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Abstract. This paper presents the design and development of an integrated hybrid Solar-Darrieus wind turbine
system for renewable power generation. The Darrieus wind turbine’s performance is meticulously assessed using
the SG6043 airfoil, determined through Q-blade simulation, and validated via comprehensive CFD simulations.
The study identifies SG6043 as the optimal airfoil, surpassing alternatives. CFD simulations yield specific
coefficients of power (0.2366) and moment (0.0288). The paper also introduces a hybrid prototype, showcasing of
10 W photovoltaic module and improved turbine performance with the SG6043 airfoil. The focus extends to an
optimized hybrid PV solar-wind system seamlessly integrated with IoT technology for remote monitoring.
Addressing weather challenges, the research suggests blade shape optimizations via Q-blade and an IoT-based
solution leveraging the ESP32 Wi-Fi module. Theoretical results project electrical energy generation ranging
from 0.88kW on March 14, 2023, to 0.06 kW on February 20, 2023. Darrieus wind turbines, experiencing
increased blade drag, require less lift to operate. Experimental and theoretical results converge well, affirming
the model’s reasonable assumptions. Beyond advancing renewable energy technologies, this research sets the
stage for future investigations aimed at enhancing the efficiency and capabilities of hybrid wind-solar PV
systems.
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1 Introduction

The increasing global focus on energy demand has driven
movements towards carbon neutrality and the adoption of
renewable energy sources. Conventional energy sources,
though historically relied upon for their high energy
density, raise environmental concerns due to carbon and
greenhouse gas emissions. As projected energy demand is
set to rise by 56% from 2010 to 2040, the significance of
renewable energy power plants has grown [1]. Malaysia has
witnessed notable growth in photovoltaic (PV) systems,
leveraging its hot and humid climate to harness substantial
solar radiation [2]. Wind energy utilization in Malaysia has
gained attention in recent years as the country seeks to
diversify its energy mix and reduce its dependence on fossil
fuels. While Malaysia has traditionally focused on
hydroelectric and fossil fuel-based energy sources, wind
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energy is gradually being explored and integrated into its
power generation landscape [3]. The Darrieus wind turbine
is a type of “vertical-axis wind turbine” (VAWT) known for
its distinctive helical or “eggbeater” shape. Unlike tradi-
tional “horizontal-axis wind turbines” (HAWTSs), which
have their blades oriented parallel to the ground, Darrieus
turbines have blades that rotate around a vertical axis,
perpendicular to the ground. This unique design of the
blades offers several advantages and challenges in
harnessing wind energy such as [4,5]: (i) the vertical plane,
allowing them to capture wind from any direction without
needing to constantly rotate to face the wind, (i) an
aerodynamic airfoil shape and are arranged in a helical
pattern around the central vertical axis. This design
enables self-starting capabilities and helps in capturing
wind energy from various wind speeds and directions,
(iii) the blades are tall compared to their width, allowing
them to capture higher altitude wind currents effectively,
(iv) used in smaller-scale applications, such as residential
or community-based installations. The motivation behind
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designing a solar-darius hybrid wind turbine system for
indoor power generation stems from the urgent need to
address the challenges posed by conventional energy
sources and their associated environmental impacts.
Working with a hybrid solar-wind system may be a
promising solution because it harnesses the complementary
nature of solar and wind energy to ensure stable and
sustainable energy generation. These hybrid systems will
be suitable for residential and small-scale applications. It
must be taken into consideration that the wind energy
industry faces many challenges, including: low wind speeds
and variability, which makes continuous and stable
electricity generation using wind energy something that
cannot be achieved in natural conditions. However, studies
point to potential solutions to increase the viability of wind
energy through turbine design analysis. To address these
concerns and improve renewable energy systems, a hybrid
approach that combines wind and solar power has emerged
[6]. Solar energy has several characteristics that make it
suitable for generating energy. It is a renewable resource,
meaning it is constantly renewed by the sun. As long as the
sun exists, we can harness its energy to generate energy. It
is also an abundant energy source as it radiates a huge
amount of energy every day, much more than humanity
currently consumes. This makes solar energy an almost
limitless resource [7]. Also, solar energy is clean and
environmentally friendly: generating solar energy does not
produce any greenhouse gas emissions or air pollutants. It
is a clean and environmentally friendly energy source. Solar
energy systems provide energy independence to homeown-
ers, businesses, and even entire regions. They reduce
dependence on fossil fuels and centralized energy grids [8].
Considering the crucial role of energy in economic
development, welfare, and overall quality of life, exploring
renewable energy alternatives becomes imperative [9].
Wind and solar energy sources offer clean options, and a
hybrid system combining both ensures continuous power
output. However, weather variations pose challenges to
both standalone renewable sources and hybrid systems,
affecting their stability and voltage production [10]. The
current study aims to improve voltage production and
overall system stability by optimizing the blade shape.
Using the Darius wind turbine as a case study, this paper
will analyze the operating mechanism, factors that affect
its performance, and its self-starting abilities to improve
the solar-wind hybrid power generation system in
Malaysia. Models of the relevant equations are derived
using Computational Fluid Dynamics (CFD) and Q-blade
to simulate turbines. A hybrid solar-wind power generator
with enhanced power production capabilities and self-
starting ability is the ultimate goal. There is also a
discussion of the experimental design and validation. Based
on the researcher’s knowledge, no previous studies have
addressed this new design trend.

