud server via 3GRB020 router from TP

LINK with SIM card inserted in the modem provides the connection between the Arduino board
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and the internet. A Xfhonth outdoor experimemtastaken to test the robustness and reliability
of the designedystem.

Table1-4 Characteristic of Wireless Connectivity Technologies

Type Technology Maximum range| Maximum bandwidth | Module cos{($)

ANT+ 30m 1 Mbps 17 15

Bluetooth 4.0 LE 50 m 24 Mbps 1715
10 m (passive) <1715

WPAN RFID 100 m (active) 100 kbps 51 25

NFC 10 cm 424 kbps <1
802.15.4g 200 m 200kbps 17 15
Zigbee 107 100 m 250 kbps 17 15

250 Mbps (802.11n)
54 Mbps (802.11a/g)

WLAN Wi-Fi 300 m 11 Mbps (802.11b) 10+
1 Gbps (802.11ac)

LoRa 271 10 km 200 kbps 17 15

Weightless 271 10 km 200 kbps 17 15

Dash 7 2 km 200kbps 17 15

WWAN WiMax 40 km 34 Mbpsi 1 Gbps 17 15
2G (GSM, GPRS, EDGE 35 km 9.61 384 kbps 17 15

3G (UTMS, HSPA) Up to 100 km 384 kbps 10 Mbps 3571 50
cellular4G/LTE Up to 100 km 3 Mbpsi 100 Mbps 8071 120

A low-cost energy monitoring system of conditions of solar panels on acoustic buoy is described
in [12]. The monitoring methods are mentioned as-inwasive and invasive monitoring. For
norrinvasive monitoring, one infrared camera and one megapixel camera are used to capture
time-stamped images. For invasive monitoring, electrical parameters from MPPT charge
controllers including PV voltage, battery voltage, charge state and daily energy yield are
collected. Raspberry Pi Model B+ V1.2 as the microprocessor receives the images and electrical
parameters and then transmits them into se@mhected parent buoy via ukinggh frequency

(UHF) wave. They are demodulated after the ashore transmission via subsea Ethernet cable. The
monitoring system is powered layn RSPro Li-ion portable power bank of which the capacity is

10,400 mAh at 5V. Power calculations are presented in Table
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Table1-5 Power calculations.

Average Power
Status Components Current
w)
(A4
Standby Raspberry Pi B+ 0.25 1.25
GPS, Active Antenna, Pi
Standby Camera Module 0.04 0.2
Active Pl, GPS and Pi Camera taking 033 1.65
image and Tx.
Active FLIR Lepton® N/A 0.15*

Authors of [13] proposed a secure data acquisition architecture on PV systems using loT
techniques. Different layers of 10T security are presented in Th#le Arduino UNO and
Raspberry Pi are used as the microcontroller board and the single chip computer. Data of PV
system including current, voltage, temperature, solar irradiance, and other information are routed
to Arduino UNO. Then, the daia transmitted to Raspberry Pi to be stored locally and sent to
cloud. Virtual Private Network (VPN) is developed for safe and efficient data exchange through
a secure tunnel created by encapsulation and encryption. A successful connection between PV
monitoring system and loT gateway requires known local area network (LAN) Internet Protocol
(IP), 3G/4G IP, and Tunnel IP. The safety tbE proposediata acquisition architecture is

achieved byconnectingall sensors to VPN concentrator.

Tablel1-6 Security Requirements inT Levels.

Key agreement and authentication
Application layer Security education
Password management
User’s privacy protection
Secure cloud computing

Support layer Secure multiparty computation
Anti-virus
Communication security
Network layer Anti-ddos

Identity authentication
Encryption mechanism
Sensors protection
Perceptual layer Key agreement
Lightweight encryption technology
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Street light system is monitored by a data loggérch is designed in[14]. The system
connection diagram is shown in Figurd 0. Present monitoring streetlightss done manually,

and the data logger can automatically collect the data, only requiring regular retrieval of the
memory. The system consists of PV modutgsgetlamp charging controller, battery and data
logger. The charging controller specificatiaar@shown inTablel1-7. The battery specifications

are presented ifable1-8. The data logger includes ATMega 8 microcontroller, Dallas DS 1307
Real Time Clock (RTC) and 64 k serial EEPROM. The time interval of recording voltage and
current can be set and 15 mins are chosen as default in this paper. The dateelatggetoa
personal computer via RS 232 protocol to send recorded data to PC. Besides, different user
commands are achieved by keyboard input from PC as interrupts to the microcontroller, allowing
users to upload the data to PC, set date in RTC, etc. Nevertheless, this design of data logger

requires cable connection between data logger and PC.
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Figure 1-10 Data logger installation connection diagram.

Table1-7 Charging Controller Specifications.

Charging method PWM
Solar input capacity +10A
Load capacity +10A
Overload capacity 12+ 05A
Regulatorvoltage 14+ 0.5V
Self consumption 8 mA
Operating temperature -40N - 85N

Table1-8 Battery Specifications

Type Absorbent glasmaterial
Acid HzSQ;
Capacity 80 Ah
Nominal Voltage 12V

The work in[15] described an adaptive power consumption scheme to improve the reliability of

PV powered devices. PV powered data logging device have the autonomy of not using bulky
back battery to fulfill the need to data acquisition and transmission. To improve system
reliability and deal with outlier conditions like battery statechargebecominganomalously

low, a methodology is stated in this work. The availability of energy is considered compromised

if the batteryState of ChargeSOQi s | ess than 30% and yesterday
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less than 15nW/cm. In such case, the duty cycle of transmitting the data and the data acquisition
rate is reduced to be adaptive to the energy scarcity. From Higudran low SOC the lower the
duty-cycle, the less battery capacity is required to maintain operation for three hours. The result
shows that 90% of battery capacitor can be reduced and 10% of the system cost can be saved by
using the adaptive power scheme, whilst at the minor price of 4.3% of reduction of data
transmitted.

) non-adaptive, cuty-cycle=25% b) duty-cycle= 21.7% in low SOC

battery capacity= 14150 mAh battery capacity= 4300 mAh
average data rate= 3 hr' data rate= 2.92 hr'
T T T T
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80 80
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Figure 1-11 SOC of optimum power system size at solar cell area of
26. 6..cm2 for various power adaptive schemes.

(b) 20%, (c) 100%, (d) 200% when the battery SOC is less than 30%.

Authors in[16] investigated the optimal method to determine frequency and supply voltage to
maintain required performance with minimum energy cost. Texas Instruments (TI) MSP430

microcontroller is studied since it is designed for low power scenarios. MSP430 has three
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internal clock sources, which are low frequency oscillator (XT1), high frequgtt€yoscillator

(XT2), and digital controlled RC type oscillator (DCO). Under the active mode and idle mode of
microcontroller, using DCO results in 62% higher power consumption than using HF as clock
source. In each experiment, CPU frequency is set to the minimal possible value to undertake 100%
CPU load, and the supply voltage is set according to MSP430 datasheet. The power consumption
differencebetweenrunning with RAM and running with Flash is shown in Figur&2. After
experiments of executing three tasks, clock frequency of 4MHz and supply voltage of 1.8V

achieves the minimal power consumption.

Power profit, %

Figure 1-12 Profit of power consumption for the same program running in RAM comparing

with running in Flash memory.

The degradation of PV system due to dust deposition by recording electrical and environmental
parameters of the system is investigatediim. Though PV system enjoys many benefits of
perpetuality of energy source and minor side effect, many other factors can impact its efficiency,
such as dust, wind, and humidity. In this design, LM 35 as temperature sensor, ACS712 as
current sensor, and DC voltage sensor are used to obtain temperature, open circuit voltage, and

short circuit current, respectively. The components specifications are shown irl-Bable
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Realistic }V curve in comparison with nameplate curve of the studied PV system helps to
determine the degree of degradation. DAQ 6009 as the interfacing device is connected with the
PV system and the sensor data can be viewed in LabVIEW. The experimental setup is presented
in Figure1-13. The result shows that after 55 days of setting two identical PV panels in the same
place, the PV panel without regular cleaning loses 9% of power output compared to the one with

regular cleaning.

Table1-9 Components specifications.

S. No. | Component Type Specifications
1 Temp. sensor LM 35 Range -50°C tol150 °C,
Operates from 4 V to 30
Vv

2 Current ACS712 Range -5A to+35A,

Sensor Operates from
5V.Sensitivity 6mA/V

3 Voltage DC Voltage Range 0 to25V
Sensor Sensor

4 Interfacing DAQ 6009 Analog output generate
Device outputs from 0-5 V

5 Software LABVIEW 2013 Version

6 Variable - 0-290 OHM, 5A

Rheostat

SOLAR PANEL

SWITCH

)

=
&

VOLTAGE [
SENSOR i
4

__j SENSOR
%

CURRENT

DAQ CARD 6009

TEMPERATURE
SENSOR

SAVED IN
EXCEL FILE

LABVIEW

Figure 1-13 Schematic diagram of experimental setup.
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A data | ogger to record temperature and powe
Newfoundland is designed in8]. This data logger is able to record four AC current and two
temperature values, helping to verify the electricity bill and improve the awareness of saving
energy use. Two LM35 series temperature sensors are used to measure the indoor and outdoor
temperature of the houses. Four Hall effect based current sensors are used to log incoming
current to the houses. The designed circuit is shown in Filgide The sampling interval is 2

minutes. Operating at 5V, PICI8F4550 microcontroller programmed by Mikrobasic is
responsible for ADC of collected sensor data and display them on 2x16 LCD. After analysis and
comparison between power consumption from data logger and Newfoundland®pPtiveer

mismatch is due to missing recording in some winter months by Newfoundland ®Power

However, the power consumption of the data logger itself is not indicated.

Figure 1-14 Designed data logger circuit.

In reference[19] authors developed a dynamic voltage and frequency scaling technique to
process electrocardiogram (ECG) signal. By this technique, the optimal frequency of
microcontroller can be determined to minimize the power cost and thus achieve longest battery
life. MCP41100 digital potentiometer interacts with MSP430 microcontroller via serial

peripheral interface (SPI) bus to be able to change the supply voltage in real time. DCO is used
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to provide adjustable frequency source, with a specified synchronization to avoid instability of

DCO under differentemperaturesWhen the execution time exceeds the threshold, MSP430 will

adjustits operation mode. The system adjustable flow chart is as Figlbeshows. A series of

measurements is carried out and tHe Blot is created to

axis), frequency (Yaxis), and performance {@xis). 8M

find the relations between voltage (X

Hz is found out to be the optimal

frequency to have maximum million instructions per second per Watt. In another experiment to

determine the optimal frequency to have longest battery life, 2MHz is the desired value. This is

because the saved energy by lower voltage and current outweighs prolonged time to finish the

tasks carried out by CPU.
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with CPU time
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Figure 1-15 Adjustable regulator flow chart.

Authors of[20] discussed various ways to maximize the

battery life of data logger by optimizing

the saving events of SD card. The measured data is the falling edge pulses sent by PCF8523. The

researcher did a series of experiments under the condi

tion of supply voltage and frequency being

5 V/16 MHz and 3.3V/8 MHz. Two special techniques are used to minimize the power

consumption of data logging. First is to store variables in the embedded static random access
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memory (SRAM) between sleep modes. The writing event to SD card will only happen when a
defined string variable reaches a certain length. Withméial oxide’ semiconductor fieleffect
transistor(MOSFET), the sl eep current of the microcont
21.1 and 18.6 €A r es [-#6cThe otherkeghniqusiste M@EIFET n Fi ¢
to reduce the leakage current of SD card reader. A BS1@BaNnel MOSFET is set between

the SD card reader and the Arduino UNO board. Figet& shows the comparison of the CS

patterns on the SD card when using the MOSFET to save every time (left) compared to saving
once every 6 RTC cycles (right). As a result, Atmega328P operating at 5V/16MHz and
3.3V/8MHz can sample data with the measurement period as 2 seconds and 1.7 seconds and

store the data in SD card, solely powered by a 2400 mAH battery for 1 year.
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Figure 1-16 Reduced saving events from 6 (left) to 1 (right) in 6 cycles.
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Figure 1-17 Sleep current drop.
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1.3 Research Objectives

Commercial PV system data loggéypically haverelatively highpower consumptionmposng

a substantial challenge to solar energy efficiency, particularly in winter when sunlight
availability is reducedA further limitation of these data loggers is they are mostly proprietary
The communicatiorcompatibility with components manufactured by other companies remains a
guestion.Lastly, the data loggers on the market featugih cost which can notably prolong the
payback period of a PV systerhe pricesrange fromC$ 250to C$ 2151in the researched

products

The need for effectivenonitoring of PV systems, coupled with the limitations of commercial
data loggers, highlights the demand for an-b@Bed data logger that is both loast and low
power.The research objectives are listed below.

1 Design a PV system data logger, ustifferent lowpower strategies to minimize the
power consumption without compromising its performance.

1 Designa PV system data logger, using HMI that consumes low power and displays
historical dataas well asa remote data storage solution that supports large data storage
without extra charge.

91 Designan opersource SCADA system based on loT #0IPV systemusing a locally
installed middleware to manage the data flow, provide customizable HMIs, and control
the PV system load.

1 Design an opesource I0FSCADA systemfor monitoring and controlling PV system
using two loT platforms increased the system robustness by the data reduhdageg

of the load can be accessed on a web server, enabling the visual verification
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of the load status.

1.4 Thesis Structure

This thesis follows thenanuscripformat, with each chapter being a standalone document.
Chapter 1 introduces the background, literature review and the research objectives.

Chapter 2 presents the lepower consumption strategies in a toast |0T data logging for a PV
system.

Chapter 3 discusses a novel design of HMI and data historian in-eokivdata logger for a
standalone PV system.

Chapter 4 explains an opspurce SCADA architecture for a PV system data logger, using
ESP32, Banana Pi M4 and NeRE&D.

Chapter 5 offers an IGBCADA architecture used to monitor, control, and inspect with Arduino
Cloud and ThingSpeak plarforms.

