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Abstract Renewable energy is a solution to displace non-renewable energy
resources with the wind turbine being one of the prominent the renewable energy
sources. Research on wind turbines still ongoing to be advanced. The Horizontal
Axis Wind Turbines (HAWTS) are more widely utilized for electricity produc-
tion, Vertical Axis Wind Turbines (VAWTs) offer distinct advantages not found
in HAWTs. However, VAWT has several benefits that are not present in HAWT,
so research on VAWT must continue with the aim that VAWT can be developed into
a commercial power generator. This paper is a form of Darrieus VAWT research
development. The demonstration of Numerical Simulink Method can be found here
to evaluate the performance of Wind Turbine such as the values of power coefficient,
angular velocity, and torque. The input parameters are a symmetrical airfoil with 15%
thickness, a radius of 0.5 m, a height of 1 m, and a chord length of 0.2 m. Numerical
analysis using the Novelty Simulink Model is carried out so that engineers or scien-
tists can evaluate VAWT performance under various conditions for further research.
This paper also presents a graph depicting a relationship between all output param-
eters with wind speeds starting from 1 m/s until 12 m/s. According to the study’s
outcome, these have a relation with increasing wind speed. Moreover, this research
provides evidence that the VAWT can work properly at low wind speeds (less than
12 m/s).
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1 Introduction

Demand of electrical energy has increased significantly along with the increase in
population and demand for industry and so on. Currently the fuel used to produce
electrical energy is fossil fuels such as coal, natural gas, and oil. Fossil fuels are
hydrocarbons that have an environmental impact when used. When more fossils are
extracted from the earth, the great of greenhouse gases that pollute the air on earth
will increase. These harmful gases produced by fossil fuels have impacts on global
warming [1].

Global warming is a situation in which the Earth’s temperature rises due to a
multitude of factors. The increase in greenhouse gases is the most influential factor
in global warming. Fossil fuel combustion sources such as transportation and non-
renewable power plants are factors that cause excessive toxic gases such as CO,,
methane, nitrous oxide, and SO, to be produced [2]. In addition, living creatures on
earth are sure to be affected, directly or indirectly, because the gases produced are very
dangerous to the environment and health. In terms of the environment, the intensity
of natural disasters will increase, as extreme weather occurs more frequently as a
result of rising temperatures. Not only that, life in the oceans and freshwater systems
is also affected. Life in the oceans and freshwater systems is affected because CO,
can dissolve, causing a decrease in water pH. In addition, the heat from greenhouse
gases is trapped and absorbed by water, causing it to heat up [3]. In terms of health,
there are various diseases caused by global warming because, fundamentally, global
warming contributors are not only CO», so it can be said to be directly proportional
to air pollution. For children, the effects of air pollution include infant mortality, low
birth weight, allergies, asthma, nerve development damage, disabilities, and cancer,
which some of these effects can be experienced by adults [4].

The Paris Agreement, enacted in 2015, was created in response to the extensive
impact of global warming. In this agreement, 197 countries concurred to limit the
maximum temperature rise to no more than 2 °C [5]. This means that the use of fossil
fuels is increasingly restricted, as they contribute to the production of dangerous
gases and rising air temperatures, in order to keep the global surface temperature
increase to only 1.5 °C, which is better than the targeted 2 °C. Oil, natural gas, and
coal are therefore expected to remain unexploited, leaving only 58%, 56%, and 89%
respectively by 2050 [6]. Therefore, there is a need for special attention to be given
to renewable energy like wind, solar, water, biomass, and geothermal so they can be
used more massively as they are more environmentally friendly, have lower usage
costs, and are not exhaustible. Wind power utilization is one of many solution for
reducing the use of non-renewable energy. Wind energy converted into electrical
energy through a generator has been proven to produce relatively low air pollution,
resulting in lower impacts on living beings and the environment. Furthermore, in
terms of the economy, the benefits of adopting renewable energy steadily escalate. In
the year 2015, the proportion of renewable energy attained 15%. It is predicted that by
2050, the share of renewable energy will continue to grow given the public’s concerns
about environmental health issues, reaching 63% of energy production revenue [7].
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Nowadays, there are two common categories of wind turbines which are distin-
guished according to the direction of their axis, To be precise, it was the Horizontal-
Axis Wind Turbine (HAWT) and the Vertical-Axis Wind Turbine (VAWT). HAWT
has a shape similar to aircraft propellers, which are Aligned with the wind flow, thus
requiring a special mechanism to direct the blades according to the movement of the
wind. The other type is VAWT, which has its axis orthogonal to the wind flow. The
advantage of VAWT is that no matter where the wind comes from, it will continue to
rotate, so no special mechanism is needed to rotate its blades. Both types of turbines
are still being developed in order to achieve a high level of efficiency [8].