2 Literature review

The working principal of a Darrieus VAWT was noted as a
wind turbine that uses the lift force generated to create the
movement and power generation in contrast to the

Savonius VAWT which uses the drag force generated
from the wind. Darrieus wind turbines commonly have two
or three blades and are alternatively known as “eggbeaters”
due to its C-shaped rotor blades creating the shape of an
eggbeater. However, this design was the turbine that was
patented in 1931, where the evolution and innovation of the
technology has brought upon various designs such as the
H-Darrieus and the helical Darrieus. The turbine has good
efficiency but low reliability from the large torque ripple
and cyclic stress produced on the tower [11].

A commonly known fact from the research found is that
the Darrieus turbine requires an exterior power source to
assist in the initiation of rotation of the turbine because of
its low starting torque. Therefore, among the studies
conducted, the research on the self-starting ability of the
turbine has been conducted to tackle this limitation of this
turbine. A parameter that is frequently discussed on the
self-starting of the system is the “tip speed ratio” (TSR)
which is described as the relation between the wind speed
and the speed of the tips of the turbine. This parameter
plays a major role in the efficiency of the turbine. Another
important parameter considered in the design of the blades
is the angle of attack, o, which represents the angle between
the body’s reference line and the oncoming flow. This angle
affects the lift and drag experienced on the turbine which
indefinitely affects the performance of the wind turbine.
However, it was also found that the low TSRs are not
suitable for the operation of the turbine as flow separation
destabilizes the rotation of the blade. It was also
determined that there is still potential for the advancement
of the wind turbine through rotor arrangements and wind
farms computational analysis [12,13].

Aside from self-starting ability, efficiency and optimi-
zation of the wind turbine were discussed in the studies,
with CFD analysis used in the majority of cases. An
unsteady (transient) ‘“‘Reynolds-Averaged-Navier-Stokes”
(URANS) method was used as well as a quadratic equation
based on a regression model and a rotational degree of
freedom solver (6DOF). Obtaining an accurate prediction
of the turbine’s behavior during startup requires the
correct distribution of the lift and drag forces [14,15].

In Malaysia, the design of the hybrid energy system is
more distinct and clear when dealing with wind energy due
to the low average annual speed that the country
experiences. A hybrid solar-wind power generator used
to power street lighting has been designed and developed
[16]. In such designs, the engineering of solar panels is taken
into account, as well as the optimization of wind turbines
and their systems, with the aim of producing the maximum
amount of energy possible. The question that always arises
in such studies is the effect of deflected flow because it
reduces the power output capacity of the power generator
[17].

A hybrid power generation system has the potential to
address the challenge of low mean annual wind speeds in
Malaysia. Notably, research has been undertaken to
optimize such a hybrid power generation system. In a
related context, a study in Zimbabwe conducted optimi-
zation efforts for a hybrid power generation system that
powered a streetlight using both solar and wind sources
[18]. This hybrid renewable energy system design encom-
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passed essential components, including a wind turbine,
photovoltaic modules, a charge controller, a battery bank,
and lighting units, all aimed at efficiently powering a 160W
streetlight. The outcomes of the experiment demonstrated
a notable reduction of 38.75% in energy storage require-
ments. Additionally, there was an overall cost reduction of
14.4% when compared to conventional standalone street-
lights. Furthermore, the hybrid system design achieved an
impressive reliability rate of 98.4%. The associated cost
was approximately USD 435, accompanied by a levelized
energy cost of 17.5 cents/kWh. These results highlight the
potential advantages and effectiveness of the hybrid system
design in addressing energy storage needs, reducing costs,
and enhancing overall reliability when compared to
traditional single-source systems.

Additional research, such as the investigation into a
Savonius-Darrieus hybrid system, can also contribute
valuable insights to the advancement of hybrid systems.
An illustrative case in point is a study conducted by [19].
This study delved into the impact of the number of blades
on a VAWT through computational analysis. The findings
of this study revealed that a configuration comprising a
two-bladed Savonius rotor and a three-bladed Darrieus
rotor exhibited enhanced self-starting capabilities. Specifi-
cally, the values of 0.41 for the “maximum coefficient of
power” (Cp) and 2.5 for the TSR were attained. This
configuration not only demonstrated improved self-start-
ing attributes but also showcased heightened efficiency.
Furthermore, upon comparing the proposed design
configuration with previously devised hybrid VAWTs,
the study demonstrated an augmentation in self-starting
proficiency and overall efficiency. This serves to emphasize
the potential benefits of optimizing blade numbers within a
hybrid system, contributing to the on-going evolution of
renewable energy technologies.

The objective of a study conducted by [20] was to delve
into the intricate physics involved during the self-starting
phase of a specific system. This was achieved through a

two-dimensional CFD approach. In this context, the
situational simulation employed ANSY'S Fluent software,
where the mesh generation utilized the sliding technique,
and the “Six Degrees of Freedom” (6DOF) rotational
degree was enabled. The results of this research provide
valuable insights into the correlation between the local
absolute velocity of the blades and the instantaneous TSR
during the initial and early revolutions of the motor. A
noteworthy finding was that the LineAverage 1.25c¢
technique proves to be more precise when compared to
the 1-Points Average method for extracting flow dynamics
around the blade. This is particularly pertinent in
scenarios where flow separation and the formation of
significant regions of eddies occur. Furthermore, the
research delved into the behavior of dynamic stall and
established the connection between the predicted angle of
attack and the coefficients of lift and drag. These findings
collectively contribute to an enhanced understanding of
the self-starting phase’s mechanics and the aerodynamic
behavior of the system under scrutiny.