Chapter 6 highlights the thesis, providing the conclusion, research contributions, and the future

work.

1.5 Co-authorship Statement

Wei He is the first author of all chapters. MohammadTariq Igbal is the corresponding author
of all chapters. Dr. Mirza Jabbar Aziz Baigs also thecorrespondingauthorof Chapter 4.In
Chapter 23, and 5, | am responsible fdMethodology, Software, Validation, Formal analysis,
Investigation, Data Curation, WritingOriginal Draft,and Visualization.Dr. Mahammad Tariq
Igbal is responsible fo€Conceptualization, Resources, Writingeview & Editing, Supervision,

Project Administration, Funding Acquisitioin Chapter 4,Dr. Mizra co-writing of the
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of the manuscriptin Chapter 4Dr. Mirza Jabbar Aziz Baigs responsible foco-writing of the
Introduction, Literature Review, and Discussion; funding acquisition; and overall review/editing

of the manuscript.
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Chapter 2. Power Consumption Minimization of a
Low-Cost IoT Data Logger for Photovoltaic System

2.1 Introduction

Due to Earth's limited fossil fuel reserves, renewable energy has emerged as a vital alternative
power sourcg21]. Renewable energies, in contrast to fossil fuels which are associated with air
pollution and carbon emissions, exhibit minimal environmental impact during their production
phase. Among these, solar energy, captured by photovoltaic (PV) panels, stands out as a
particularly promising option owing to its simplicity in installation and maintenance, especially
when compared to wind energy. The proliferation of solar installations is evident in Canada and
globally. In 2022 alone, solar energy accounted for 26.@er a quartér of Canada’'s newly
installed capacity, cumulating nearly 4 GW in total installed capacity. Specifically, in Ontario
province, solar energy provides power to approximately 517,000 hame$he share of solar
energy within the renewable energy portfolio is poised for rapid growth, heralding a promising

future for its widespread adoption.

Standalone PV systems typically consist of several key components: PV panels for energy

harvesting, an inverter to convert the generated DC power into AC, a load as the energy

consumer, and a backup battery to maintain load operation in the absence of sunlight. However,

certain common failures in PV systems, such as hot spots resulting from manufacturing defects

or partial shading, and leakage currents caused by parasitic capacitance between the PV panel
and the ground, can markedly diminish their efficiency. Regular monitoring of PV systems,

facilitated by widespread sensor networks and data logging, can lead to enhanced system
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performanceg23]. Should monitored voltage or current data reveal anomalies, technicians can
promptly intervene to inspect and address issues in the PV system, thereby preventing further

deterioration.

Commercial PV system data loggers may offer a viable solution, thanks to features such as user
friendly operation, integrated software, and scalability. Nevertheless, the typically high cost of
these commercially available data loggers can notably prolong the payback period of a PV
system. Table2-1 presents a compilation of common commercial PV system data loggers,
detailing their power consumption and prices, which vary between C$ 250 and C$ 2151. A
further limitation of these data loggers is their relatively high power consumption, with a
minimum of 0.1 watts even in powsaving modg24]. Such power usage, although minimal, is

still significant for a batterpowered device and imposes a substantial challenge to solar energy

efficiency, particularly in winter when sunlight availability is reduced.

Table2-1 Common commercial PV system data loggers.

Cost range (CAD)
(Sensors not included)

0.1-0.76 W 14101583

Product and Company Power Consumption

ADL-MXSpro
by MeierNT GmbH24]
Fronius Datamanager 2.0

by Froniu§25] <2w 319373
Q.reader
by Gantner Instruments Gmip26)] sw 863
Smartlogger 3000A
by Huawe[27] sw 2151
PowadofproLOG M
by Kacd28] \ 790955
Delta Solivia Gateway M1 G2
by Delta Energy Systems Gmf29] twesv 250
SMA Data Manager M Lite
by SMA Solar Technology Af30] 4w 410
SolarLog 2000
by Solare Datensysteme Gmfd] 3w 14831796
by;zgflvtl)a)igg] 24 W (maximum) 719863
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2.2 Literature Review

The need for effective monitoring of PV systems, coupled with the limitations of commercial
data loggers, highlights the demand for an-b@Bed data logger that is both loast and low
power. Various researchers have explored alternative PV system data logger designs to address
these challenges. In one study, a specialized printed circuit board (PCB) was developed to
surpass the limitations of the Arduino UNO board, which suffers from adsalution (16€bit)
internal analogo-digital converter (ADC), restricted 32K bytes of flash memory, and the
absence of a display. The custom PCB featured enhanced capabilities, including-ttiwo 18
ADCs (MCP3424), a 4GB SD card, and a 16x% liquid crystal display (LCD), along with the
standard peripherals of the Arduino UNO board. However, this design's complexity may be
challenging for those with limited electronics and circuitry expertise. Additionally, this data
logger did not align with the International standard IEC61724 for PV monitoring and evaluation

in terms of time recording.

Another study[5] presented a data logger for a shsaidle hybrid renewable energy system,
combining solar photovoltaic and wind turbine sources. This design incorporated sensors for DC
voltage and current monitoring, and a PZBP module for AC monitoring at the inverter's
output, measuring voltage, current, power, and energy. It also included-tinfie@llock (RTC)

and an anemometer for time and wind velocity data measurement, respectively. The Arduino
Mega 2560 microcontroller processed and stored data on a local SD card. This design's
independence from the internet made it suitable for remote locations, but it lacked the capability
for automatic data graphing without manual inp@t.different approach33] introduced 3G

mobile communications for connectivity, using an Arduino Ethernet Rev 3 board with an
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ATmega328 microcontroller. This system utilized aWMR3020 router from TRINK with an
inserted SIM card to connect the Arduino board to the internet. The 3G communication was
selected for its global availability and efficient ledgtance data transfer. This data logger
recorded meteorological and electrical parameters, storing or transmitting the data on a local
server or a cloud server via 3G. However, it is important to note that the total cost of this system

exceeded C$ 574, which might be a consideration for certain projects.

The research community has recommended various methods to reduce the power consumption of
data loggers. Inj4], several techniques were outlined, such as decreasing the measuring
frequency during inactive periods of the microcontroller, enabling sleep modes to disable
onboard ADC and brownut detection, and employing a nparmanent display for the LCD.
However, the study did not specify the overall power consumption of the monitoring system.
Another approach, detailed jtg], introduced an adaptive power consumption scheme aimed at
enhancing the lifespan of PWower ed devi ces. This scheme was
St ate of Charge (SOC) fell bel ow 30 %, and th
under 15 mW/crh In such a scenario, the duty cycle for transmitting data and the data
acquisition rate are reduced to conserve energy. Results indicated that using this adaptive scheme
could decrease battery usage by 90% and reduce system costs by 10%, with only a minor 4.3%
reduction in data transmission loss. A notable limitation, however, is the inability to notify users
when the SOC drops below the threshold, potentially compromising sensor data integrity until

the battery is completely drained.

In [20], researchers explored methods to maximize battery life in data loggers by optimizing SD

card save events. Experiments were conducted under conditions of 5V/16MHz and 3.3V/8MHz
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supply voltage and frequency, respectively. Two specific techniques were employed: storing
variables in the embedded static randacuess memory (SRAM) between slempdes and

using a metéloxidei semiconductor fielgffect transistor (MOSFET) to cut off the SD card's
power supply, thereby reducing leakage current. A BS1-thdhnel MOSFET was positioned
between the SD card reader and the Arduino UNO board. This setup allowed the Atmega328P,
operating at 5V/16MHz and 3.3V/8MHz, to sample data every 2 seconds and 1.7 seconds
respectively. Then the data was stored on the SD card, which was able to be powered solely by a
2400 mAh battery for a year. However, this system required manual data retrieval due to the

absence of IoT capabilities for remote monitoring.

In [34], an loTFbased PV monitoring system was proposed, utilizing Long Range (LoRa)
technology to transmit PV current, solar radiation, and surface temperature values to data
acquisition cards, with an Ethernet connection to upload data to the Internet. The system's power
consumption was recorded at 6.11 Wh per day, averaging 254 mW. While this level of
consumption was relatively low, there is still room for improvement, especially considering the

system was powered by-lon batteries.

The novel PV system data logger developed in this study is distinguished by its low power
consumption, costffectiveness, and loT integration, offering an optimized solution for PV
system monitoring and data logging. This design demands minimal maintenance, is
economically efficient, and enables remote monitoring. Significantly, our data logger eliminates
the need for PCB assembly, and all its components are readily available in the market at very low
costs. The software employed is the epearce Arduino Integrated Development Environment

(IDE), compatible with various operating systems, including Windows, macOS, and Linux. The
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paper's focus on low power design not only extends the battery's lifespan, thereby reducing the
frequency of human intervention for battery replacement but also decreases the risk of
overheating. Additionally, the data logger utilizes a 32GB SD card for data storage, ensuring that

sensor data is securely saved over an extended period invalatite format.

The remainder of thishapteris structured as followChapter2.3 details the monitoring system
architecture and introduces the data logger's components such as the ESP32, voltage sensor,
current sensor, and microSD caf@hapter2.4 delves into lowpower techniques, examining
strategies like reduced supply voltage and CPU frequency, the data buffer mechanism in local
storage, the optimum \ARi connection interval, and the deployment of delegp modes. In
Chapter2.5, the configuration of the data logger and the monitored PV system is elucidated. This
section also describes the software routines executed by the ESP32, programmed to alternate
between active and desfeep states to minimize power consumption. Additionally, PV system
parameters are outlined, along with a schematic of the connection between the PV system and
the data loggerChapter2.6 presents experimental results, including data storage on the SD card
and realtime monitoring capabilities via a web portal. Tdextionconcludes with a summary in

Chapter2.7. Co-authorship statemerg presented iChapter2.8.

2.3 Data Logger

This section introduces the components of the proposed data logger and the connection diagram.
2.3.1 Components Connection

The data logger is comprised of the FireBeetle 2 ESP388d peripherals. FireBeetle 2 ESH32
as the main microcontroller is used to store collected sensor readings locally and send the
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readings to a local web server for the remote monitoring purpose. Peripherals connected to the
microcontroller include voltage sensors, current sensors, and one SD card that is for local data
storage. The system connection diagram is shown in Fijir&’he PV system includes the PV

panel, a charging controller, and a 12 V 8.5 W LED lamp as the load. Voltages and currents of

the PV panel and the battery are to be logged.

Solar Charg@m(» mm—

Controller

I_pv V_pv I_battery V_battery

Datalogger
Microcontroller i

Figure 2-1 Connection diagram of PV system and developed data logger.

2.32 Microcontroller FireBeetle 2 ESP32E

The microcontroller used in thgectionbelongs to ESP32 family. ESP32 is a series ofdost,
low-power systeron-a-chip microcontrollers with integrated W¥i and duaimode Bluetooth,
which makes itone ofideal candidatefor 10T applications. ESP32 microcontrollers made by
different vendors may have different povsemsumptiormainly due to the choice of eéward

voltage regulator. DFRobot FireBeetle ESP32 microcontroller is aptomer consumption
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microcontroller designed for 10T projedts]. The FireBeetle Board integrates a doale ESP
WROOM-32 ESP32 WIFBT-BLE MCU module for WiFi and Bluetooth duainode
communication. The board has a 80A el ect r i ¢ -steeprmodenand themaird e e p
controller supports USB and 3V7external lithium battery power supply methods. The USB and
external DC can charge the LiPo battery directly. The board has a special hardware design for

Arduino IDE to make a download without switching boadde manually.

Among FireBeetle series, FireBeetle 2 ESIE38 an ESPVROOM-32E-based main controller
board with duakore chips, that supports Wi and Bluetooth duaihode communication.
Additionally, it features compact dimensions, high energy efficiency, an integrated charging
circuit, and an intuitively accessible interface. These attributes collectively make it an optimal
choice for applications including smart home 10T, industrial 10T, and wearable deltices
chosen in thisectiondue to its extremely low power consumption during power saving modes.
In deepsleep mode, consumed electric current is onlyAQaccording to the datashegds).
Arduino UNO is a classic microcontroller board based on the ATmega328P, and it is used in
manyresearctpaperg4,14,20] Table2-2 illustrates the comparison betwdeneBeetle 2 ESP32

E and Arduino UNOWhen counting analog and digital pin numbers of ESP3hd Arduino

UNO, pins with dual usages belong to the analog category. Pins occupied for USB transmission,
USB power supply, serial printing, and-board LED are not counted. FiguPe2 shows the
pinout the FireBeetle 2 ESPE Pointed by red arrow is tHew-power solder jumper pad,

which is designed for low power mode and default to be connected. Slightly cut off therthin wi
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Figure 2-2 FireBeetle 2 ESP3E pinout. Cut off the small line pointed by the red arrow to

disable onboard RGB LED to reduce power consumption.

Table2-2 Comparison of FireBeetle 2 ESR&and Arduino UNO.

Components FireBeetle 2ESP32E Arduino UNO
Processor dualcore Tensilica LX6 ATmega328P
Operating Voltage 3.3V 5V
CPU Speed Up to 240MHz Up to 16MHz
AnalogIn/Out/Dual Pins 4/0/9 6/0/0
Digital In/Out/Dual Pins 0/0/10 0/0/8
Flash 4 MB 32 kB
SRAM 520 kB 2 kB
EEPROM 0 kB 1 kB
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to disconnect the resistor between the battery and onboard RGB LED. When disconnected, RGB
LED can only be turned on when theard is powered by USB. Static power consumption can

be reduced by 500 ¢A.