In generating electricity from a steady wind flow with sufficient speed, HAWT
is clearly superior and can produce much more energy than VAWT. Additionally,
HAWT exhibits more efficient performance than VAWT [9]. HAWT is commonly
used in large wind farms, remote access areas, and offshore locations where the wind
speed is stable and uninterrupted. On the other hand, wind patterns in urban areas
tend to be unstable with low wind speeds, unpredictable wind directions, and full
of turbulence which make HAWT relatively ineffective. Therefore, VAWT can be a
better choice for urban areas [10]. However, VAWT is more effective when the wind
direction is constantly changing because VAWT does not require a mechanism to
adjust to changing wind direction. Because of this, VAWT can be utilized in other
areas such as in the middle of a highway, which can be used to power the lighting
system [11]. Another advantage of VAWT is that more VAWTs can be installed on
a single piece of land compared to HAWT, resulting in greater energy density for
VAWT usage on that land [12].

The research uses the four-digit NACA series from the National Aeronautics and
Space Administration (NASA) as an airfoil of the wind turbine. Symmetrical airfoils
have better efficiency but worse self-starting ability than chambered airfoils [13].
A symmetrical airfoil called the NACA 0015, which has a thickness of 15%, was
used in the experiment because it can produce a maximum power coefficient at the
optimum tip speed ratio (A) higher than 3 [14, 15]. Based on Song’s simulation, it
was found that NACA 0015 and 0018 are more suitable for use in VAWT. Moreover,
it was also found that the torque produced by NACA 0015 is not too bad, although
NACA 0018 is the best [16].

This research was conducted to determine the characteristics of a vertical axis
Darrieus type wind turbine using the Simulink Numerical Method. Research related
to simulation methods is necessary, as a lightweight and accurate simulation method
is still being sought. So far, there are two simulation methods that are often used,
namely Double Multiple Streamtube (DMST) and Computational Fluid Dynamic
(CFD) [17]. Although they are simulation methods that meet the needs of VAWT
simulation, research on numerical methods with Simulink is very likely to be the
initial step towards eventually surpassing both methods. Another advantage of this
method is that we can apply control systems and generators within it. However, in
this paper, we will only review its aerodynamic performance and ensure that the
model has shown correct calculations [18].
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2 Research Theory

In the concept of wind turbine efficiency, it is related to the betz limit. The betz limit
is the maximum efficiency value that can be achieved on a wind turbine. This concept
was first introduced by a physicist from Germany named Albertz Betz in 1919. The
value of the betz limit is 16/27 or 59.3%, which means that the maximum limit of
wind kinetic energy that can drive a turbine is only 59.3% as shown in Fig. 1. But
in fact, no wind turbine can reach the maximum limit of this betz limit. The average
wind turbine efficiency value is only 35-45%. [19]

However, according to Divakaran [21] there are many studies which prove that
the Betz limit does not apply to VAWT. Other research says that the Betz limit still
applies with a different maximum. The maximum efficiency value that applies to
VAWT is 63%. Of course, it seems impossible if the efficiency of a wind turbine
is close to 100%. therefore, in this study, it is assumed that the maximum possible
efficiency is 64% [22].

The power in the wind turbine is the result of the conversion of wind energy that
drives the rotor and generator. The amount of power in a wind turbine is highly
dependent on the speed of the wind that drives the rotor. The power equation for the
wind turbine is as follows:

1
P= EpcpAV(P (D
with
A=Hd 2

where P is wind turbine power (watts), is air density (1.225 kg/m3), Cp is Coefficient
of Power, Vo is freestream wind speed (m/s), A is rotor area (m?), H is the height of
the wind turbine (m), and d is the diameter of the rotor (m) [23].

Coefficient of power (Cp) is a coefficient that determines the amount of power
performance of the wind turbine. This C, is basically influenced by two factors,
namely the yield power of the wind turbine and the kinetic energy of the wind flow

Ve _—— Ve A&

11l
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Fig. 1 a Illustration of freestream wind flow through the blade and b Illustration of relative wind
flow [20]
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itself. This C,, has a directly proportional relationship with the performance of the
wind turbine, the greater the Cp, the better the performance of the wind turbine. The
Coefficient of Power (C},) equation is as follows:

Pr Tw

C = — = —
P Pw 1pAV?