For the purpose of juxtaposing studies in the existing
literature, Table 1 serves as an illustrative benchmark,
delineating key facets for comparison. These facets
encompass:

F1-Working Mechanism of Darrieus Wind Turbine
and/or Solar System: This factor delves into the opera-
tional intricacies of the Darrieus wind turbine and solar
energy system, dissecting their functional synergies.

F2-Optimization Technology for Darrieus Rotor
Blades: Within this parameter, the technological
approaches employed for optimizing the performance of
Darrieus rotor blades are examined.

F3-Geometry of Solar Panel: The geometry, configu-
ration, and design specifics of the solar panel are appraised
under this criterion.

F4-Development of Proposed Design: This factor
scrutinizes the evolution and formulation of the proposed
design within the context of the studied systems.
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F5-Efficiency Enhancement of the System: The
enhancement of system efficiency is a central consideration
within this component, encompassing strategies and
methodologies applied to bolster overall performance.

By dissecting these facets and presenting their nuances
within Table 1, a comprehensive comparison across various
studies is facilitated, contributing to a more holistic
comprehension of the research landscape.

3 Methodology and materials

The research method is initiated with the design of the
Darrieus wind turbine rotor airfoil as the airfoil affects the
self-starting capability of the rotor and its ability to
generate power. In this phase, there are several parameters
that must be considered such as the TSR, geometry of the
rotor, drag and lift coefficient, solidity, and forces of drag
and lift.

The Tip-Speed Ratio (TSR) is the ratio of the
tangential speed of the tip of a wind turbine blade to
the speed of the wind. If a wind turbine has a TSR of 5, it
means the tip of the blade is moving five times faster than
the wind speed.

The Geometry of the Rotor refers to the physical
dimensions and characteristics of the wind turbine rotor,
including the length and shape of the blades. A rotor with
longer blades will capture more wind energy, while the
shape of the blades influences aerodynamic performance.

The Drag Coefficient represents the drag force experi-
enced by an object moving through a fluid, in this case, the
wind. A low drag coefficient indicates that the rotor blades
encounter less resistance, improving overall efficiency.

The Lift Coefficient measures the lift force generated by
the wind turbine blades due to aerodynamic lift. A higher
lift coefficient signifies increased lift force, contributing to
the efficient rotation of the wind turbine.

Solidity is the ratio of the total blade area to the swept
area of the rotor and provides insight into how much space
the blades occupy in the rotor plane. A low solidity
indicates more space between blades, potentially reducing
interference and improving efficiency.

Forces of Drag and Lift represent the aerodynamic
forces acting on the wind turbine blades, influencing their
motion. Understanding the forces of drag and lift is crucial
for optimizing blade design and overall performance in
capturing wind energy.

The proposed system is then simulated with using Q-
blade to understand the overall performance of the system.
The airfoil of the turbine will also be simulated using the
software. Further analysis will be conducted using CFD to
compare the results to the results obtained from Q-blade
simulations, in addition to the other parameters that is
obtained from CFD analysis. Figure 1 shows the isometric
view of the hybrid power generator consisting of all the
previously mentioned components. The battery is placed at
the bottom for the stability of the hybrid power generator
while also optimizing the geometrical placements of the
components.

Fig. 1. Isometric drawing of the hybrid solar-wind turbine power
generator.

Table 2. Geometry of the wind turbine rotor.

Parameter Optimized Value Unit
Airfoil SG6043 —
Chord Length 0.0588 m
No. of blade 3 —
Pitch angle —3.41 deg
Rotor diameter 0.4 m
Rotor height 0.3239 m
Solidity 0.441 -

Table 2 displays the finalized geometry of the wind
turbine rotor blade. The rotor is designed to have an overall
diameter of 0.4m and a rotor height of 0.3239m. One
turbine is to be used in the system. The rotor is equipped
with three blades with the optimal LS (1)-0413 airfoil
obtained from the optimization of the airfoil.

Figure 2a displays the view of overall view of four
airfoils designed using Q-blade to propose the optimal
design to be used in the hybrid solar-wind power generator.
As previously mentioned, LS (1)-0413 is one of the airfoils
that are being compared to other airfoils. NACA 0015 and
NACA 0021 have been used as airfoils to be compared due
to them being known as the conventional airfoils used.
SG6046 has been determined as one of the airfoils of
comparison due to the research by [32]| that suggests the
airfoil is the most effective airfoil for wind with low
Reynolds number and used in a small VAWT. The research
found that SG6043 obtained the largest lift to drag ratio of
the airfoils compared airfoil if NACA0018, NACA0021, and
LS (1)-0413.
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0.0 0.1 0.2 0.3 0.4
airfoil Design Module
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1 NACA 0015 15.00 30.10 0.00 46.70

2 NACA 0021 21.01 29.90 -0.00 5.90
3 NASA/LANGLEY LS(1)-0413MOD AIRFOIL 13.02 34.29 1.99 33.49
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Fig. 2. (a) Overall view of the six airfoils designed, (b) Boundary conditions of wind turbine CFD simulations.

Figure 2b illustrates the geometry to be simulated and
the boundary conditions are determined to then be sent to
the mesh generator. The geometry of the 2D airfoils has
been drawn in ANSYS Fluent in the shape of the rotor
turbine with diameter of 0.4 m where the surfaces of the
airfoils act as walls.