Reasons that FireBeetle 2 ESH32s selected as the microcontroller are justified below. From
Table 2-2 we can easily conclude that FireBeetle 2 ESP3¥2atures lower supply voltage,
higher CPU frequency, and larger Flash/SRAM size than Arduino UNO. Also, Arduino UNO
does not have Wi connectivity to access a wireless local area network (WLAN) to reach the
Internet if without an extension shield board, while FireBeetle 2 E&EP3&s such ability due to

the inbuilt WiFi module. Finally, FireBeetle 2 ESRE2consumes ultrlow power during deep
sleep mode, nonetheless no powaving modes are compatible with Arduino UNO. These
advantages of FireBeetle 2 E&Pcan be leveraged to contribute to all functionality of the

microcontroller of data logger.

Although ESP32 has #at resolution ADC which in theory is more precise thanbitO
resolution of Arduino UNO, the stability is questionable that in practice ESP32 ADC shows non
linearity. Therefore, the ESP32 ADC output should be adjusted instead of direct use without
modification. By connecting one DAC output of the microcontroller with one ADC channel, the

corresponding relation can be calculated to form the-lgotable for future calibration uger].
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2.33 Peripherals

In this section the peripherals connected with the FireBeetle 2 EISRB2 introduced. Voltage
sensors and current sensors sample the readings regularly, and the SD card is responsible for

storing these sensor readings.

2.3.3.1Voltage Sensor

The HiLetgo voltage detection module DG23 V is based on resistive voltage divider to

measure the voltagén Figure 23 the module image and its working diagram are sha@C

and GND are ports of the voltage to be measured. Two resistorkg 3hd 7.5kq, are
connected in series. Out put RSO is between t|
analog pin of FireBeetle 2 ESRE. Qubpus fihe same ground as vo
connected with the ground of the development board. Sindeq7.67.5kq + 30kq) = 1/5, the

measured voltage by FireBeetle 2 ESE3% one fifth of the real voltage, which should be

modified in the program to get accurate results.

To reduce the power consumption, a larger resistor okg70i s pl aced i n series

side of the voltage to be measured. The power consumption of two voltage sensors is reduced to

0.67 mW, assuming that the measured voltages are both 13
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(a) (b)
Figure 2-3 DC 0-25V voltage sensor. (a) Real image. (b) Working diagram.

2.3.3.2Current Sensor
Based on Hall effect, ACS712 is a precise current sensor features low cost and easy
implementation in both industrial and commercial applications. Figuté) is the image of

ACS712 current sensor with 20 A range. The connection schematic is illustrated in Figure

4(b). Pin 1 and pin 2 are the positive side of measured current, while pin 3 and pin 4 are the
negative side. Vcc with the typical value of §.Gre connected with pin 8, and GND is attached

to pin 5. Pin 7 stands fautput {/out) signal and should be hooked up with analog pin of the
microcontroller. For ESP32 of which the nominal voltage is\3.8he Vcc and the ground pin of
ACS712 sensor should be connected with\6and ground of an external voltage source. Since

the Vcc pin of current sensor is attached to one of ESP32 pins, the ground of that external
voltage source should also be connected with the ground of ESP32. When connecting Vout of
ACS712 to ESP32 analog pin, a voltage divider should be used to prevent the ESP32 from taking

a voltage more than 3\3.
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Figure 2-4 ACS71220A Current Sensor. (a) Real image. (b) Connection schematic.

Classified by the optimized current, there are three types of ACS712 sensor with ramdes of
a 20 A, ande 30 A. The supply voltage to ACS712 series is all,with a fluctuation ok 0.5

V. Different types of ACS712 current sensmvedifferent voltagecurrent sensitivity, ranging

from 185 mV/A to 66 mV/A, with small fluctuations. Peak to peak noise should also be
considered while measuring the current with ACS712 series. Peblests the properties of the

three kinds of current sensors in detail. To reduce the power consumption, an IRF510 MOSFET
is placed between the current sensor and the common ground of external voltage and MCU
supply voltage. GND pin of the current sensor is connected with Drain pin of MOSFET. Source
pin of MOSFET is connected with GND. Gate pin of MOSFET is connected with MCU control
pin. When the current is not being measured, the MOSFET is put-wffaggion so that the
integrated circuits of the current sensor are not powered. Theussdht consumption of one
working current sensor is 64.35 mW since the working current& X8A by testing results. By
cutting off the current sensors 25 seconds every 30 seconds, two current sensors 2hrthime

mW on average.
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Table2-3 Comparison of three types of ACS712 current sensors with different ranges.

Supply Voltage (V) Sensitivity (mV/A)
Optimized Current Noise (mV),
Part Number Range (A) peak to peak
Minimum  Typical Maximum  Minimum Typical Maximum
ACS712ELCTRO5B-T 5 180 185 190 21
ACS712ELCTR20A-T 20 45 5 5.5 96 100 104 11
ACS712ELCTR30A-T 30 64 66 68 7

2.3.3.3SD Card Transflash Breakout

Figure 2-5 illustratesthe connection diagram between Sparkfun® microSD Transflash Breakout
and FireBeetle 2 ESB. Compatible with SPI protocol, six pins of the breakout are attached with
their counterparts on the microcontrollers. DO on the breakout board correspoiidstés

Input Slave OutputMISO) pin (GPIO 19) of the microcontroller; DI is related Master Out

Slave Input KIOSI) pin (GPIO 23). VCC pin is with 3.3V pin of FireBeetle 2 ESH32GND

pin is with GND pin of the microcontroller board. SCK pin connects to SCK pin (GPIO 18) of
the development board. Finally, it is worth noting thwtthe tryanderror methodthe CS data
selection pin should be bridged with D7 (GPIO 13) of the FireBeetle 2 board, even though the

DFROBOT tutorial website claims D6 is the right choice.
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Figure 2-5 SD card transflash breakout connection diagram with FireBeetle 2 E&EP32

2.4 Low Power Techniques

The power consumption of a data logger consists of gbwer consumption of the
microcontroller and the peripherals. In most cases, most of the power consumption is from the
microprocessor that is on the microcontroller board. Early microprocessors are made of pMOS or
nMOS logic gates, while nowadays CMOS gates become the primary method of building
microprocessors since they overcame the scaling challenge and reduced the size of3dgvices
For microcontrollers made of CMOS circuits, static and dynamic are the two types of power
consumptions. Static power consumption is significantly less than its dynamic counterpart,
therefore only dynamic power consumption is discussed in this section. Accordsy itas

expressed as
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p=CV*f @)
whereC, Vv, f is the total capacitance, supply voltage, and operating frequency. Since the
capacitance is hard to change after fabrication, varied voltage and fregueimwestigated in

the following subsections.

2.4.1 Impact of Voltage

From Equation 1, theower consumption is proportional to the supply voltage squared, which
suggests the supply voltage has significant impact on the power dissipation. To gain a basic
understanding of the effect of reduced voltage, DC power supph38B is used to provide
regulated voltage ranging from 2\2 to 3.3V to Firebeetle 2 ESP3R. It is achieved by
providing V+ and Ground from AB300 to 3.3V and ground pins in FireBeetle 2 ESPB2A

LED blink program from Arduino IDE buHin library is uploaded to test its power consumption

at different levels of voltage.
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Figure 2-6 FireBeetle 2 ESP3E current and power consumption at different levels of voltages,

with a LED blink program running on the board.

Figure 2-6 demonstrates that power consumption deceaagh lower voltage, while it does not

follow the relationship stated in Equation 1 but in a linear way. The reatuatiisis tested with

a complete board including Tensilica LX6 duaicore processor and onboard peripherals.
Besides, when supply voltage drops below ¥,6a sudden decrease of current and power
consumption is observed. The possible explanation is that some components such as RF module
cease to work, leading to amrealisticpower saving since the system stability is compromised.

For battery powered data logger, a suitable battery will extend the replacement period

significantly.
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2.4.2 Impact of Frequency

According to Equation 1, the CPU frequency lisearly proportional to thetotal power
consumption. To test the impact of FireBeetle 2 ESP3@perating frequency on power
consumption, a program saving variables to the flash memory is uploaded and the current
consumption is measured at different CPU frequencies which is shown in Biguidjusting

CPU frequency can be achieved by calling setCpuFrequencyMhz function. The supply voltage is

fixed at 5 volts.

Current Consumption with varied CPU frequency
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Figure 2-7 FireBeetle 2 ESP3E current consumption at different levels of CPU frequencies,

with a saving event program running on the board.
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From Figure2-7, with the increasing of CPU frequency at fixed supply voltage, the current and
power consumptiogrow linearly, while a change of slope rate is observed across the figure. It is
mostly in alignment with Equation 1 that power consumption is proportional to the switching
frequency. The time of finishing one saving event is the charge consumption divided by current
consumption, which remains nearly the same for all CPU frequencies. According to Figure

it can be concluded that when the data logger is executing saving event task, CPU frequency

should be set to the minimum values, which is 10 MHz.

For other tasks more complicated than saving in flash memory, CPU frequency setting should be
cautious. Since the communication protocol between SD card transflash breakout and the mi
crocontroller is SPI, higher CPU frequency will accelerate the data transmission process and
reduce the overall power and energy consumaer Thus, if executing other tasks such as

communication with SD card or local web server, CPU frequency should be set to a value

enabling the system to function first, instead of considering saving power consumption.

2.4.3 Power Saving Modes of ESP32 and th&pplications

This section introduces different kinds of power saving modes of ESP32. Furthermore, their
applications are also explained.

2.4.3.1 Power Saving Modes withFurther Power Saving Options

Different power saving modes are designed to save power consumption and extend the battery
lifespan. Active mode is the default operation mode when all the ESP 32 components are running.
This is the least energy efficient operation mode, while it is necessary siAEeisMieeded to

connect to the Internet. Minor power saving options can still be applied to active mode to further
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reduce the power consumption, such as reducing CPU frequency and changing RF operation
mode. In modem sleep mode, Bluetooth, radio, and~Mdire disabled. CPU clock frequency is
configurable, resulting in different current/power consumption accordingly. The next operation
mode is light sleep mode. The only difference it has with modem sleep is the CPU, most of RAM,
and the digital peripherals are clegited, with supply voltage also reduced. Considering
frequent connection with the Internet is not required, modem sleep mode and light sleep mode
would not be used in thisection Deep sleep mode and hibernation mode are switched to when
ESP32 is idle. In deep sleep mode, the only active parts are RTC memories and RTC controller,
with the ULP coprocessor in some cases. Hibernation mode disables most of the ESP32
components except for the RTC timer and part of the RTC GPIOs. Zabld#lustrates the

power modes with their active components and corresponding current consumptions.

Table2-4 ESP32 power modes with their active components and corresponding current

consumptions.

Power Modes Active Current

Components Consumption
ESP 32 core, ULP coprocessor,
Active RTC, peripherals, Bluetooth, 95-240 mA
Radio, WiFi

ESP 32 core, ULP coprocessor, 2-4 mA @ 2 MHz

Modem Sleep . 20~25 mA @ 80 MHz
RTC, peripherals 30~50 mA @ 240 MHz
. ULP coprocessor, N
Light Sleep RTC, peripherals 0.8 mA
ULP coprocessor, RTC 150
Deep Sleep pRTC 10 J‘f‘
Hibernation RTC (timer, part of RTC GPIOs) 5 1A

To exit the power saving modes, walkg sources are mandatory. Options of wagesources

are briefly introduced here. A builh timer in the RTC controller can wake up the chip after a
pre-defined amount of time. Touchpad in the RTC 10 of RTC peripherals will trigger wakeup
when a touch sensor interrupt occurs. Single or multiple RTC GPIOs of RTC peripherals can be
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chosen as external wak@ sources, when one or all the RTC GPIOs reach the predefined logic
level depending on the configuration. RTC GPIOs are indicated as green blocks inZure
External wakeup source of single RTC GPIO is controlled by RTC IO, and external source of
multiple RTC GPIOs are controlled by RTC controller. Non RTC GPIOs can be configured as
wakeup source, while which is only supported by ligldep mode. The last while not least
wakeup source is the ULP coprocessor in RTC peripherals, which can be programmed to wake
up the ESP32 when specific events are detected to occur. Carefuupakerce configuration

can help to reduce power consumption even further. Different-walsources are controlled by
different parts of RTC module. The inactive part of RTC module can be powered off to save
energy. For example, RTC 10 and RTC peripherals can be disabled when the timer is configured
as the only wakep source. Wakep sources, short descriptions, and active parts are listed in

Table2-5.

Table2-5 Wakeup sources and their active parts.

Wake-up Sources Wake-up Description Parts to Power ON
Timer After predefined time RTC controller
Touch Pad After touching a pin RTC 10
External O After toggling a pin RTC 10
After toggling multiple
External 1 RTC controller
pins
ULP coprocessor Per program uploaded ULP coprocessor

The second powesaving option is to either power down the flash entirely, or just pull up flash

CS pin in light sleep. The former one is not recommended bylEERrogramming guide since
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the wakeup time for flash is unpredictable and flash may not be working properly. Instead,
pulling up the CS pin of flash makes the flash be in-s®lacted state, to avoid a large current
leakage. The final option is to isolate 10s in dekgep mode. Some pins might be pulled up
externally and pulled down internally at the same time, creating a current path from high voltage

to the ground through pullp and pulldown resistors, thus adding to total current consumption.

24.32 Local Data Storage

In several research papéss-44], the SD card is chosen as the data storage solution. Though the
SD card offers large storage capacity up to tens of gigabytes, the current consumption when the
SD card is active can be as high as 100 mA, which impedes the reduction of the data logger
power consumption. To optimize the overall power consumption, an effective way is to reduce
the frequency at which the data is transferred to the SD card by utilizing the internal flash
memory of ESP32 due to the low current consumption. Instead of storing the collected variables
into the SD card after each batch, flash memory serves as the data byff@rthie authors took
advantage of the internal SRAM of the Atmega328P to store variables to reduce the power
consumption. Only after exceeding a certain length will the data saved in SRAM be transferred
to the SD card. Authors @#0] set the threshold length as six sampling cycles without stating the
reason. However, SRAM is volatile and thus cannot guarantee the integrity of saved data. Flash
memory is used in thisection considering the relatively low current consumption and the non

volatile nature that ensures data integrity even without the supply power.

