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1. Introduction

Wind energy had developed in the early 1970s due to the energy crisis experienced [1, 2].
It is clean and renewable; the application of wind energy is increased massively in the last few
decades. Wind energy is one of the promising renewable energy resources [3]. Wind energy
has utilized thought of Horizontal Axis Wind Turbine (HAWT) and Vertical Axis Wind Turbine
(VAWT). The VAWTs are widely used for they can produce small-scale wind power. The kinetic
energy of wind is converted into mechanical energy by the rotational of the wind turbine rotor

[4].

The VAWT can dominate wind-energy technology within the next 2-3 decades. It can
produce low power, which uses in urban areas where low average wind speed. The main
advantages of VAWT are that it can accept any direction of wind speed and easy mechanism,
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less land space. Two types of VAWTs are mainly used, namely savonius and darrieus wind
turbine rotors. The darrieus wind rotor is a simple and cheapest wind turbine, and at low wind
speed, it can produce power over the savonius wind turbine [5-7].

At present, the authors are concentrated on the VAWT. In particular, this paper has been
focused on a special type of VAWT with straight blades, also referred to as straight-bladed
darrieus rotor or as H rotor, the H representing its cross-vertical section. The energy industry
currently attends on ways to improve wind turbine performance to minimize losses of the wind
turbine. Internal losses by the vibration in operating conditions are one of the reasons for
reducing the efficiency of wind turbine power generation. In addition, vibration occurs at a low
frequency (<10 Hz) [8]. Reducing vibrations are one of the solutions to minimize the
maintenance cost of the wind turbine as well as higher power production. Therefore,
significant consideration has been given by researchers to study the vibrations in a wind
turbine. In studying the vibration behavior of wind turbines, many approaches have been used.
These different approaches are made experimentally, modeling or simulation. McLaren et al.
[9] pointed out the existence of significant vibration three times the frequency of rotation,
which is caused by aerodynamic loading on the three-bladed, three meters long of VAWT. Li
[10] investigated the relationship between vibration parameters and the design of a simple
VAWT. Using SolidWorks, a simple model of the turbine was developed with three blades and
analyzed through finite element analysis (FEA).

The aerodynamic performance of VAWTs has achieved rich literature based on
computational fluid dynamics (CFD) and blade element momentum (BED) theory. Mohamed et
al. [11] studied the numerical analysis of Darrius wind turbine at low wind speed using CFD
with various airfoils and introduced a new shape of wind turbine blades. The computational
method achieves considerable improvements in the understanding of the VAWT thanks to its
inherent flexibility for analyzing complex unsteady flow around wind turbines. The CFD codes
can also surmount the limitations in low Reynolds number by the integration of the Navies
Stokes equations around the blade profile. The most important advantage of the CFD analysis
is its ability to simulate the configurations at the wind tunnel test conditions and to generate
results that are compared favorably with experimental data [12]. In this context, Castelli et al.
[13] perform a numerical simulation validation for a darrieus wind turbine by systematic
comparison with wind tunnel experimental data.

As wind turbine towers are being placed in varying global wind environments, knowledge
of the dynamic behavior of the sub-components of the system, mainly the tower and rotor
blades, as well as the dynamic interactions of those components with each other, is vital to
ensure the serviceably and survivability of such expensive infrastructure [14]. One way of
reducing the operating cost is by minimizing turbine vibration. Minimal turbine vibration
results in an extended life cycle of the wind turbine’s components. Adaptability to the rapidly
varying environmental factor is also essential for a wind turbine. In harsh conditions, cyclic
loading of the structure due to rotation of blades could compromise the safe operation of the
wind turbine if critical levels are exceeded. Therefore, understanding the dynamic behavior of
the wind turbine would be a great prospect for future development in designing a better wind
turbine. In this experiment, a VAWT will be used since there is not much research regarding
vibration done in this fairly new type of wind turbine. VAWT power has been produced by
different wind speeds such as normal flow and controller flow. The flow conditioner tested did
have a big impact on the response of the structure in terms of vibration up to 30% indifference,
but not so much in power generated about 2% indifference.

Therefore, this study was initiated to implement and performance of a VAWT under
uniformed speed. The novelty of this study lies in the performance analysis of VAWT power
during vibration, which effected by uniformed speed. This study is structured as follows:
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e A VAWT has been implemented for experimental execution under conditioned and
normal speed. (Section 2).

e To evaluate the performance of the experimental study of VAWT turbine vibration
under uniformity speed has been conducted. (Section 3).