The formulations for the tip speed ratio (Eq. (1)),
coefficient of moment (Eq. (2)), and coefficient of power
(Eq. (3)) are as follows [32]:

R

T
m = 2
3 PARU, )

P

3.1 System components

The material selection for a hybrid solar-wind system
involves considering various factors such as durability,
efficiency, cost-effectiveness, and sustainability. In
Malaysia, being an equatorial country, the daily average
solar radiation ranges approximately from 4,000 to
5,000 Wh/m?, with an annual average of 1,643 kWh/m?
of received radiation. The proposed system design is
illustrated in Figure 3. A summary of the materials selected
for different components of the system:

e Solar Panels: A 10-Watt, Mono-crystalline Silicone is
used due to its high efficiency (17%-22%), aesthetic
appearance, non-hazardous to the environment, longevi-
ty, and more electricity generation.

e Mounting Structure: Aluminium is chosen as the
material for the mounting structure due to its strength,
durability, and corrosion resistance.
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age Sensor

(7) 10T Platform

® Inverter: The inverter is responsible for converting the
DC power produced by the solar panels into AC power
that can be used in the home. The selection of the inverter
is based on efficiency, reliability, and compatibility with
the solar-wind system.

® JoT Monitoring System, Microcontroller: The ESP8266
microcontroller is chosen due to its affordability,
compatibility, available resources, and lower power
consumption.

e Relay: A 5V-12V relay is used to control the power
supply from the solar-wind system.

e Voltage Sensor: A 25V voltage sensor is used to monitor
the main grid power supply.

(6) Switch (On/Off Socket)

(8) Battery Storage

(b)

Fig. 3. Tested system parts (a) Experimental setup, (b) Designed system materials.

e AC to DC 5V-12V Adapter: It serves as a power supply
for the microcontroller and other components.

e Switch (On/Off Socket): It allows control of power flow
to the load.

e [oT Platform, Blynk is chosen as the cloud server for the
ToT system due to its open-source nature, cost-free usage,
connectivity with microcontrollers via Wi-Fi, and easy-
to-use graphic interface design.

e Battery Storage: Lead-acid batteries are chosen for the hybrid
system due to their long lifespan, low maintenance require-
ments, high reliability, recyclability, low self-discharge, and
efficiency at high temperatures. They are also cost-effective.

Figure 3b illustrates the designed system materials.



F.B.I. Alnaimi et al.:

@9.

GATEWAY

NODES

z.gnn

SAN

loT
SERVER

SER
INTERFACES

(a)

Fig. 4. (a) Block diagram of an IoT Platform, (b) IoT devices architecture.

3.2 Integration strategy

The methodology encompasses the design specifications
and process for the IoT system as shown in Figure 4a. It
begins with a detailed discussion of IoT principles,
emphasizing the significance of understanding its function-
alities for software integration. A critical aspect addressed
is the proposed monitoring system design, crucial for data
management and analysis, facilitating issue identification,
device optimization, and system efficiency.

The IoT architecture is presented, comprising four
layers: application, cloud management, network, and
device. The application layer collects user data and offers
smart services, while the cloud management layer centrally
controls and analyses data. The network layer facilitates
device connectivity, and the device layer collects data from
sensing equipment and smart devices, transmitting it to the
cloud.

The transmission hardware design, illustrated in
Figure 4b, involves a wireless sensor network, server cloud
management, and a workstation. Sensors collect data and
transmit it through a Wi-Fi module, connecting with the
cloud server that processes and stores the information. The
workstation serves as the central control centre accessible
via remote login.

The proposed approach’s process flow is depicted in
Figure 5a, illustrating sequential operations. The system
starts with Arduino establishing an internet connection,
generating an IP address. Valuable data from the hybrid
system and sensors is processed by the microcontroller and
efficiently transferred to the Blynk cloud server, accessible
to authorized users.

The circuit design in Figure 5b incorporates two sensors
controlled by the microcontroller to read data and energy
from the hybrid system. The microcontroller is powered by
a bV-12V adapter, and a relay module allows remote and
automatic control of the hybrid system on/off switch. The
system’s codes are developed in the Arduino IDE software
for seamless data transfer.

Renew. Energy Environ. Sustain. 9, 2 (2024) 7
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3.3 Performance evaluation

The performance of the system is assessed and compared
against meticulously calibrated sensor data. Calibration is
conducted for the voltage and temperature sensors using a
multi-meter and a thermometer, respectively, to ensure
precise readings. To determine the variation between the
actual and theoretical values, the percentage difference will
be computed based on the calibration results obtained from
the sensors. The Mean Formula will be employed to
calculate the average data value, while the Standard
Deviation Formula will be utilized for assessing standard
deviation. It is important to note that standard deviation
serves as a measure of uncertainty, representing the
accuracy of the data.

The following formulas are employed for the calcu-
lations [2]:

Mean Formula

n

V1+V2+...+Vn_ 11V
n a n

Mean(y1) = (4)

Standard Deviation Formula

Vi V)
StandardDeviation(o 1 (5)
n—

3.4 System design and analysis

This section addresses material selection and cost analysis
for key components of the hybrid system, encompassing the
solar module, wind turbine design, IoT cloud infrastruc-
ture, IoT programming, and software integration. This
integration facilitates remote monitoring through the
Blynk web and app platform, employing the NodeMCU
Wi-Fi module to interface with temperature and humidity
sensors, voltage sensing, and a relay module to regulate
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power flow. The IoT system is coded utilizing the Arduino
IDE platform and data transmission occurs via Wi-Fi
connectivity to the NodeMCU.