3)

where C,, is the Coefficient of Power, Pr is the actual turbine power (Watts), and
Pw is the Power of the theoretical wind speed (Watts) [19].

Tip speed ratio (1) is one of the crucial factors in determining the design of wind
turbine. A may be defined as the ratio of wind speed with wind turbine blade tip
velocity. A is a dimensionless quantity that states the relationship between wind
speed and the average rotation of the rotor [24]. The equation can be written as:

A= 2K 4
= Vo “)
where A is Tip speed ratio, w is turbine rotor rotation speed, R is rotor radius (m),
Vo is freestream windspeed (m/s) [25].
The force experienced by the blade in the direction from the trailing edge to the
leading edge is the simple definition of tangential force. The tangential force can be
found by the following equation:

1
F, = CtzpchWZ )

where F; is tangential force (N), C; is tangential force coefficient, is air density
(1.225 kg/m3 ), ¢ is cord length, 4 is turbine height, and W is relative wind flow.

Tangential force can be obtained from the accumulation of lift and drag forces, so
that the tangential coefficient C; is a constant value that accumulates constant values
of drag and lift forces. To find the tangential force, the value C; can be calculated
with the following equation:

C¢ = Cysin() — Cicos(a) (6)

where C, is tangential coefficient, Cq4 is coefficient drag force, C) is coefficient lift
force, and « is angle of attack.

Angle of Attack is the angle between the relative windflow (Vo) vector line and
the tangential moving blade direction vector V'¢. angle of attack has an effect on Ci,
Therefore, the angle of attack also has a very significant effect on the torque value
on the blade.

To find the angle of attack on this wind turbine, we can use the following equation:

o= tanl(&> (7
A .
m —+ Slne
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Fig. 2 Subsystem of dynamic measurement [26]

where t is the angle of attack, u is induction factor, and 6 is angular position (rad).

Relative Windflow is the wind flow in terms of the blade. Figure la shows
freestream windflow heading towards a moving blade. While Fig. 1b shows us the
direction of the wind flow when viewed from a moving blade. The value of the
Relative Windspeed can be calculated by the following equation:

W = Vo\/[x + (1 —u)sin(®] + [(1 — u) cos(9)]? (8)
= V@ o) ©)
"= ave !

where N is number of blade, c is blade chord length (m), 4 is height (m), W is relative
wind flow, 6 is angular position (rad), A is tip speed ratio, w is angular sepeed (rad/
s), Vo is freestream windspeed (m/s), u is induction factor, and R is rotor radius (m)
[27].

Torque is the value of the moment of force that states the object is rotating on its
axis. Therefore, the torque value can be calculated as

_pXHXCtxW?xc
N 2

T

(10)

where is the torque (Nm), where C; tangential force coefficient, W is relative wind
speed (m/s), H is blade height (m), p is air density [28].
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3 Methodology

Simulink is an additional part of the Matlab software that can be used as a means
of modeling, simulating and analyzing dynamic systems using a graphical interface
(GUD) [29]. In this study, Simulink is used to determine the value of angular velocity,
torque, and power coefficient at start-up ramp condition. Matlab is also used to
plot comparison charts based on parameters on Table 1. the equations that are used
are applied to the Simulink that have been compiled. Finally, the angular velocity,
torque, and power coefficient are shown. The parameters used in this experiment are
listed in Table 1. The air pressure at the wind turbine location is assumed to be an
average temperature in the world at the industrial revolution (1850) had just begun,
15 degrees Celsius, so the air density equal to 1.225 kg/m? [30]. The minimum wind
speed used is 1 m/s and the maximum is 12 m/s. The rest of the specifications of the
VAWT will be determined based on the results of this test. Table 1 is a lists of the
parameters.

To calculate the angular velocity and angular position of the VAWT that being
analyzed, the block set from Woods [26] will be used, as shown in Fig. 2. This
subsystem block describes how the 3D shape of the turbine is used to calculate a
rotational object using momentum theory. The sensor will calculates the VAWT and
displays it to the user in the form of numbers.