Table 2-6 evaluates the current consumption and lasting period when saving events happens in
SD card and the ESP32 flash memory. Measured data points are from Power Profil¢4sKit

which is developed by Nordic Semiconductor®. Different operations including initialization,
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read, and write will result in different levels of current consumption and the overall electrical
discharge. For writing operation in SD card and the flash, the total electric discharge is 8.38 mC
and 0.421 mC, where the former is nearly as 20 times as the latter. Frequent data storage in SD
card should thus be avoided, of which the alternative solution is to buffer the sensor readings in
the flash memory. One of the easiest methods to achieve data storage in the flash memory is to
facilitate the Preference library. Functions are preferences.putULong() and

preferences.getULong() to write and read the variable to/from the flash.

The strategy for determining the appropriate time interval for data transfer from flash memory to
the SD card requires careful consideration. The longer this interval, the less frequent the transfer
process, resulting in lower power consumption. A seemingly straightforward approach is to
maximize data storage until the flash memory reaches its capacitg], Ithe buffering event is
triggered only after the EEprom is filled. However, this method risks data overflow in the flash
memory unless meticulously managed. Moreover, incorporating additional sensors into the data
logger in the future might necessitate extensive programming modifications, adding to time
consumption. There is also an increased risk of data loss in the event of system malfunction or
failure. Therefore, it is crucial to find a balance between power consumption and data security
when selecting the data transfer interval. Given that the data sampling interval in this study is set
at 30 seconds, mirroring the approach[im], it is reasonable to establish the data transfer
interval at 120 cycles, equivalent to one hour. This duration strikes a practical balance, ensuring
efficient power usage while minimizing the risk of data loss and accommodating future system

enhancements without significant programming alterations.
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Table2-6 Current and charge consumption comparison between SD card and the flash memory.

Current
Memory Operation Consumption  Period (ms) Discharge (mC)
(mA)
Initialization 65.49 4620 302.4
SD carc Read 62.10 8.34 0516
Write 58.15 144.1 8.38
Read 38.84 13.05 0.507
Flash
Write 41.64 10.11 0.421

2.4.3.3 Remote Monitoring

To grant access to remote monitoring, wireless communication must be built between the data
logger and the SCADA supervisory computers:FVas the wireless connectivity technology in

this sectionhas its unique advantages. To begin with, automatic time synchronization in logged
data is suggested by IEC61724, which can be provided by Internet connection threkgh Wi
Also, the WiFi module is integrated in ESP32 requiring no extra components to build the
connection. Bluetooth technology also features the above characteristics, while the maximum
range and bandwidth is 50 m and 24 Mbps, which are quite limited compared to 300 m and 250

Mbps (802.11n protocol) for \ARi.

Building the WiFi connection is highly simplified in Arduino core with high level APIs. After
including WiFi.h library and providing ssid/password, WiFi.begin() function will try to connect
to the access point specified by the ssid/password pair. However, this function returns before the

connection is really built, which usually takes seconds. One extra verification step is required
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after WiFi.begin() to make sure the following codes which are dependent on the successful
connection can execute as expected. WiFi.status() function is able to check the connection status.
When the returned value is WL_CONNECTED, the rest of the codes can safely proceed. The
measured current and electric charge consumption is measured and depicted i2-Bigure
During the period of trying to connect to the access point, the average current and time required
is 117.27 mA and 3.636 s. After the connection is built, the average current consumption is 80.99

maA.

An effective method to reduce the power consumption orFMGonnection is to turn off
unactive parts of ESP32. Deep sleep suits this scenario since everything except for RTC module
and ULP coprocessor are powered off. While this method seems effective, one of the biggest
challenges is the uncertainty of the time needed to build th&iWonnection. Due to the
impacts of physical distance between ESP32 and th&i\&tcess point, and the transmission
traffic caused by using certain channels, receivedrVgignal strength will vary which results in
variance of connection time. A sketch is composed and uploaded to make ESP32 follow a
routine that after it connects to assigned access point, delay it for two seconds, and ge to deep
sleep mode for five seconds. Tallg below records eight experiments of the time required to
connect to the access point under identical conditions. They are also recorded using Power

Profiler Kit Il.
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Building WiFi
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Figure 2-8 Current consumption during WAi connection.

Table2-7 Average time and current for building Wi connection.

QuantityCount 1 2 3 4 5 6 7 8 Average

Time required to

build connection 5.236 7.049 4.047 7.049 12.04 9.078 7.049 9.051 7.575

()

Current during
building

117.26 119.65 114.92 119.50 119.85 117.57 119.58 117.79 118.27
connection

(mA)

Current after
connection is 61.46 60.56 60.83 61.94 6053 61.26 61.17 64.27 6150

built (mA)
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Current during
13% 13 135 13 135 135 135 135 1.35
deep sleep (mA)

To find the shortest Wi connection interval in terms of power saving when the power saving
mode is deployed, a simple equation can be proposed to calculate. Suppose there are two
scenarios for power consumption comparison: the first one (left side of Equation 2) is-Eie Wi
connection remains ON all the time with a relatively lower current consumption of 61.50 mA for

T seconds; the second scenario (right side of Equation 2) is to build e &@hnection at

118.27 mA current for 7.575 seconds, then to consume 1.35 mATf@I575) seconds
representing the deep sleep mode whenFWconnection is turned OFF. The marginal
monitoring interval would make the electrical discharge identical for both scenarios, which is as

Equation 2.

T3 61.5mA =7.575s 311827 mA#¥( -7.575s)1335 mA
T=14.717 s

(2)
We can conclude that for any monitoring interval that is longer than 14.717 seconds, switching
to deepsleep mode after successful Wi transmission is a better choice in terms of power

saving.

Frequent activation of Wi connectivity can lead to extended connection attempts due to
fluctuations in radio signal strength, resulting in considerable power consumption. Assuming an
equal likelihood of prolonged connection times in two identical scenarios, with the only
difference being the frequency of Wi connection attempts, the scenario with more frequent
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Wi-Fi attempts will inevitably lead to longer connection times and thus higher power usage.
Table2-8 illustrates the relationship between-Hiconnection intervals and the average current

at a supply voltage of 3500 mV. It shows that with longerRNconnection intervals, the
average current increases. However, identifying the optimaFiWWonnection interval isn't
solely based on the average current; the monitoring times is also a critical factor. Ideally, a
higher number of monitoring times, which corresponds to the shortest monitoring interval,
coupled with lower average current consumption is preferable. Therefore, the b&st Wi
connection interval is indicated by the largest ratio of monitoring times to average current. As
presented in Tabl2-8, the highest ratio of 2.86 is observed at thes&®&nd interval. Based on

this data, the monitoring event in this study is set to occur every 45 seconds, balancing efficient

power use with effective system monitoring.

Table2-8 The ratio of monitoring times to average current at differenfF\\ionnection intervals.

Wi-Fi connection interval (s) 10 30 45 60
Monitoring times within  60C

60 20 13.33 10
seconds
Average current (mA) 23.6 7.34 4.66 4.02
Monitoring times/ average current 2.54 2.72 2.86 2.49

A timeout mechanism should also be added into the sketch to prevent the battery is drained by
restlessly trying to connect to WA. Due to network issues the Wi will be down for from a
few minutes to a few hours, leading to dramatic power loss of the battery. The timeout

mechanism adopted in thsectionis simple: if it spends more than 45 seconds or any user
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defined time period on Wi connection which suggests potential network or the data logger

problems, further tries on \ARi connection is suspendedtil human investigation is finished.

2.5 System Design

This section introduces the system design, including the algorithm flowchart and the system

hardware assembly.
2.5.1 Algorithm Flowchart

The entire code used in thgectionis developed with C++ language in Arduino IDE 2.2.1
version. Figure2-9 presents the program flowchart. The program sets the data logger in deep
sleep power saving mode most of the time, and intermittently wakes it up to process tasks of data
saving and displaying. One dward LED is utilized to indicate the @oing data logging
process. Two interactive buttons are in this system to enable human intervention: one added slide
button is to control the start or stop of data logging, one push button from the microcontroller
board is to restart the program if an unexpected error occurs during running. The slide button is
on active low mode when data logging is enabled to reduce the power consumption by high side
resistor, since most of the time the data logger should be ready to log sensor readings.

During initialization, libraries such as Preference.h, SD.h and WiFi.h are included to provide
high-level functions and data structures to facilitate easy programming. Intervals including
sensor sampling (36) and remote monitoring (49 are defined in setup stage. Also, in this
stage pins for SPI connection with SD card and for collecting sensor readings are specified. Wi

Fi credentials are provided to ensure a successful connection.
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After the setup, the microcontroller is programmed into édepp mode to minimize power
consumption. Only RTC modules are powered on to wake up the microcontroller every 30
seconds. After 30 seconds since initialization, it is activated again to collect sensor readings, and
buffer them into the flash memory of ESP32. Multiple data types can be candidates for the data
logger applications, an unsigned long integer variable is chosen setttisnsince the size of it

is 4 bytes compared to 8 bytes of a float variable. More sensor readings can be stored in the form
of uint32_t without compromising the data precision and with an upper limit large enough to
record sensor readings. After choosing ULong as the data type in preference.h, function
putULong will save values in the flash memory. The data structure of preference.h is key/value
pair, thus the statemeptr ef er ences. put UL o n gs(afle/to save avauesliro , Vo
the flash. Also, the local time obtained from ntpServer will be saved according to the suggestion
of IEC 617241:2021 Standard (Photovoltaic system performaneart 1: Monitoring). If the

flash memory is full and cannot buffer any new sensor readings, the data transfer process from
flash to SD card will be initiated. Statememtr e f er ences . get Ulwdl firgt( A Vol t
retrieve the stored values from flash, and write the values into SD card after the SPI connection
is checked to be successful. Saving event to SD card can be achiewsapdndFile(SD,

A/ Vol tagel. txt o, S, twhich nagpends thet latestesiénsar ceadingsrtdq the ;
existing file. Deegsleep mode will be switched to if the displaying interval is not reached yet.
Displaying sensor data in web server is for 4teme monitoring of the solar system status, to

help technicians to identify faults in the early stage and ensure the system functionality and
security. The first step is to connect to -Wi access point. After WiFi.status() becomes
WL_CONNECTED which suggests the successful connection between ESP32 and the access

point, configTime(gmtOffset, daylightOffset, ntpSenfesm library time.h will output local time
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(GMT -2:30, Newfoundland Daylight Saving Time) to be saved along with sensor data.

Followingis the customization of HTML web page that is displayed by entering local IP address.

Initialization

1 Define interval for sampling of
sensor readings (30s) and
monitoring (45s)

1 Save WFi SSID and password

1 Define pins for sensors and SD

card connection

Deep Sleep

9 Set 30s as wakeup period

1 Enable timer wakeup

1 Only RTC module is powered
on

No

Reach interval for
sampling of sensor
readings?

Yes

Buffering in Flash

9 Declare and begin Preference
object

1 Use putULong function to save
sensor readings and local time
in flash memory

1 Close Preference object

@
Data Logging ON

[=]

Reset

Reach data transfe
interval (1h) ?

Yes

Transfer from
Flash to SD card

9 Use getULong function to
retrieve sensor readings from
flash memory

9 Check hardware connection
by function SD.begin()

1 Write to SD card by function

appendFile()

Reach interval for
remote monitoring?

No Deep Sleep

Yes

Display in Web Server

Connect to WFi access point
Connect to ntpServer to get local time
Customize HTML web page, including
sensor readings

Send HTTP response

Close Wi connection

l

Deep Sleep

Figure 2-9 The flowchart of developed power saving algorithm.
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2.5.2 System Hardware Assembly

The standalone PV system includes pahels, one MPPT controller, backup batteries, and an
LED lamp. The data logger to monitor the standalone PV system consists of one microcontroller,
two voltage sensors, two current sensors, and one SD card. According to Zfabline
maximum number of analog pins is 13. Considering four analog pins are necessary for four
sensors to monitor one set of a PV panel and its corresponding backup battery, three sets of PV
panels andbatteries can be monitored by one single FireBeetle 2 EEP3&crocontroller
theoretically. The maximum discharge current is 600 mA, which sudfbicesto power the
sensors. By measuring more sets of PV panels and batteries, the unit cost can be reduced largely.
In this sectiononly one set is monitored, due to the limitation of DATAQ®-IA5 to be
introduced, which serves as the control group to verify the accuracy of the data logger developed
in this section DI-145 has only four analog input channels, which cannot verify the results of

three sets of PV panels and batteries.

To complete a control group of the experiments and to measure the overall power consumption
of developed data logger in thsection DATAQ® DI-145 and Power Profiler Kit 1l from
Nordic Semiconductor® are added in the system hardware, respectively. DATAQ&5BD$ a

data acquisition device with USB connectivity. With falwannel analog inputs that can
measure #10 volts and twohannel digital inputs which can measure 30 volts;1Bb is
capable of being the data logger for the PV system irstigon Reattime display can also be
achieved by the included softwaWinDaq with USB cable. The only modification is the
division of voltages to be measured since the PV panel voltage and the backup battery voltage
are usually around 13 volts, larger than the upper limit oft44. Nordic Semiconductor®

Power Profiler Kit Il serves as a configurable voltage source ranging from 800 mV to 5.0 V for
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power source. With USB communication and the applicatieR Connect for Desktof?ower

Profiler Kit Il records the current consumption down to near 200 nA with a high resolution of
200 nA. The maximum measurable current of Power Profiler Kit Il is 1 A. Featuring 8 digital
pins for accurate tracking, several events can be easily labeled as they commence and terminate.
For low-power consumption scenarios including {pawer microcontroller development, Power

Profiler Kit Il is quite suitable for precise current and power measurements.