This segment outlines the process of wind turbine blade
design and simulation utilizing the blade element momen-
tum theory (BEMT) through Q-blade software. The
simulation entails establishing crucial design parameters,
including design wind speed, rotor diameter, blade count,
TSR, rotational speed, airfoil choice, and Reynolds
number. The analysis with Q-blade assesses the conceptual
design, allowing a comparative analysis of three distinct
Horizontal Axis Wind Turbine (HAWT) blades in
accordance with suggested criteria. Subsequently, the
study identifies the most optimal design within this
context.

Furthermore, this stage centred on formulating and
executing an IoT framework for the hybrid PV solar-wind
system. The Blynk platform, along with Arduino software,
NodeMCU, relay module, temperature and humidity
sensor, voltage sensor, and requisite components, were
meticulously integrated. This integration was accompa-
nied by a practical circuit diagram, complemented by
meticulous coding to ensure the systematic surveillance of
system data and the remote control of the system through
the relay. In tandem with this effort, the hybrid PV solar-
wind system was constructed, the IoT architecture was
meticulously devised, and the Blynk platform was adeptly
configured to facilitate the wireless transmission of data via
Wi-Fi. The iterative blade design process was executed
through the utilization of Q-blade software—an open-
source wind turbine calculation tool that expedites the
design of turbine blades. This is achieved by establishing
chord and twist angle distributions. The Q-blade software,

(b)

Fig. 5. (a) Process flow chart of proposed approach, (b) circuit diagram sensors & microcontroller.

rooted in the Blade Element Momentum theory, is
seamlessly incorporated within an XFOIL graphical user
interface.

3.4.1 Blade design mathematical model

The mathematical expressions used to calculate the data
required for the blade design are defined by reference [33].
The design wind speed has been calculated using equation (6)

Vdesign = 1.4 X maws (6)

V design is the Design Wind Speed and maws is the
meanannualspeed in Malaysia

A=80 X Rrotor/vdesi!]n (7)

Where N Tip Speed Ratio: R is blade length, ) is the
rotational speed, and V design is the design wind speed.
The Local Tip Speed Ratio (Ar) is calculated using equation

(8)

() ©

where ris the local radius and R is the blade length. The
Rotational Speed () is obtained in equation (9)

2= (A. X Vdesign)/R (9)

Equation (10) in the mathematical expression for the
Reynolds Number (Re)

Re= (P x C X up)/u (10)
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Where p is the air density w is dynamic viscosity, C is
the chord length and u,; is the relative wind speed.

The Initial Angle of the Relative Wind (p7) is expressed
in equation (11)

pi = 90° — @) x 90 — (;) tan (/\i) (11)

Equation (12) is used to calculate the Chord Length
(C,) and Lift coefficient (Cl)
C, = (87 x sing;)/(3 x N x Cl x A, (12)
Where N is the number of blades, and ¢ is the optimum
relative wind angle. The Local Twist Angle (0,) is obtained
by equation (13)
Or =D; — oyt — P (13)
Where: a,,, is the optimal angle of attack, and g is the
pitch angle. The mechanical power extracted by the WT is
calculated by equation (14)
Pm=05x pxm x v x R*x Cp(h,B) (14)
Where Cp is the rotor power coefficient (the turbine’s
maximum efficiency), and V is the available wind speed.
Enhancing rotor blade performance hinges upon the
judicious selection of airfoil shapes that yield heightened
lift and lift-to-drag ratios. The pursuit of airfoils with a
high lift-to-drag ratio proves especially advantageous for
compact rotor dimensions, as they engender substantial
torque generation and manifest optimal responsiveness at
lower wind speeds, culminating in efficient power genera-
tion. Furthermore, the zenith of rotor blade efficacy is

reached in conditions of gentle winds. Under such circum-
stances, the optimization of Reynolds numbers, as defined by
equation (10), harmonizes with other parameters appraised
by the BEMT. Given that low Reynolds numbers arise from
the operation of diminutive rotor Wind Turbines (WTs)
within the realm of low wind velocities, securing a high-
performance rotor in this context necessitates airfoils
boasting elevated lift and lift-to-drag ratios at low Reynolds
numbers and angles of attack. To materialize this, the blade
span, encompassing a radius of 0.7 m, is segmented into ten
equal-length elements. Reynolds numbers of 1.5 x 10°,
2.0 x 10°, 2.5 x 10°, and 3.0 x 10° are contemplated. Airfoil
data files are subsequently transposed into Q-blade software
for analysis, delving into lift and drag coefficients at varying
Reynolds numbers. For each chosen airfoil and Reynolds
number, the pinnacle points of maximum lift and minimum
drag coefficients, engendering the most favourable glide
ratio, are pinpointed. The associated angles of attack that
yield these optima are also discerned, as depicted in Figure 6
as an example. Referring to Table 3, it becomes evident that
the SG6043 airfoil has achieved the pinnacle lift—to—dra%
ratio, reaching a remarkable value of 118 at a Re of 3.0 x 10

and an angle of attack of 4.5 degrees. In contrast, the
NACA 4412 airfoil attains its highest lift-to-drag ratio,
reaching 91.3, under the conditionsofaRe of 3.0 x 10” and an
angle of attack of 7.5 degrees. This analysis leads to the
conclusion that the well-suited airfoil and Re combination
are the SG6043 airfoil and a Re of 3.0 x 10°, respectively.