Still based on Woods’ presentation, it has been explained that a coefficient called a
Simple Model Generator exists. During the experiment, it was found that this Simple

Table 1 Parameters of

VAWT simulation Parameters Value
Air density 1.225 kg/m?3
Reynold number 80,000
Wind velocity 1-12m/s
Blade number 3
Radius 0.5 m
Height 1m
Airfoil NACA 0015
Chord length 02m

Real Torque

Dynamic N, Angular
Measurement 7 Velocity

Fig. 3 System for finding a real torque and angular velocity [26]

Torque KA
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Bianchini Experiment Simulink test with kB = 0.35
—— Simulink test with kB = 0.32

300
250
200
150

Angular Velocity (RPM)

0 100 200 300 400
Time (s)

Fig. 4 Comparison between different kB of Simulink model test and Bianchini Experiment [31]

Model Gen has an influence on the maximum angular speed of the wind turbine. In
addition, additional gain is also needed to match the wind turbine torque with the
results of existing wind turbine research. Figure 3 illustrates the system that been
found in this research. Coefficient A (kA) and the value of the coefficient B (kB) can
be adjusted for generate a close enough result compared to another or real experiment
test result.

Until the time of writing this paper, the nature of this coefficient had not yet been
fully understood. A provisional hypothesis is that there may be a relationship between
these two coefficients and the theory of momentum. This is because when using other
wind turbine parameters, even with the same H-type and airfoil, the results do not
match immediately with other resources such as real experiments or data from other
journals. The calculation results only match when adjusting these two coefficients to
fit at least one condition. For this study, kA = 0.08 and kB = 0.35 are used.

Figure 4 is a graph produced by the Simulink test and Bianchini experiment. There
are three graphs, namely the model test with kB = 0.35 and 0.32. Of course, the kA
used for both is the same. Two graphs produced by Simulink are compared with the
graph from Bianchini’s test, where he tested with the same VAWT parameters used
in this experiment. When compared, the graph results closely approximate the graph
obtained by Biancini, who used a Wind Tunnel Test to test his wind turbine. This
comparison result shows that the model used for simulation in this paper is valid.

4 Research and Discussion

The research will be carried out by running a Simulink model that contains the
previously determined parameters and discovered equation which it applied at the
Simulink models with the end of the model to calculate angular velocity was shown
in Fig. 2. The resulting data of angular velocity, Cp, and torque will be analyzed.



Performance Analysis of H-Type Vertical Axis Wind Turbine by Using ... 253

vo=12m/s vo=11m/s vo =10 m/s 1000

vo=9m/s vo =8 m/s vo="7m/s 900

vo=6m/s vo=>5m/s vo=4m/s

vo =3 m/s vo =2m/s vo=1m/s g 800

1000 g 70
S 2z 600
g " 2 s
£z 600 Z 400
2 = 300
2 400 e
= 200 < 200
En / E— 100
< 0
0 100 200 300 400 500 o 1 2 3 4 5 6 7 8 9 1011 12

Time (second) Freestream Wind speed

(@) (b)

Fig. 5 a Angular velocity plot while turbine at start up condition. b Angular velocity at = 500 s
versus freestream wind speed [32]

The phenomenon of angular velocity will be observed while the wind turbine runs
for 200 s with freestream wind speeds (V 0) ranging from 1 to 12 m/s.

Figure 5 depicts the relationship between Angular Velocity and wind speed.
In Fig. 5a, it is evident that the turbine attains a steady state condition when the
wind speed is at its maximum for every given speed. Although the angular velocity
increases with wind speed, the time required to reach steady state is not always linear.
However, the steady state time is always proportional to wind speed. Figure 5b illus-
trates that the angular velocity exhibits an almost linear trend with wind speed. The
maximum angular velocity of 918.9720 rpm is observed at a wind speed of 12 m/s,
while the minimum angular velocity of 1.7747 rpm is recorded at a wind speed of
1 m/s.

Certain aspects of wind turbine performance can be determined by analyzing the
torque generated during rotation. Greater torque indicates that the turbine will have
difficulty stopping. Figure 6 presents a plot of C, and torque during the turbine’s
initial rotation until 200 s of operation. From the figure, it can be observed that both
variables exhibit a common feature of rising and falling as if oscillating at a high
frequency.

The simulation was carried out through multiple iterations until a total time of
500 s was reached. When plotting the torque and C, values at the 200-s mark, the
calculations was conducted for a total of 4689 iterations. Due to the high frequency
of the torque and C, values, a moving average of 50 iterations was employed to
determine whether these variables tended towards a positive or negative trend.