Figure 2-10 presents the final setup for the experiment. Two voltage sensors are connected in
parallel to the PV panel and the battery to measure the voltages, while two current sensors are in
series with the PV panel and the battery to measure the currents. Minor modifications are made
to let D145 log sensor data correctly. Channel 1 and Channel 2-dfBDhre allocated to log
voltages. Since the maximum measurable voltage is 10 volts, two 1k Ohms resistors should be
placed between the VCC and ground of PV panel and battery each to enddf® dain function

properly when channel 1+ and 2+ are connected at the middle of the resistors respectively. For
current logging shunt resistors are used where Channel 3 and Channel 4 are connected. Power
Profiler Kit Il does not need such modifications. One side of it is connected to a personal
computer to enable current waveform displaying and logging, and the other side is to provide

power to the microcontroller by connecting to VCC pin and ground pin of the microcontroller.

77



'

Figure 2-10 Experiment test setup.

2.6 Experimental Validation

This section introducethe datalogging resultscompaed with those of DATAQ DI-145 the

power consumption cost, and the remote monitoring and costs for the developed data logger.

2.6.1 Datalogging Results Comparison with DATAQ DF145

Figure 2-11 and2-12 are the monitoring results by DATAQ @45 over 24 hours, where
voltages of PV panel and the battery, currents of PV panel and the battery, are collected once
every second. At 01:30, a 12 V 8.5 W LED lamp is turned on as the electrical load added into the
system. The battery voltage drops immediately from around 13 volts to about 11.7 volts. The

battery current becomes negative meaning it is supplying current to the LED lamp. Until 07:00,
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the PV panel voltage remains near zero due to inadequacy of solar radiation. The battery voltage
also remains at a low level. After 07:00, the PV panel voltage increases rapidly, while the battery
voltage delays around 40 minutes to increase since the PV panel voltage needs to be larger than
the battery voltage to achieve charging process. The PV panel current and the battery current
increases at the same rate, while the former is always 0.7 A larger than the latter since the PV
panel is charging the battery and powering the load. At 13:30, the LED lamp is turned off. PV
panel voltage rises for around 4 volts, and the battery voltage declines instantly. The battery
current is also near zero. After 18:00, the voltage of PV panel starts to decline; the voltage of

battery also follows the same pattern.

Recordings of voltage and current sensor readings by the low power data logger developed in
this sectionare revealed in Figur@-13 and2-14. The datalogging event happens every 30
seconds. Over the monitored period, the voltages and currents of PV panel and the battery
demonstrates a good fitting with the results by1®5. This comparison manifests that the

developed low power data logger in teectionis well-functioning during this experiment.
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Voltages Over Time by DI-145
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Figure 2-11 Voltage logging scatter plot over 24 hours by I5.
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Figure 2-12 Current logging scatter plot over 24 hours by-D45.

80



Voltages Over Time by Developed Low-Power Datalogger
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Figure 2-13 Voltage scatter plot over 24 hours using the developeeptmmer data logger.
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Figure 2-14 Current scatter plot over 24 hours using the developeddower data logger.
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2.6.2 Power Consumption Result

In this section the detailed power consumption during one complete period is explained and
measured. Considering the impact from supply voltage and operating frequency on power
consumption discussed in Section 3.1 and 3.2, 3500 mV is the supply voltage. Any supply
voltage below 3500 mV will result in the failure to initiate -¥li connection. However, real
battery voltage decreases along with the discharge progress, thus 3500 mV cannot be maintained.
This may vary the final power consumption obtained by assuming the supply voltage is constant.
10 MHz as the CPU frequency during events that sensor readings are saved into the flash
memory and 240 MHz for the remaining of the time are chosen as the operating frequencies.
Voltage that is below 3500 mV, such as 3300 mV, is not sufficient to power SD card transflash
breakout, thus is not suitable as a power saving method isetttion Voltages larger than 3500

mV can finish each task precisely, while a larger power consumption is also observed. For the
choice of CPU frequency, it is more flexible than supply voltage since the CPU frequency can be
adjusted according to the specific task to be executed. Before the execution of saving sensor
readings to flash memory, a minimum frequency (10 MHz) would be switched to for
minimization of power consumption. However, the other tasks (remote monitoring and saving
flash memory contents to SD card) require maximum CPU frequency. Otherwise, the
microcontroller would not be capable of accomplishing the datalogging in terms of the high

system latency by low CPU frequency.

Figure2-15 demonstrates the complete progress of the datalogging. Flash memory saving events
happen every 30 seconds, costing 60.8 mC. Every 45 seconds, sensor readings are displayed on
the local web server, with the charge consumption of 1.17 C. Data transferring from the flash

memory to the SD card occurs every 1 hour at the expense of 2.63 C. Combining the three types
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of tasks together, 28.76 mA is the average current consumption and 100.66 mW is the average
power consumption of the developed low power data logger excluding the sensors. Taking
sensors into consideration, the average power consumpti@2 ig8mW. As a comparison, the

power consumption of D145, which does not have ability to remotely display collected sensor

readings, is 0.30 watts, according to the datagh#et

@D LOCK Y-AXIS 00ms 1s 10s Tmin 10min LIVEVEW @D

Remote Monitoring Saving to SD card

w Saving to Saving to
flash memory  flash memory

Saving to
flash memory

Figure 2-15 Current consumption including all scenarios of the data logger tasks.

2.6.3 Remote Monitoring and Costs for the developed data logger

The mAdlevel current consumption of developed low power data logger is mainly due to the
need for remote monitoring, which allows users to access system parameters in real time. The
interface is illustrated in Figura-16, showing the redlme display on Nov.19. The PV panel
voltage, PV panel current, battery voltage, and battery current can be viewed via the web page
with renewing frequency of 1/45 Hz. This web servemuld be accessed by entering

192.168.137.245 in the brows#uiring theexperiment, whilano longeraccessibleurrently.
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Low-cost is one of the principal features of the developed PV system data logger2-Ddlsts
the prices of all components of the data logger including sensors. The total price is C$ 55.05,
which is budgefriendly and beneficial for laboratories to research and conduct experiments in

related fields.

192.168.137.245 B +

<« e AN re | 192.168.137.245

MUN ECE PV SYSTEM DATA LOGGER: REAL-TIME DISPLAY

Time PV Panel PV Panel Battery Battery
Voltage (V) Current (A) | Voltage (V) | Current (A)
11:38:27 19.01 1.93 15.44 1.40
11:39:12) 18.99 1.97 15.44 1.43
11:39:57 19.01 1.94 15.46 1.43
11:40:42 19.01 1.92 15.50 1.42
11:41:27 18.99 1.94 15.44 1.42
11:42:12) 18.94 2.01 15.36 1.43
11:42:57 18.90 2.08 15.33 1.45
11:43:42 18.91 2.05 15.40 1.47
11:44:27 18.91 | 2.04 15.39 1.46
11:45:12 18.89 2.05 15.37 1.45
11:45:57]  19.00 | 1.90 15.43 1.38
11:46:42 18.97 1.94 15.45 1.41

Figure 2-16 Web page showing electrical parameters of monitored PV system.

Table2-9 Budget for the developed lgpower and lowcost data logger.

Components Price [C$]
FireBeetle 2 ESP3E 10.70
2 HilLetgo voltage detection module D6V 9.99
2 ACS712 Hall effect current sensor module 5/ 12.58
SanDisk 32GB Ultra SDHC UH8SMemory Card 11.90
SparkFun® MicroSD transflash breakout 7.88
Miscellaneous parts (wires, resistors, one slide bt 2.00
Total 55.05
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2.7 Conclusion

This chapterintroduces an 0T data logger specifically designed for PV system monitoring,
characterized by its low power consumption and affordability. The PV system under study
includes a single PV panel, a charging controller, and a backup battery. The primary focus is on
monitoring the voltages and currents of both the PV panel and the battery. To achieve this, a
comprehensive sensor network consisting of two voltage sensors and two current sensors is
employed. The data gathered are not only stored on an SD card but are also dynamically
displayed on a web server. The FireBeetle 2 ESP3aicrocontroller was selected for
processing sensor data, primarily due to its efficient power usage irsldegpmode. Several
low-power strategies are implemented in this study. Firstly, following the power consumption
formula for CMOS circuits, a reduction in supply voltage and CPU frequency is shown to
significantly lower power consumption. For optimal functionality, a supply voltage of 3500 mV
and an aut@adjusted CPU frequency are chosen. During flash memory save events, operating at
a minimum CPU frequency of 10 MHz efficiently reduces power consumption by 60%
compared to the maximum frequency. Then, the microcontroller'ssliegp mode is activated

to deactivate nomssential components during periods of inactivity. Additionally, a data
buffering mechanism is in place, where sensor readings are initially stored in the
microcontroller's flash memory and transferred to the SD card every one hour. This approach is
taken because writing to the SD card requires significantly more power than storing data in flash
memory. Choosing one hour as the transferring interval is based on a practical balance ensuring
efficient power usage, minimization of risk of data loss, and accommodating future system
enhancements. Another consideration is the variability i-Wgonnection frequencies. Thus, a

critical data display interval of 14.717 seconds is established by finding the threshold value to
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make the two scenari osoO power consumpti on
threshold, the deegleep mode is not utilized to optimize power efficiency. Monitoring events
happens every 45 seconds to balance efficient power use with the shortest possible system
monitoring interval. Finally, the total power consumption of the developed data logger is 122.78
mW on average. A comparative analysis with the commercial data loggetSDValidates the
functionality of this novel system. The correlation of the collected sensor data with practical
observations confirms the efficacy of this lpower PV system data logger. The overall cost of

the system is a modest C$ 55.05, making it accessible to most research groups. For future
suggestions and the limitation, while this study demonstrates the monitoring of one PV panel and
one battery with a single microcontroller, the system is scalable to monitor up to three PV panels
and batteries simultaneously, potentially reducing theupércost. Also, the power consumption
obtained in thisectionis by assuming that the supply voltage keeps constant at 3500 mV, while

the battery voltage decreases over time in practical applications.
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Chapter 3.A Novel Design of a Low-cost SCADA
System for Monitoring Standalone Photovoltaic
Systems

3.1 Introduction

Increasednstallation capacity of photovoltaic (PV) systems worldwide in the last two decades
suggests that a highgreen energy harvest from the Sun has been achieved. In 2000, cumulative
installed solar PV capacity worldwide is 1,288 MW, while this number in 2022 was 1,177,000
MW [48]. The energy production performance of PV systems does degrade naturally with time;
but any system faults should be detected and alarmed in time. Monitoring the performance of PV
systems is thus crucial, since human intervention at an early stage can prevent serious damage

from occurring.

Supervisory control and data acquisition (SCADA) is an industrial concept that helps to monitor
and control industrial processes remotely, integrating hardware and software components to store
and analyze redlme datg49]. Typically, SCADA system comprises of several components: one
master terminal unit (MTU) to manage and monitor the other components in the SCADA
network, remote terminal units (RTUs) to gather field information or control field devices,
humanmachine interface (HMI) to allow operators to view system parameters intuitively,
sensors and actuators to collect information and execute physical actions, data historian to store
historical data and display trends, and communication network to transfer data between MTU

and RTUs.
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Applications of SCADA system in PV system monitoring have been researched in many papers.
Reference[7] investigated arinternet of Things 10T) based SCADA system for PV system
monitoring and control, featuring low cost and open source. {R&i2 programming tool was

used to present graphical interface that can be easily interactgd] time authors developed a
low-cost SCADA system to monitor a standalone PV system using Reliance SCADA software
and MODBUS RTU protocol. These findings provide insightful contributions to SCADA system

in PV system monitoring, however, none of them illustrate an HMI design that consumes low
power and displays historical data; none of them proposed a remote data storage solution that

supports large data storage without extra charge.

Predominantly, the research community developed different designs of SCADA systems for
monitoring PV systems. Tab&1 presents the comparison between related work.

Table3-1 Comparison of HMI designs and data storage solutions in the literature review.

HMI Design Data Storage
Reference | Customized| Website/
LCD Mobile App | SD Card Website
Web Server| Software
[41] a a a
[42] a a a
[51] a a
[43] a a
[44] a a
[52] a a a a
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For HMI designs, authors were using the customized web s@uv4s)], the thirdparty website

[42] or software43,52] and the LCD[41,42,52]to display the monitored parameters. A customized
web server was built to display monitored electrical parameters from a PV panel rated at 15 W
and environmental parametg#s]. The Arduino UNO WAFi Rev2 built the web server via the
embedded WFi chip. Every eight seconds, the HTML codes that corresponded to the web page
were generated by a program running on the Arduino board. However, this method can only
display a limited amount of data at a certain moment. The monitored parameters were also
displayed on a Liquid Crystal Display (LCD) LM041L module, while lacking the ability to show
the data trend. ThingSpeak is an open IoT platform that collects sensor data, shows the data in
charts, and provides various plugins and mobile applications. This platform was used to store and
display environmental and electrical parameters from a 30 W polycrystalline PV pasgl in
While ThingSpeak platform integrates multiple services and functions for 0T applications, only
eight channels of data were available for free to be transferred to the website. A 4X20 LCD with
I2C interface was connected to the Arduino UNO board to be turned on with each iteration to
display monitored results. Authors 6] proposed that the PV panel current and power was first
transferred from STM32 chip to Raspberry Pi 3 module via UART Tx/Rx interface. Then, the
data was forwarded to a cloud server by-FVmodule on Raspberry Pi 3 and displayed on an
Android app. For data visualization in an online monitoring system for PV panels, HTML
containing reatime data was created by Raspberry RiBB Then, the HTML page was sent to a

web server via WFi to display the monitored parameters. The HMI design by LabVIEW GUI
software enabled users to retrieve the performance data of the PV systamThe interface

could start data logging, check Bluetooth connection, and download logged data into the MTU.
However, no data trend could be observed in this works2inthe monitored parameters were

displayed on an Andriod app, ThingSpeak platform, and an LCD. Each Bluetooth message
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comprised of values of parameters and fixed

data could be seen from the mobile app and the LCD.