3.4.2 TSR and rotational speed

One pivotal parameter in blade design influencing the
initiation speed of the rotor is the TSR. With an emphasis
on rapidly achieving the required torque for startup and
attaining optimal power capture within a low wind speed
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Table 3. Selected Airfoils data at Re 3.0 x10°.

Table 4. Rotational speed of varying TSR.

3.0x10° Design wind speed = 4.0m/s
Airfoils cl/cd max cl max cd min a opt  Chosen TSR and rotational speed for turbine design
SD2030 89.1 0.695 0.0079 3.5 TSR 4 5 6
NACA4412 91.3 1.25 0.0137 7.5 Q (rad/s) 24.69 30.86 37.03
SG6043 118 1.22 0.0103 4.5

domain, the TSR values of 4, 5, and 6 were carefully chosen
for incorporation into the design. Subsequently, equation
(9) was employed to calculate ) corresponding to each
designated TSR.

Referencing Table 4, the rotational speed values mark
the juncture at which the rotor blade garners its peak
power output, synchronized with the design wind speed
and the optimal TSR setting. The parameters essential for
configuring the blade design within the Q-blade software
are accurately computed through the application of the
design equation for TSR values of 4, 5, and 6, respectively.

The analysis reveals that the pinnacle of optimization
emerges at a TSR of 6, as illustrated in Figure T7a.
Additionally, Figure 7b elucidates that the optimal
configuration achieved at a TSR of 6 yields the highest
power coefficient in alignment with the desired outcome.

3.4.3 Cost analysis

To ascertain the feasibility of adopting this technology, a
comprehensive cost analysis will be undertaken. This study
aims to meticulously assess both the expenditures and
benefits inherent to this project. The anticipated material
costs for implementing this hybrid renewable energy
technology are detailed in Table 5. The findings indicate
that the system cost remains favourable in comparison to
analogous systems documented in the existing literature.

4 Results and discussion
4.1 Calibration of sensors result

To calibrate the sensors, a comparison will be made
between theoretical values and actual values. The actual
data was collected through an 8h monitoring period,
spanning from 9:00 AM to 5:00 PM. The theoretical data,
on the other hand, were acquired by employing a
multimeter and a thermometer. Subsequently, the collect-
ed data was consolidated and summarized using the mean
and standard deviation formulas. The calculation process
for determining the mean and standard deviation of each
sensor is elucidated in the Tables 6 and 7.

By calculating the percentage difference from standard
measuring instrument (£ 1o %) between the Mean value
and the Standard Deviation value, the result of the
Standard Deviation value will show how far or how close
the dispersion of data from mean value. It is found that
for voltage and temperature are 10.0978, and 28.944, while
o for voltage and temperature are 0.0180, and 0.5003,
respectively.

4.2 Hybrid system results

Based on predicted winds in Kajang, Malaysia, between
17" February and 24" March 2023, Figure 8a illustrates
the results of theoretical computations. According to the
theoretical calculations, the overall efficiency rating for
both the wind turbine and gearbox/generator systems is
31.5%. In Figure 8b, the coefficient of moment is plotted
against the TSR for wind velocities of 2m/s, 3m/s, and
4m/s. At a wind speed of 3m/s, the Cm graph shows the
ideal pattern, in which Cm ascends to a peak and then
descends. This trend, on the other hand, is not valid for
wind speeds of 2m/s and 4m/s, as their respective graphs
show fluctuating increments and decrements.

At a wind velocity of 2m/s and a TSR of 2.4, the
pinnacle of Cm stands out as the singular point where a
positive value is reached, specifically at 0.0288. Remark-
ably, this marks the highest Cm value across all simulated
scenarios. Conversely, the minimum coefficient of moment,
registering at —0.0899, transpires at a TSR of 2.2,
establishing the lowest value of Cm within the entire
dataset.

Upon analysing the wind velocity of 4m /s, the zenith
coefficient of moment emerges at 0.0269, aligning with a
TSR of 2.2. In contrast, the nadir value of Cm presents
itself at —0.0282 for a TSR of 3.0. Furthermore, for wind
speeds of 4m /s, positive Cm values are observed at TSR
2.8, specifically at 0.0047. Similarly, for wind velocities at
3m/s, positive Cm values are discernible at TSRs of 2.4
and 2.6, registering at 0.0184 and 0.0105, respectively.
The lowest Cm value recorded within this wind speed
category is a substantial —0.0249, occurring at a TSR of
2.2.

A theoretical wind turbine in Kajang, Malaysia
generates electrical power at high wind speeds as shown
in Figure 9a. According to the graph, the highest expected
electrical power generation occurred on the 14" of March
2023 at 0.88kW, while the lowest was on the 20™ of
February at 0.06 kW. There is a steady increase in electrical
power generation from the 20™ to the 3" of March. In spite
of this, the results may vary due to the cut-in wind speed of
wind turbines, which is generally 4 m/s, but the forecasted
wind speeds are not more than 3.06 m/s. As a result, the
wind turbine will generate electricity on an hourly basis.

From the moment obtained from the CFD simulations,
the power is then able to be calculated to determine the
ability of the turbine. Table 8 comprises of the calculated
power of the turbine for wind speeds of 2m/s, 3m/s and
4m/s for TSR of 1, 2, 2.2, 2.4, 2.6, 2.8, and 3.0. From the
table above the coefficients of power were also calculated to
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Table 5. The estimated cost of materials in the system.