Figure 6, shows that both have a peak value when the time is around 100 s. After
that, the red line which is the moving average is decreasing. When r = 120 s, the
moving average line no longer decreases and stays around the value torque and C,
equals to 0. This means that when the time shows 100 s, the value of the angular
velocity is increasing and starting to enter a steady state. Only when the time shows
120 s, the steady state starts and the value of the angular velocity no longer increases.
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Fig. 6 a Cj, and b torque plot during start-up ramp untill the angular velocity is steady [33]

To understand why the torque and C;, oscillate very quickly, the influence of the
azimuth angle on torque and C,, was investigated. The experimental results are shown
in Fig. 6, which illustrate the influence of the azimuthal angle on torque and C, at
times t = 99 s and t = 199 s. Referring to Fig. 5, the time ¢ = 99 s is the peak of
the moving average torque and C, values, which represents the final start-up ramp
condition. The torque test and C,, experiment were conducted at the end of 199 s, at
which time the turbine was already in steady condition.

From Fig. 7, both (a) and (b), show us that the turbine will have a negative value
of torque and C, when the Azimuthal Angle is between 0 to 180 degrees, while the
positive value is in the position of 180° to 360°. There are two points where the
value of torque and Cp, is 0, which is around 180° and 300°. The two 0 points where
the three blade torques have positive and negative values, so they eliminate each
other. Please note that the wind is blowing from 180° and moving to 360°.

Additionally, the torque and C}, values were examined as the freestream windspeed
varied from 1 to 12 m/s. Although the experiment yielded a similar plot shape, the

) L Cp Torque ] | I Cp Torque |
© o
= =
= =
- -
a o
) o
= =
=3 =l
E g
3 (2
P S
= =
& &
g g
= =
= &
-1
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Azimuthal Angle (deg) Azimutal Angle (deg)
(a) (b)

Fig.7 C, and torque versus Azimuthal angle at a final start-up ramp condition and b steady
condition [34]
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Fig. 8 a Cp and b Torque versus wind speed [33]

maximum and minimum values were different. Figure 8 displays the maximum and
minimum torque values and C,, for various freestream windspeeds. To determine
the actual performance of the wind turbine during rotation, an average value of the
torque and C,, was calculated solely during the start-up ramp conditions.

Figure 8a depicts that the amplitude of torque and C;, plots is directly proportional
to the freestream wind speed. At vo = 12 m/s, the C,, amplitude reaches its maximum
value of 63.97%. However, the maximum C,, at average start-up ramp condition is
only 4.6%. Figure 8b shows the amplitude values and average torque at start-up ramp
conditions. The results indicate that during start-up in ramp conditions, the average
torque has a maximum value of 0.78 N m. Both plots in Figure 8 illustrate that the
torque and Cp values are significantly small when the vo values are between 1 and
3 m/s. It suggests that even the slightest disturbance can stop the turbine.

5 Conclusion

The performance of a Novel Simulink model shows that it can provide sufficiently
accurate results when compared to Bianchini’s experimental results. The VAWT
with NACA 0015 airfoil has been evaluated using the model created, where some
of the input parameters such as the number of blades, wind speed, radius, and chord
length are used to produce outputs in the form of angular velocity and torque at start-
up conditions, these results can be used to observe the phenomenon of wind turbine
movement during start-up conditions. For further research, the created model can also
be used for analyzing installed generator performance in the VAWT. According to the
simulation results, the best operating condition for a VAWT is when the freestream
wind speed is at 12 m/s, but it can still operate when the freestream wind speed is
below 4. When the freestream wind speed is less than 4, it would be challenging
for the VAWT to generate energy due to the slightest disturbance that can cause the
turbine to stop as a result of the small torque acting on it. It is also observed that the
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freestream wind speed has an influence on the speed of the turbine to reach a steady
state.

This paper demonstrates that a low-speed wind turbine (vo < 12) can be operated
with the NACA 0015 symmetrical airfoil. The analysis conducted using the Simulink
model is just the first step towards a more in-depth analysis of wind turbines. However,
further development and testing are necessary, especially in determining kA and kB
in Dynamic Measurement. Without knowing kA and kB, data from other simulations
or experiments from the actual device must be compared to determine them. This
poses a challenge to the use of the model. If kA and kB can be determined, this model
can potentially develop further to simulate all situations and conditions, including
when the device is connected to the generator.
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