For data storage solutions, the SD card was massively adopted by the previougwpig43]

[44]. ThingSpeak is another popular choice for remote data stqeges2]). Nevertheless, data
stored in the SD card are difficult to retrieve, especially when the standalone PV system locates
in remote areas. Although ThingSpeak provides limited free service for messages under 3

million/year, only eight channels are available to upload the monitored variables.

In this chapter a novel design of HMI using a free Bluetooth Low Energy (BLE) mobile app to
display monitored PV system parameters in live plot, and a new method of data storage using a
website to massively and freely store the historical data are profisgpter3.2 introduces the
materials and methods required to implement the experimental €dtapter3.3 presents the
experiment results, whil€hapter3.4 justifies the effectiveness of the proposed desijrapter

3.5 concludes theection Co-authorship statement compriselsapter3.6.

3.2 Materials and Methods

For hardware components, an Arduino® UNO R4PRVdevelopment board functioned as the
RTU, an INA3221 module served as the voltage and current sensor. Software components
comprised an Android application BlueTooth Terminal eDebugger as the HMI, a website
PVOutput.org as the remote data historian. Sectior2 2. lintroduces hardware and software

components used in thégction and Section 2.5 presents the experiment method.
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3.2.1Arduino® UNO R4 Wi -Fi

With UNO form factor, Arduino® UNO R4 Wi maintains the same pinout as the classic UNO
Rev3. Projects can be transitioned from UNO Rev3 to UNO R&iVEifortlessly. The faster
clock than UNO Rev3 enhances its ability to handle complex project tasks. Furthermore,
developers can add wireless connectivity to the projects due to the £53R82dule, which
supports WAFi and Bluetooth. The larger flash and RAM capacity also guarantee larger data
storage and faster computational process. Taielists the technical specifications of UNO

Rev3 and UNO R4 Wii.

Table3-2 Comparison of technical specifications between Arduino® UNO RAi\aad
Arduino® UNO Rev3.

Arduino® UNO R4 WiFi | Arduino® UNO Rev3
SKU ABX00087 A000066
Renesas RA4M1
Microcontroller ATmega328P
(Arm® Cortex®M4)
Digital 110
14 14
Pins
Analog Input
6 6
Pins
Operating 5
5
Voltage (V) (3.3, for ESP353)
Input Voltage
6-24 7-12
)
DC Current per 8 20
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I/O Pin (mA)
Clock Speed 48
16
(MHz) (up to 240, for ESP333)
256 kB Flash, 32 kB Flash,
Memory
32 kB RAM 2 kB SRAM
Wi-Fi &
Bluetooth Yes No
connectivity
I’C Yes Yes

3.2.2INA3221 Voltage Monitor

Featuring threehannel and higlide, the INA3221 can monitor both voltage dragsoss the
shunt resistor and the bus supply voltage with2@hdr SMBUS compatible interface. The range

of sensed bus voltage varies from 0 V to 26 V, with a gain error of 0.25% at maximum. The
INA3221 is powered at a voltage from 2.7 V to 5.5 V, consuming typically 350 pA. Figilre

illustrates the schematic diagram of the INA3221 module.
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(0V1to26 V) Cavpass
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— : Timing Control (TC) O
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Figure 3-1INA3221 schematic diagram.

3.2.3BlueTooth Terminal eDebugger

Released in April 2023, BlueTootherminal eDebugger (BTeD}3] is a Bluetooth debugging

assistant application running on Android OS. BTeD supports both Bluetooth Classic and BLE

protocols, offering flexibility to Bluetooth developers. The technical specifications of Bluetooth

Classic and BLE are presented in Fig@8 [54]. With considerably less power consumption

down to 0.010.50 W, the BLE protocol has the edge over Bluetooth Classic in I0T projects

where the power consumption is one of the most crucial aspects. A highlighted function of BTeD

is to visually display the changes of data, by drawing the received data into a waveform diagram

in real time. Since the maximum number of displayed data points is fixed, the higher the received

data rate, the faster the plot scrolls.
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Specifications

Classic Bluetooth

Bluetooth Low Energy

Range

100 m

Greater than 100 m

Data rate

1-3 Mbps

125 kbitps — 1 Mbps — 2 Mbps

Application throughput

0.7-2.1 Mbps

0.27 Mbps

Active slaves

7

Not defined

Frequency

2.4 GHz

2.4 GHz

Security

56/128-bit

128-bit AES with
Counter Mode CBC-MAC

Adaptive fast frequency

24-bit CRC, 32-bit

Robustness hopping, FEC, fast ACK Message Integrity Check
Latency 100 ms 6 ms

Time Lag 100 ms 3 ms

Voice capable Yes No

Network topology Star Star

Power consumption 1'W 0.01 - 0.50 W

Peak current consumption

less than 30mA

less than 15mA

Figure 3-2 Comparison of technical specifications between Bluetooth Classic an{bBLLE

3.2.4PVOutput.org

PVOQutput.org is a free service for sharing and comparing PV output data. 2,515,654 solar panels

are monitored, and 61,480,020 PV panel outputs are recgled@wo forms of uploading data

are supported by PVOutput.org: CSV loader and Live loader. The former records data daily,

without historical limits. The latter allows intraday data upload at an interval of up to every five

minutes. Only data from within the previous 14 days can be stored by Live loader. Data from an

older date should thus be stored by CSV loader. Taflgresents the differences between the

two uploading modes.
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Table3-3 Characteristics of CSV loader and Live loader in for updating data in PVOutput.org.

CSV loader Live loader

Maximum
14
Previous No Limit
(90, in Donation Mode)

Days
Data

Up to one day Up to five minutes
Interval
Maximum
Number

200 288
for per
upload
Supported | Output Date, Output Date,
Parameters | Energy Generation, Energy Generation, Energ
by both Energy Consumption Consumption

Energy Exported, Peak Power, Peak Tir
Supported

Conditions, Temperature Min, Temperature Ma
Parameters

Comments, Import Peak, Import Off Peak, Imp
by Csv /

Shoulder, Import High Shoulder, Export Pei
loader

Export Off Peak, Export Shoulder, Export Hif
exclusively

Shoulder
Supported
Parameters | / Output Time,
by Live Power Generation, Pows
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loader Consumption, Temperatur,

exclusively Voltage

3.2.5Experimental Setup

A PV test system in Memorial University comprised of two PV muls at 130 W rating each, an
MPPT charging controller to regulate the PV output current, a backup batt¢he amnergy
storage, and a 12 V /50 W light bulb as the load. SunforceA2@3ystalline Solar Kit contains

two of the 130 W PV panels, where each has a maximum voltage of 12 V. Each panel has the
dimensions of 63.5 x 34 x 13 inches. Fig@r8(a) describes the SCADA system block diagram,

and Figure3-3(b) displays the experimental setup in the PV lab at Memorial University of
Newfoundland. A PV panel with nominal output power of 130 W and current of 7.6 A was
monitored, where the output voltage and output current were collected by an INA3221 module.
Arduino® UNO R4 WiFi saved the collected voltage and current in the flash memory, then
transferred them via \AFi and BLE. For data display in BTeD, collected data would scroll
continuously on the interface when a mobile device running BTeD was available nearby. For
data storage in PVOutput.org, data within 14 days were uploaded through Live loader every five
minutes; while data before 14 days would be reshaped and uploaded according to the

requirements of CSV loader. Figude!l describes the flowchart for the data monitoring process.
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Figure 3-3 (a) The designed SCADA system bldicigram. (b) Experimental setup.
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Figure 3-4 The SCADA system program flowchart.
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3.3 Experimental Results

Table 3-4 lists the BLEservice information. A Universally Unique Identifier (UUID) as
globally unique 1éyte number to identify profiles, services, and data types in a Generic
Attribute (GATT) profile. The BLE specification supports shortenedbit6UUIDs for the
purpose of efficiency. (0x)19 represents 19 W power produced by the PV pauek &5
illustrates the output power of the PV panel in BTeD in atigsd manner. Data received within

55 seconds were displayed on the screen simultaneously. Power data received after 55 seconds
scrolled to the right side of the screen, while the data received earliest disappeared from the left
side. In Figure8-5(a) the PV panel power rose from 16.4 W to 23.1 W at 27 seconds. Conversely,
the PV panel power decreased to 18.2 W from 21.0 W at 41 seconds as shown i3-bBigWire

From the start to 55 seconds, the PV output power remained around 27 W, with a fluctuation of 3
W. During the data measurement, a digital multimeter was also added to verify the accuracy of
the collected data. The results from the multimeter were observed to be the same as the power

shown in BTeD. The received rate also fluctuated between 2 B/s to 5 B/s.

Table3-4 BLE service information between BTeD and the RTU

PV System BLE Service UUID Result

Generic Access 00001800- .
0000-1000-8000-0080519b341b

o 00001801- .
Generic Altribute 0000-1000-8000-00805f9b34fb )
0000180f-
0000-1000-8000-00805f9b34fb
00002a19-

Power Characteristic 0000-1000-8000-008059b34fb !

Property \ Read, Notify

PV power Service \

Value \ (0x)19
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The output power of the PV panel on Dec. 10, 2023, was recorded on PVOutput.org website, as
shown in Figure3-6. The deep green line represented the power generated by the PV panel,
while the light green area represented the energy generated by the PV panel. The red line
indicated the battery voltage during the 24 hours. Before 8:15 am, there was no output power
from the PV panel, nor was the energy output. After 8:15 am, starting from 1 W, the output
power rapidly increased to 23 W at 10:15 am. The output power peaked at 12:15 pm, with a
value of 40 W. After noon, the output power generally decreased with occasional upward

fluctuations. After 3:40 pm, the PV panel did not generate any power.

-
é Wave

Currently, supports the following scene
Scene 1: Unlimited

é Wave

Currently, supports the following scene

Scene 1: Unlimited
[:] Scene 2: Data Verification
[] Scene 2: Data Verification

0)
0]
0
0
-5 50 ‘
-5 50 ‘
Receive Rate: 4B/s Real Tme @ Receive Rate: 5B/s Real Time @)
40 40
20 2 |
0 sl 0 =
0
(a) (b)

Figure 3-5 BTeD live recording of the PV panel output power. (a) Increased power

(b) Decreased power.
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Meanwhile, the generated energy stopped growing at the same time. The voltage of backup
battery also had variations during the day. From 8:15 am to 12:15 pm, the voltage increased
slowly from 12.8 V to 13.6 V. At 3:15 pm, at which a 12 V /50 W bulb was turned on, the
battery voltage dropped to 12.5 V from 13.4 V immediately. Decreasing steadily, it was 12.1 V

at 5:45 pm after 2.5 hours of lighting the bulb. The lighting bulb was turned off thereafter,
bringing the voltage back to 12.6 V instantly and finally 12.7 V at the steady state. Data from 14

days ago were automatically reduced to limited parameters as Table 3 lists. All data irBfeigure

are stored in PVOutput.org and can be accessed free of charge after a simple registration process
on the website, by sear chi within fiesiosNn PE@Eit.ofV S Y ST

and choosing December®,(2023 as the date.

T

‘e PVOutput

You are logged in as memorialece

Add Output | Your Outputs | PV Ladder | Stafisti Live Qutputs | Teams | Favourites | Settings | Community | Donatiens | Help | Logout

Live Production - MUN ECE PV SYSTEM 0.130kw

2023-12-10 at 00:00

48w 0.TkWh

38W 0.TkWh

24w 0. TkWh

ABuau]

12w 0.0kWh

ow OkWh
00:45 10:10 11:30 12:30 14:10 15:30 18:55 18:15 19:35 21:00 22:20 2340

Energy Used Energy Generated — Power Used — Power Generated Temperature Voltage

Prev Day 2023-12-10  Next Day

Figure 3-6 PV panel output power on Dec. 10, 2023, recorded in PVOutput.org.

The battery voltage discharged at a different rate on Dec. 10 and Dec. 12, 2023. During the a few
hours near noon, the output power of the PV panel was greater than that of the afternoon on Dec.
10. Table3-5 lists the time when the load was turned on and off, the respective period, the

corresponding generated energy, and the battery voltage. Both starting from 12.5 V and ending
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with 12.1 V, it took 255 minutes for the discharging process on Dec. 12, while 150 minutes for
Dec. 10. Energy generated during each period was 0.122 kWh and less than 0.001 kWh.

Table3-5 Change of the battery voltage during two days with different PV energy generation.

Energy generated by the P|
Load turned ON Load turned OFF panel during the periodq Period (minutes)
(kWh)
Time 11:10, Deel2 15:25, Deel2 / 255
Voltage (V) 125 121 0.122 /
Time 15:15, Deel0 17:45, Deel0 / 150
Voltage (V) 12.5 12.1 <0.001 /

3.4 Discussion

Upon the BLE connection was built, the output power from the PV panel was plotted in BTeD
interface. Within 55 seconds, any trend of the output power was intuitively observed by this
method. The upward and downward change of the output power were easily observed in Figure
3-5. Thus, the effectiveness of BTeD as the HMI design in the developed SCADA system was

verified.

From the power plot recorded in PVOutput.org, the peak power happened around the noon on
Dec. 10, 2023, which coordinated with the common solar irradiation pattern. Since it was a day
during winter in Canada, the period when solar power was available was relatively short: only
between 8:15 am and 3:10 pm, there was output power from the PV panel. At 3:15 pm when the
light bulb was turned on, the battery voltage immediately dropped 0.9 V from 13.4 V. This is due
to the voltage drop by the battery internal resistance with the increased load. The battery steadily
decreased overtime when the bulb was on was due to the discharge of the battery. Since the PV
panel output power was not comparable to the power consumed by the bulb (50 W), the battery

voltage declined at the rate of 0.1 V every 20 minutes. After the bulb was disconnected with the
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circuit, the battery voltage rose to 12.6 V, and finally 12.7 V during the steady state. During Dec.
12, 2023 noon when the output power from the PV panel was larger, the decreasing rate of the
battery was 0.4 (=12-52.1) V in 255 minutes, which was slower than 0.4 V in 150 minutes on
Dec. 10, 2023. This is attributable to the PV panel which was also charging the bulb, leading to

lesser power consumed from the battery.