Parts Price/unit (RM) Quantity Total (RM)
10W PV solar panel mono-crystalline silicon 75.80 2 151.60
Microcontroller NodeMCU ESP8266 27.80 1 27.80
Temperature/Humidity sensor — DHT22 19.80 1 19.80
Relay Module 8.40 1 8.40

Solder Cable 11.22 1 11.22

DC to AC Inverter 173.90 1 173.90
Jumper Wire for NodeMCU 3.60 3 10.80
Total Cost (RM) 403.52
Table 6. Voltage sensor (Theoretical vs. Experimental).

Monitoring Time  V;, Voltage (Multi-meter)  Voltage (Sensor, V)  Average,V,, (Vi-V,,)?

9:00 AM 7.14 7.24 7.19 (7.14—7.19)2 = 0.0025

10:00 AM 10.91 10.93 10.92 (10.91-10.92) = 0.0001
11:00 AM 10.90 10.93 10.915 (10.90—10.915) = 2.5x10°
12:00 PM 10.94 10.95 10.945 (10.94-10.945) = 2.5x107?)
1:00 PM 11.55 11.54 11.545 (11.55—11.545)2 = 2.5x107°
2:00 PM 12.25 12.26 12.255 (12.25—12.255)2 = 2.5x107°
3:00 PM 10.95 10.95 10.95 (10.95-10.95)% = 0

4:00 PM 9.42 9.42 9.42 (9.4279.42)2 =0

5:00 PM 6.74 6.74 6.74 (6.74—6.74)> = 0

Sum 90.88 0.0026

Table 7. Temperature sensor (Theoretical vs. Experimental).

Monitoring Time T; Temperature (Thermometer) Temperature (Sensor) Average, T,

9:00 AM 23.9 24 23.95 (23.9—23.95)> = 0.0025
10:00 AM 24.1 24 24.05 (24.1—24.05)2 = 0.0025
11:00 AM 27.0 27 27 (27.0-27)2 = 0

12:00 PM 31.0 29 30 (31.0-30)* = 1

1:00 PM 30.0 31 30.5 (30.0—-30.5)% = 0.25
2:00 PM 32.0 33 32.5 (32.0-32.5)% = 0.25
3:00 PM 32.0 32 32 (32.0-32) = 0

4:00 PM 31.0 31 31 (31.0-31)> =0

5:00 PM 29.0 30 29.5 (29.0—29.5)% = 0.25
Sum 260.5 2.0025

determine the efficiency of the turbine at the specified
environments. Hence, the graph for power and coefficients
of power were developed below.

Figure 9b displays the graph of coefficient of power
against the TSR for wind speeds of 2m/s, 3m/s and 4m/s.
Identical to the previous graph, the graph shows and
increasing trend until it reaches the peak at TSR of 2.2 and
continues to consistently decrease until TSR is 3. The
coefficient of power is also described as the efficiency of the
turbine as it represents the ratio of power out to the power
in. These coefficients must be below the Betz limit of 0.5926
which is the ideal condition of a wind turbine. In contrast to

the power produced which indicated that the largest power
produced by as much as 2.3779 W at 4m/s and TSR of 2.2,
the most efficient condition was obtained at wind speed of
3m/s at TSR of 2.2 with the coefficient of power of 0.3345.
The coefficient of power measured at TSR of 2.2 for both
wind speeds of 2m/s, and 4m/s was by as much as 0.1641
and0.1588 respectively.

Figure 10a shows how the wind flow creates drag on the
wind turbine blades due to large areas of high velocity. The
display of various speeds of wind within the area inside of
the blades shows that the wind is not being fully utilised,
thus strengthening the simulated results obtained from the
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Table 8. Moment and coefficient of power at different TSR and wind speed.

Tip Speed Ratio Power(W)  Coefficient of power, Cp
Wind speed (m/s) 2 3 4 2 3 4

1 -0.0782 0.4397 0.9193 0.0418 0.0696  0.0614
2 -0.1296 -0.9451 -3.0996 -0.0692 -0.1496 -0.2070
2.2 -0.7406 -0.7559 3.5429  -0.3956 -0.0595 0.2366
24 0.2587 0.8359 0.0663  0.1382 0.1323  -0.0044
2.6 -0.4400 0.5168 -2.4068 -0.2350 0.0818 -0.1607
2.8 -0.6090 -0.2002 0.7895  -0.3258 -0.0317 0.0527
3.0 -0.3160 -1.1711 -5.0663 -0.1688 -0.1854 -0.3383

Table 9. Data calibration of each sensor.

Percentage difference from
standard measuring
instrument (£ 1o %)

10.0978 £0.0180 %
28.9444 4+ 0.5003 %

Sensor Type

Voltage
Temperature

simulations previously. It is also evident from the long trail
ends of the wind exiting the blade at a TSR of 1, which is
another indication of poor performance. Changes in wind
speed increase the pressure differences that enhance drag
development and adversely affect the performance of wind
turbines.

A comparison of Figure 10b shows there are fewer wind
velocity contours within the turbine blades because they
are able to better utilize the energy within the air at TSR’s
of 2 and 2.2. Compared to Figures 10a and b displays a
larger area of higher velocity. As a result, a Darrieus wind
turbine requires less lift force to operate because of the
increased drag experienced by the blade. Similarly, the
coefficients calculated from simulation results are in
agreement with the results.