The power consumption of the components is listed in TableNordic Semiconductor® Power
Profiler Kit Il was used to measure the power consumption of Arduino® UNO REi With

and without establishing \ARi connection. The power consumption of INA3221 voltage module

is from its datasheet. The overall power consumption is therefore between 100.35 mA and
120.35 mA, which is energy efficient compared to commercial products of which the power
consumption is at watt levgpo-31]. The cost breakdown of the proposed SCADA system
monitoring standalone PV systems is also presented in Table[36-381, the system costs are

C$ 107, C$ 210, and C$ 760, respectively. They are lesseffestive than the proposed
SCADA system in thissection which costs only C$ 42.15. The usage of PVOutput.org and

BTeD application are free of charge.

Table3-6 Power consumption and price breakdown of the proposed system.

Unit Price
Componentg Current Consumption QTY

(C9)

~120 mA (with WiFi
Arduino®
connection)
UNO R4 36.99 1
~100 mA (without WiFi
Wi-Fi
connection)

103



INA3221

Voltage ~350¢€ A 5.16 1
Monitor

Overall 100.35 mAi 120.35 mAre| C$42.15

3.5Conclusion

In this chapter a new design of HMI and a data storage solution featuring remote, extensive, and
low-cost was proposed in the SCADA system for monitoring standalone PV systems. A PV
system and its SCADA system were built to verify #féectiveness of this design. The PV
system comprised a PV panel, a solar charging controller, a backup battery, and a bulb. The
SCADA system consisted of the Arduino UNO R4-Wias the RTU, the BTeD as the HMI, the
PVOutput.org as the data historian, an INA3221 voltage monitor as the sensor, and a PC as the
MTU. By using BTeD, the output power from the PV panel was successfully displayed in the
application interface via the BLE connection between the mobile and the RTU. A 55 seconds
was the maximum time period to allow the data to be presented at the same screen. The remote
and extensive data storage was achieved by PVOutput.org. The PV panel output power and the
battery voltage were uploaded to this website viaFiW&very five minutes. Data before 14 days

were automatically simplified by the website into daily generated energy, peak power, peak time,
etc. The recorded solar power matched the solar radiation pattern, and the recorded battery
voltage varied accordingly with the load status and the PV output power. This novel design of

the SCADA system was revealed to be effective on monitoring the standalone PV system.
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Chapter 4. An Open-Source SCADA Architecture for
Photovoltaic System Monitoring using ESP32, Banana
Pi M4 and NodeRED

4.1 Introduction

To monitor and control industrial process in different sectors, supbvasr generation systems,
agriculture[59], and biogags0], Supervisory Control and Data Acquisition (SCADA) systemes
developed.Explicitly in the case of photovoltaic (PV) systems, the SCADA systems can
optimize PV systemperformance61]. The main components of a SCADA systeimcorporate

field instrumentation devices (FIDSRemote Terminal Units (RTUs), the main SCADA server

or master terminal unit (MTUandHumanMachine Interface (HMI) device§&IDs areused as a

part of SCADA system to colleclatathatis critical to be used inndustrialproduction, such as
current,pressure, temperatyreoltage FIDs and RTUs can communicate over wireless or wired
communication protocol resulting iefficient data communicationin general, RTUs are
physically placed in distributed regions for data communication and processing. In addition to
serving the purpose of communication with MTUs, RTUs can control FIDs as well. In contrast,
MTUs are at central location and serve the purpose of data communication, data storage and

hosts the main server.

The architecture of SCADA system hgsne through a significant change since its first
utilization. Monolithic SCADA as the first generation, represents a standalone framework where
the RTUs are connected to the MTU via wide area networks (WANSs). The RTUs and the MTU,

if not manufactured by the same vendor, often cannot communicate with each other due to the
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proprietary communication protocols. Distributed SCADA stands for the SCADA system that
uses local area network (LAN) to achiesemmunicationbetween each operation station and
uses WANSs between the RTUs and togrespondingoperation stationg2]. This architecture
facilitates system miniaturizatiorby assigning each operation station differ&mctions For
example, an operatiostaton thatsolely exchange data with the RTUs or provides the HMI to
the operator can be masgmaller. [63] Networked SCADA lifts the vendor limitation adopting
standard communication protocols, e.g. Ethernet and transmission control protocol
(TCP)/internet protocol (IP). IoT SCADA as the fourth generation introduces 10T technology
and cloud services into the traditional SCADA field, promoting the modernization of industry or
Industry 4.0[64]. Unlike networked SCADA, moreliverse devicescan be utilized in 10T
SCADA, such as smart sensors. Moreover, cloud services including storage, safteese
computing can be integrated in 10T SCADA. Applications of 10T in industry context including
digital twins and prediction of system failure have advanced the industrial automation to a large
extent[65]. The conventional SCADA systems every so often offers high costs and complexity
[66] leaving a challenge for small scale and aasisitive PV systems. Besidesalable, and
flexible SCADA systems ar@aining attention in response to the development of renewable
energy industryRenewable resources can be abundant in remote areas, where the integration of
loT adds to theinformation flow. Moreover, the high cost gbroprietary SCADA systems
prevents the massive adoption srhallscalePV installations, whildow-cost solution can be
proposed by using IoT architecture. The adoptiomt#rnet of Things (loT)h SCADA systems

utilize connected devices and sensors via Internet Protocol (IP) networks to collect and analyze
data, offeringimproved flexibility, scalability, and coseffectivenesg67]. As a result of loT,

more PV installations with different nominal capacity, from small rooftop arrays to large solar

farms, located in remote or urban areas, can employ scalable SCADA system.
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Message Queuing Telemetry Transport (MQTT) is a communication protocol running over
TCP/IP. Based on publish/subscribe mechanism, MQTT lightweight open, and easy-
implement solution. The MQTT brokeeparateshe publisher from theubscriber routing the
message by their topis]. This architecture encourages the integration of-bewdwidth
devices in 10T context where numerous RTUs and MTUs with limited processing power can be
present69]. Prevalent in IoT fieldMQTT in loT-based SCADA systems can hehievedby
NodeRED, an opefsource programming tool. Witthe flow-based interface, developers can
quickly connect devices and create interactive dashboards to display the monitored agiables
The reduced complexity makes Neld&D a practicaloption for efficiently handling data

transmissiorvia MQTT and visualization imeatlife scenarios

As a part of this study, an opsource SCADA system based on IoT for monitoring a PV system

has been proposed. Voltage sensors and current sensors are specifiedG F2BY voltage

sensor module and ACS712 current sensor module. Monitored voltages and currents are first
collected by these analog sensors and the connected RTU ESP32 module, and then data is
transmitted to the MTU Banana Pi M4 Berry via-Wiconnection. By utilizing the opesource
programming tool Nod®ED running on the MTU, our solution for PV system monitoring can

be easily replicated by developers. The adoption of MQTT protocol between the RTU and the
MTU requires minimum bandwidth while ensuring reliable and-tiea communication within

the SCADA system. The design SCADA system incorporates th&dstvcomponents such as

FIDs, RTUs and MTU make the proposedtesfi$ective as a whole. To add to this, the proposed

SCADA system is experimentally validated which ensures the reliability of this work.
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Following is the outline of the rest of tlsection A review of related literature is presented in
Section4.2. In Sectio.3 and 4.4 the system description and the components used throughout
the course of this study are introduced. In Secdd® the implementation methodology is
covered. In Sectio.6 the experimental setup and results are demonstrated. Sdcfion
highlights the discussion part of théection The conclusionof this sectionis provided in

Section4.8 Co-authorship statement comprises Section 4.9.

4.2 Related Works

The authors of71] designed a remote monitoring and control system for a PV based water
pumping system. For field data acquisition, a light dependent resistor (LDR) module to measure
the sunlight, and an ultrasonic sensor to measure the water tank level, are connected to Arduino
UNO R3. Also equipped with a SIMB00OL module, the global system for mobile communication
(GSM) connectivity is added to the Arduino UNO R3. The Raspberry Pi 2 works as a server
hosting NodeRED platform and the data storage unit collecting sensor readings from the
Arduino UNO R3 via SMS commands. Another GSM module is added to the Raspberry Pi 2 to
enable the SMS updates between it and the Arduino UNO R3. Received data are processed to
CSV files, including timestamps, water level readings, and the pump status. An android
application can check the PV pumping system status and turn on/off the pump over SMS and
guery the historic data from the Raspberry Pi 2 using the MQTT protocol via Ethernet. This
research utilizes GSM to achieve remote monitoring as a part of their wgrk], lan loT-based
wireless data acquisition and control system for PV modules was introduced. For the hardware
setup, the authors use three NodeMCURNmModules flashed with Tasmota firmware and that

are responsible for collecting sensor readings, servo motor control, and controlling relays for
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ON/OFF control, respectively. Sensors include a voltage aandrrent sensor, &aminosity

sensor, a ambient temperature, and humidity sensor, and faterproof temperature sensors.
They are all mounted on one PCB. Another hardware component is a Raspberry Pi running
Raspbian OS, with software packages installed, NodeRED for data handling, InfluxDB for data
storage, Grafana for data visualization, and WireGuard VPN for remote access. The overall
system performance is validated in terms of data accuracy, latency times in communications,
CPU computational and thermal performance benchmark, and sampling rate. The sole focus of
this study was PV module performance under open circuit condition, not considering the realistic
performance impact from other common parts such as charging controller, the battery, and the

load.

The researchers i3] developed a novel system to track maximum power point (MPP) of PV
panels under partial shading based on artificial vision. A wireless network node (WSN) powered
by the PV panel consists of a MCU ATmega328P, a RF transceiver ATmegal28RFA1, an
external ADC, a battery, and a buo&ost converter. A coordinator node is ATmegal28RFAL
microcontroller that receives sensor readings from or sends the control signal to the WSN. The
coordinator node connects with a webcam and a Raspberry Pcomfgutervision algorithm
requires the input voltage, input current of the-DC converter, the ambient temperature, and

the webcam images of the PV panel, to generate the reference voltage ofiie €x@verter.

The duty cycle control signal can be also generated and sent to the WSN by the coordinator node.
The Raspberry Pi runs tlmemputervision algorithm, obtains the reference voltage for the MPP,
and calculates the duty cycle of the IXC converter. The authors claim their remote
monitoring and control system has efficiency of more than 99% even under partial shading

conditions.
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An opensource SCADA systerto monitar the PV panel and the backup battery was designed in
[74]. The microcontroller ESP32 Thing measures and collects the PV panel voltage, the PV panel
current, and the backup battery voltage through the connected sensors. The sensor readings are
then sent to the Thinger.lO local server running on the Raspberry Pi 2 via a leEah@ivork

for savingdata, monitoringn real time and controllingremotely HMI dashboards are created

over the Thinger.lO server to facilitate the monitoring and supervisory control. Two system
configurations are tested, where the Raspberry Pi is connected to either Ethernet or the LAN port
of a local WiFi router, with the latter being industrial network. This work adopts the modern
SCADA architecture, which is lobased. The authors of this study claim their work is-¢ost,
low-power, and opesource. As a part of75], an loT platform for online monitoring of
renewable energy systems is developed. A-goichected PV station in Saharan environment is
taken as the case study to validate the effectiveness of the proposed syst2BiNR Aurrent

sensor and LM25P voltage sensor as the FIDs are connected to an ESP32 (RTU) wih Wi
module. An ADSL WiFi router as the gateway achieves communication betwedtSihg2and

the main server through MQTT protocol. A website displays the monitored data in graphic form,
and a MySQL database manages and stores the collected data. According to the researchers, this
work is lowcost, loTbased, and suitable for harsh environments, such as the desert. An
industrial 10T system with redundant network architecture was presentgd] ito remotely
monitor a solar plant. The computing module of Raspberry Pi 4 combined with a Waveshare
board acts as the MTU and the RTU at the same time. Collected data from the pyranometer and
environmental sensors are transmitted to the MTU via RS485 for Modbus communication. A
SIM7600GH-PCIE module resolves the cellular communication from the MTU to the operation
center, by deploying VPN tunnels. Irradiance, temperature, generated power, and process flow

are presented by Grafana visualization. In this study, the authors suggest that resilience can be
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ensured by using a redundant mechanism in which the backup node takes over the master role

when the master node is unreachable.

Another study[77] proposes an 10T based system for monitoring of PV fuel cell system. The DC
power output from the combination of PV array and the fuel cell were monitored by sampling the
voltage and current. ATMega2560 as the RTU first collected the monitored voltage and current,
and then sent to the NodeMCU ESP8266 module through serial communication. Finally,
ThingSpeak platform received the data from the ESP8266, and displayed them graphically. This
work enables the resiime and remote monitoring for a PV fuel cell system that can be applied

in residential areas. As reported[18], the authors used supervisory control and data acquisition
(SCADA) data to check the soundness of the blades following a lightning strike in order to
increase ugime by quickly resuming operations, in response to a number of reports about blade
damage following lightning strikes on wind turbines[4#i, the authors present a framework for
developing Intrusion Detection System (IDS) for SCAD#&sed power systems using machine
learning, which incorporates effective modeling methods, such as data preprocessing, data
augmentation, automated feature selection, rigorous training, and testing. For the purpose of
substantiating our proposed design framework, we used a publicly available ORNL (Oak Ridge

National Laboratory) dataset.