(b)

Fig. 10. Velocity Contours across turbine blades at wind speed 2m/s at a) TSR=1, b) TSR=2.2.

o Wind turbine rotor

Rotors were developed based on the proposed design
(refer to Tab. 2). The blades were developed using 3D
orienting with the material of PLA as it is most suitable for
the sharp edges of the airfoil geometry. Acrylic rods were
used for the shaft and connecting blade-to-shaft rods.
® Solar panels and charge controllers

Monocrystalline panels were used at 10W each. The
solar panels were mounted at the top of the hybrid power
system at an angle of 30°. Two charge controllers were used,
wind turbine charge controller and solar PV charge
controller, where the positive terminals of the charge
controllers were connected to diodes to prevent backflow.
® Inverter and battery

Inverter was used to draw the DC power from the
battery to AC power for he loads, which in this study uses a
20W spotlight. Battery used was a sealed lead acid battery
at 12V and 18 Ah.

The percentage difference values presented in Table 9
represent the summarized results of sensor calibration,
specifically focusing on the Mean and Standard Deviation
(n £ 10 %). The o signifies the extent of dispersion between
the data points and the w, highlighting the proximity or
divergence of the data.
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It can be observed that the o values are smaller than
their respective means, indicating minimal deviation from
the mean. The average accuracy of all sensors was
recorded at 98.59%, signifying their optimal performance
and dependable data acquisition. Consequently, this
outcome successfully fulfils the study’s objective, which
is the validation of the system’s functionality. Figure 11a
illustrate the dispersion of data, encompassing all
tabulated information.

Based on Figure 11 it is evident that the data exhibits
minimal dispersion. Despite occasional fluctuations in read-
ings, the sensors demonstrate a remarkable level of accuracy.
As a result, the validation of the system is confirmed.

The relay module, an integral part of the system, is also
examined to validate its functionality. Testing involves
activating and deactivating a light bulb to confirm the
relay’s capability to control the switch wirelessly. Addi-
tionally, the relay is found to be capable of activating the
power source from the hybrid PV solar-wind system in case
of a disruption in the main grid power supply.

The relay control functionality of the IoT system is
extensively tested and validated as shown in Figure 12. It is
confirmed that the relay effectively controls the on and off
switching of the hybrid solar-wind system wirelessly and
automatically, as intended. The relay’s successful response
to the NodeMCU signals verifies its functionality and
contributes to the overall success of the IoT system for
hybrid energy management.

Furthermore, the IoT technology employed in the
hybrid system provides flexible monitoring mechanisms
remotely through internet web connections. Users are able

to monitor voltage, temperature, and humidity remotely
and control the system on/off functionality. The system’s
affordability, convenience, and efficiency are highlighted.

User-friendly graphical user interfaces (GUIs) are
developed using the BLYNK application for data monitor-
ing as shown in Figure 13a. The BLYNK application allows
users to choose and display the desired data, such as
humidity, temperature, and voltage. A web dashboard on
the BLYNK website (see Fig. 13b) is also designed for
administrative and management purposes, enabling data
display and system control via a computer.

The monitoring system devices showcase seamless data
transmission to the cloud application and website. The
system’s stability is ensured through a synchronized time
call interval of 1 s across all sensors. This prevents potential
crashes or interruptions in the system’s operation, further
validating its reliability.

4.3 Comparison with similar works from literature

Reviewing several publications that focused on hybrid
systems combining two PV systems and a wind turbine, it
has been found that all references praised the use of these
systems, which complement one another and make
electricity production more reliable as illustrated in
Table 10. In the researchers’ study, they used a variety
of wind turbines that each had advantages and disadvan-
tages, but all needed more study to generate energy at low
wind speeds of 2m/s or less. Solar photovoltaics and hybrid
wind energy systems produce far fewer emissions than fossil
fuel-based electricity, according to studies.
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Fig. 12. The relay module connection.
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5 Conclusion

In conclusion, this study presents a comprehensive
approach to design and monitoring hybrid PV solar-wind
systems via an IoT-based monitoring system. The
proposed design seamlessly integrates sensors, micro-
controllers, relay modules, and cloud servers, enabling
efficient data collection, management, analysis, and
remote control. The calibration process substantiates
the system’s reliability and precision, enabling real-time
data acquisition and remote management via smart-
phones or computers.

The incorporation of IoT technology elevates the
system’s functionality and user-friendliness, thereby con-
tributing to sustainable energy practices and resource
management. This design offers a robust and effective
solution for monitoring renewable energy systems, ensuring
accurate measurement of system parameters and optimiza-
tion potential.

Based on theoretical results, the highest electrical
power generation was 0.88 kW on March 14, 2023, and the
lowest power generation was 0.06 kW on February 20,
2023. As a result of the increased drag that the blades are
exposed to, the Darius wind turbine requires less lift to
rotate. In addition, the experimental and theoretical
results converged well, meaning that the assumptions
were reasonable. In addition to driving the advancement of
renewable energy technologies, this research paves the way
for future inquiries into improving hybrid wind-solar PV
system efficiency and capabilities.

While this research has contributed significantly to the
design and monitoring of hybrid PV solar-wind systems
through an IoT-based approach, it is essential to acknowl-
edge certain limitations. The theoretical assumptions made
during the study, while validated by the convergence of
experimental and theoretical results, pose a potential
constraint. Furthermore, the research primarily focuses on
system monitoring and optimization, leaving room for
future investigations into external factors that may impact
system performance. Moving forward, future research could
delve into a more comprehensive analysis of these external
factors, providing a nuanced understanding of real-world
challenges.
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