An approach to appl$fCADA systems in the indust control systemss presented ifgo]. A
multilayer architecture for SCADA control is presented, along with aspects of interoperability
and interconnectivity within the architecture reference models, as well as research opportunities
and challenges arising from the recent rapid increase in industrial control system complexity and

digital transformation. In this study, the authors investigate the issue of proprietary SCADA
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systems and demonstrate how SCADA quality requirements are related to new technology
adoption in steel manufacturing. limportant infrastructureas power, telecommunication,
transportation, and manufacturing plants, SCADA systems provide monitoring and control. The
authors ofig1] believe that the SCADA system operating in connection of internet is vulnerable
as compared to the isolated SCADA systems. As a result, the security of SCADA systems is
gaining attention. In addition, they discuss some Hmgpact security incidents, objectives, and
threats. The authors [82] use SCADA to connect the lower central controller to the upper WEB
monitoring system, which is the hub of a microgrid intelligent monitoring platform. Using Java
as middleware, the designed system provides communication and control functions between the
central controller and the upper monitoring system. As part of the microgrid's security and
stability, the SCADA system executes rgale data acquisition, storage, load balancing,
resource recovery, and security processing simultaneously. The resear{$gss]iteveloped a
monitoring and control system for renewable energy generation in context abfesar (P2P)
energy trading. The proposed system in their study is hosted on a private network, while they
used ESP32 as an IoT server. The authors of this study believe that their systerooist land

low power.

Authors of[85] proposed a highly customizable SCADA platform based orinthastrial 0T

(lloT) concept. Modbus TCP protocol was used to achieve communication between taadPLC
NodeRED, while MQTT protocol was used for communication between NREIP and two

MQTT clients (MQTT.fx in Windows OS and MQTTClient in iOS). Experiment results indicate
that 1) the PLC simulated by Mod_RSsim can successfully publish the status code of the motors
to the NodeRED dashboard via Modbus TCP; 2) the two MQTT clients can successfully publish

to and subscribe from the No&ED dashboard via MQTT. This paper contributed to the
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conceptualizatiomf applying IoT in SCADA system, providing a framework for future practical
scenaris. A NodeRED based SCADA architecture for a hybrid power system was implemented
in [56]. One voltage sensor and five current sensors were collecting the hybrid power system
parameters, sending to NeB&D platform running on Windows OS via a USB cable from
Arduino Mega2560. A Wio terminal was also utilized to displayrtiwnitoredparameter. This

work serves as an alternative itaplementingthe SCADA system without 10T architecture.
Furthermore, this work focused on monitoring more than control in SCADA implementation.
During the course of this study a considerable amount of literature has been reviewed and some
of the useful parts have been summarized in the above section of this article. According to the
literature reviewed and the best authors knowledge no such SCADA system has been
identified that uses Banana Pi M4 Berry to hdsdeRED based 10T server and uses MQTT
protocol over a private network for remote monitoring. The designed SCADA system during the

course of this study is the first of its kind with the following key contributions.

1 The proposed opesource SCADAsystem utilizes the latest I0T architecture configured
over the Banana Pi M4 Berry that provides all remote monitoring and control capabilities
essential for the operation of PV systems in remote locations.

1 NodeRED an opesrsource platform, and commercially available components utilized in
the system design facilitate scalability of the system, including the choice of
communication channels and the number of sensors.

1 A two-step load cubff mechanism is provided in the designed system: 1) An operator of
SCADA system can manually shut down the relay with just a tap using the intuitive user

interface (Ul) when necessary. 2) When the monitored battery voltage falls below a pre
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set threshold, the relay will automatically turn off featuring the over discharge protection

of the battery.

4.3 System Descriptions

An illustration of the proposed SCADA system can be found in this section séthien Figure

4-1 provides an overview of the SCADA system design presentdteichapter An ESP32E

serves as RTU in the system design, on the other hand Banana Pi M4 Berry acts as the MTU. In
the design SCADA system ESR-E is used for data collection from the FIDs, where voltage
sensors are connected in parallel arrangements while the current sensors are consectdd in
settings to the PV panel, battery, and load. A control signal is generated by the E$/R8A

the battery voltage falls below the threshold level, thereby turning off the relay and the load. As a
part of system design, we have used aFWiouter to establish a private network, enabling
wireless communication between the ESE3and the BRM4 Berry. Under MQTT protocol,

the ESP3Z publishes messages with different topics; meanwhile thevBPBerry subscribes

to the same topics, receiving the messages in real time. TheREdebased local server

configured on the BPM4 Berry communicates with ESPEand stores the data received using

FIDs onthe BRM4 Berryds | ocal storage, which is 86G

data visualization over Ul by browsimgcalhost
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Figure 4-1 Overview of proposed SCADXesign.

4.4 SCADA System Components
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This section describes the hardware and software components used as a part of the system design.
It includes BanaaPi (BPI) M4 Berry which serves as MTU, ESPBas theRTU, NodeRED

as a part of the system is used to developed locally accessible Ul of the proposed SCADA
system and to implement MQTT protocol. Furthermore, the system also intfueesoltage

sensos andthreecurrent senss for measuring voltage and current, respectively.

The BPI-M4 Berry development board a Single Board Computer (SB@owered by the
Allwinner H618 Systeron-Chip (SoC). Figurd-2 showsthe physical representation of BMK

Berry. Compared to thevell-regarded Raspberry Pi 4BPI-M4 Berry is more powerful and



commonly available at a price much lower than that.-BRIBerry has full HDMI connector
and M.2 PCle 2.0 slot missing in other singlmard computers. Equipped with a comparable
CPU capacity, italsoincludes 2GB of LPDDR4 memory, &B of embedded MukMedia
Controller (eMMC) storageand integrated WAFi and Bluetooth capabilities. Banana Pi M4
Berry also offers a Gigabit Ethernet (GbE) RJ45 connector;@amMBeaderand four USB ports.
The specifications of BRVI4 Berry are listed irig6]. With its features, the BFV14 Berry board
suppors a broad range of applicatiomscluding media processing, the 10T, and entertainment
sectors. As a part of the proposed SCADA system design, we usédBBerry astheMTU to
host the main data server over a locally establishie#i network establishing communication

with the ESP3ZE, and to store the collect sensor readings locally

Allwinner H618
(ARM® Quad-core Cortex-A53)

2G LPDDR4 RAM | 8GB eMMC

40PIN Header

______ Debug UART
FEL KEY - I. i A A A o ol ,I- " (TTL3.3V)
WiFi / BT Antenna L, - . 2xUSB 2.0
WIFI / BT Module =
———— 2xUSB2.0

IR RX

PWR LED
ACT LED

I RST Key USER Key
USBOTG  HDMITX  A/VPort

{Type C}

Figure 4-2 BPI-M4 Berry.
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4.4.2 ESP3ZE

In the ESP32 series, the FireBeetle 2 ESP#a competenmicro-controller boardusingESR
WROOM-32E module featuringthe dualcore processor architectyr@ndWi-Fi and Bluetooth
communicationg3s]. Its compact size, high energy efficiency, and inclusion of an integrated
charging circuitare advantage®r multiple applications such as smart home &d solutions.

The significant factors contributing to its selection for this research are the capability of wireless
communicationthe availability of analog pindow cost,availability in the lab, andesourceful

opensourcetutorials Figure4-3 presents the pinout of FireBeetle 2 ESHE32
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Figure 4-3 Pinout of the FireBeetle 2 ESP-E

4.4.3 Node-RED

NodeRED epitomizes a paradigm of flekased programming, a concepinphasizesa
methodology for delineating an application's functionality through a network of encapsulated
units, or "nodes'{87]. Figure 4-4 shows the edit dialog for the MQTT configuration node.
Originating from IBM's Emerging Technology Services team and presently under the
stewardship of the OpenJS Foundation, NB&#D serves asmideal tool that enables the
construction of applications as a series of interconnected nodes. Each node is tasked with a

specific function: receiving data, performing an operation on this data, and then forwarding the
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processed data onwards. This architecture not only facilitates the confitsteat data across

the network but enhances accessibility and comprehersionore customersThe inherent
design of NoderRED, with its emphasis on visual representation, significantly lowers the barrier
to entry for users acrosifferent skill levels. Through the course of this study, we used Node
RED for easy implementation of MQTT protocohy Mosquitto Brokerto transfer data and

creating dashboards that enable-teat monitoring and control.

Edit mgtt in node > Add new mqtt-broker config node

Cancel Add
4+ Properties o BENE|
¥ Name
Connection Security Messages
Q Server localhost Port | 1883
Enable secure (SSL/TLS) connection
% Client ID
@ Keep alive time (s) 60 Use clean session
Use legacy MQTT 3.1 support
OEnabled =~ @ 0 nodes use this config On all flows N

Figure 4-4 The NodeRED MQTT node configuration interface.
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4.4.4 VVoltage Sensor

The HilLetgo voltage detection module, capable of measuring DC voltages from 0 to 25V,
developsa resistive voltage divider strategy for its operational methodology. Hghrdepicts
the actual image of the voltage sensor. The module interfaces with the voltage source through

VCC and GND terminals. It incorporates a series configuration of two resistors with values of 30

kq and 7.5kq r especti vely. The output terminal, den
resistors and is intended for connection to an analog input pin on the ES&Zlopment
boar d. The out pwt atlergmisnawi trhartkheed viiol t age sou

common ground with the development board. The division ratio ok@.%o the cumulative
resistance (7.%q + 30Kkq) results in a fraction of 1/5, indicating that the voltage read by the
ESP32E represents a fifth of the actual voltage. Consequently,rédgsiresan adjustment
within the programming to ensure the accuracy of the voltage measuregmgni#/e used

voltage sensors in thgectionto measure the voltages within the PV system.

NEEZ25N

Figure 4-5 0-25 V voltage sensor illustration.

4.45 Current Sensor

Based on the Hall effect, the ACS712 as a-effgtctive and precise current sensing solutisn,

suitable for a broad spectrum of applications within both industrial and commercial sectors
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Figure 4-6 provides a visual representation of the ACS712 current sensor, which is capable of
accommodating currents up to £0 A. For implementations involving the ESEBaracterized

by a nominal voltage of 338 it is worth noticingthat the \CC and ground pin of the ACS712
sensor interface with an voltage source supplying &nd ground, respectively. This setup
ensures that the ground of the external voltage source is also interconnected with the ESP32's
ground, fostering a common ground system. To safely interface the AC8uffiis pinwith an

one of theanalog pis of ESP32 a voltage divider is recommended to mitigate the risk of
exposing the ESP32 to voltages exceeding\V3[83]. The ACS712 sensor is available in three
variants, dferentiatedby their optimized current measurement ranges of £5 A, 20 A, and 130

A. These variants exhibit distinct voltagarrent sensitivities, spanning from 185 mV/A to 66
mV/A, with minor errors As a part of thisection we used the ACS712 current sensors with 130

A to measure the current in the PV system.

<
(»)
O
o
C
-
2
o

Figure 4-6 Icon of ACS 712 current sensor.

122



45 Implementation Methodology

In order to implement the proposed SCADA system, FIDs, including voltage and current sensors,
are connected to an ESRPB2which serves as an RTU as a p#rthe system design. Voltage
sensors are connected in parallel with the PV panel, the battery, and thEhleadrrent sensors

are connected in series with the PV panel, the battery, and the load. Furthermore, the relay used
in this study is connected in series with the load and the components of the system are grounded
properly. The Vcc pin of the current sensor is connected to the VCC pin of the HESR32ce

VCC pin outputs about 4.7 volts that meets the voltage requirement of 315 volts by the

current sensor. Tabke1 presents the pin configuration of RTU.

Table4-1 Sensors and their connections with the ESE32

Device # Specification A/D ESP32E Pin #
1 PV panel voltage sensor Analog 36
2 PV panel current sensor Analog 39
3 Battery voltage sensor Analog 35
4 Battery current sensor Analog 34
5 Load voltage sensor Analog 12
6 Load current sensor Analog 15
7 Relay Digital 26

Figure 4-7 depicts the system flow chart. After the ESH32ollects the sensor data, they are
transmitted to the NodRED platform configured on BRW4 Berry using MQTT protocol. The

platform then displays the data using dashboard nodes from an installed palettenodered-
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dashboardand stores them in the BRI4 Berry local 8G flash. Algorithm 1 represents the

pseudocode programmed in ESH32sing Arduino IDE software.

Algorithm 1: Data acquisition, automatic control, display, and logging.

Initialization;

1. ESP32E connects to the local TCP/IP \Ki network;

2. Voltagdcurrent sensors measure voltdgesents from the PV panel, the battery, and the load;

3. ESP32E reads sensor values on Pin 36, 39, 35, 34, 12, 15;

4. ESP32E (MQTT publisher) sends a connect request to the NRigl® server (MQTT broker) over IP;
While ESP32E receives a return code ofdd

5. ESP32E publishes the sensor data to the NBdD server over the \ARi network

6. NodeRED logs the sensor data in the local B/ Berry flash memory;

7. Display the sensor data in Ne8=D dashboards, and any other devigerthe WiFi network;
If the battery voltage is less tha \Ioltsor subscription message from Ned&D is OFFthen

8. Turn off the relay;
Else

9. Turn on the relay;
End

End
If ESP32E does not receive a return code dhén

10.Print AAttempting MQTT connectiono in Ardui
Else

11. Goto Step 1;
End
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Include libraries;
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Figure 4-7 System flowchart.
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4.6 Experimental Setup and Results

To evaluate the performance and capabilities of the developeesopere SCADA architecture,

it has been configured to monitor solar PV meéicsirrent, voltage, and powiwithin the PV
installation at thd®V labin Memorial University The hardware connections were built based on
the system description @hapter4.3. Figure4-8 depicts the experimental setup of the proposed
SCADA system. The hardware configuration is illustrated in Figu®e where CS stands for

current sensor and VS stands for voltage sensor.

Figure4-10represents PV installation that consists of 12 solar panels, spanning a collective area
of 14 square meters, with each panel capable of producing approximately 130 W and 7.6 A at
maximum. For the purposes of this test, the SCADA system was interfaced with two panels of
the array, which consists of an output of 260 W and 15.2 A at maximum, to provide a focused
assessment of the system's data acquisition and control functionalities. Additionally, the system
incorporated six Maximum Power Point Tracking (MPPT) controllers and a battery bank

comprising six leagcid batteries to optimize and maintain energy efficiency.
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Figure 4-8 Experimental setup at MUN ECE laboratory.

Figure 4-9 Hardware implementation of the proposed SCADA system.
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