Experimental results have been analyzed to demonstrate the effect of vibration of the wind
turbine. (Section 4).

2. Vertical Axis Wind Turbine

The main rotor shaft of a VAWT is in a vertical manner with the rest of the components at
its base or on the ground. Several advantages of this set-up most notably are ease of
maintenance with the gearboxes and generators at the ground and the fact that it does not need
to be in the direction of the wind. Different types of VAWT have been explained in this section
Savonius wind turbines are a type of VAWT used for converting the force of the wind into
torque driving the shaft [15]. Savonius consist of scopes which makes it a drag-type device. A
two-scoop Savonius would resemble an “S” shape when observing from the top. Due to its
design, scoops undergo less drag when moving against them when moving with the wind.
Different in drag results in the turbine spinning. Savonius extracts much less wind power than
other types.

() (b) ()
Fig. 1. (a) Giromill wind turbine [16]; (b) Darrieus wind turbine [16];
(c) Savonius wind turbine [16].

An example of a Savonius wind turbine is shown in Fig. 1(c) [17]. Darrieus wind turbine Fig.
1(b) is a type of VAWT that generates electricity from the energy possesses by the wind.
Darrieus consists of a number of curved airfoil blades attached to the main vertical shaft.
Darrieus wind turbines are difficult to protect against extreme wind conditions and in making
it self-starting [18]. A problem with the design is that the angle of attack changes as the turbine
spins, so each blade generates maximum torque at two points on its front and back in a cycle
[19]. Giromill wind turbine is similar to Darrieus, in which the “egg-beater” blades of Darrieus
design are replaced with straight vertical blade sections attached to the central shaft [20]. The
operation way of a Giromill wind turbine is not different from that of a common Darrieus
turbine. The wind hits the blades, and velocity is split into lift and drag components. The
resultant vector sum of these two components of the velocity makes the turbine rotate. This
paper will be concentrating on a similar structure of a Giromill type of wind turbine, but with
a higher number of blades rather than two in the Giromill wind turbine [20]. An example of a
Giromill wind turbine is shown in Fig. 1(a). Eq. (1) is indicated the power P of the Vertical axis
wind turbine [21, 22].
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P = 5 pPAV D

where C,, is the power coefficient, p is the air density, A is the swept area of the rotor blade,

and v is the wind velocity. The tip speed A shows the relation between wind speed and
rotational speed of rotor w. The tip speed is represented as [23]

a=2R 2
== @)
where R is the radius of wind turbines and w is the rotational speed of the turbine.
Therefore, significant consideration has been given by researchers to study the vibrations in a
wind turbine. In studying the vibration behavior of wind turbines, many approaches have been
used. These different approaches are made experimentally, modeling or simulation. The wind
turbine is the main component of this experimental study. A small vertical axis wind turbine of
model number SAV-45W acquired from Saiam Power was used for this experiment, shown in
Table 1. It is self-starting in low wind conditions and able to capture wind from any direction
with minimal height and floor space setup requirement. The wind turbine consists of five
blades, each blade with a length of 0.525m, made of aluminium alloy supported by the erosion-
resistant aluminium structure and equipped with a three-phase alternating current (AC)
permanent magnet, gearless turbine motor. Fully assembled, the rotor diameter would be 0.56
m with a swept area of 0.3 m2. The structure of the VAWT tower was fabricated using steel with
flanges at both ends, as shown in Fig. 2(a). The tower itself is 1 m in height from flanges, end-
to-end, hollow in the middle with a larger diameter of 0.03 m and a thickness of 3 mm. The top
part of the tower connected to the turbine has a flange with an outer diameter of 0.09 m and
inner diameter of 0.036m, including five holes each 9 mm in diameter to allow fastening to the
turbine structure using bolts and nuts. The base flange is 0.12 m in outer diameter and 0.036m
inner diameter. The base flange has seven holes on the same 9 mm diameter for fastening to
the base. A simple model to represent to tower structure of the turbine was constructed in the
software. A total of 6 points is marked on the model. Basically, point 1 in the model is located
close to the turbine at the top of the tower structure and point 6 bottoms of the tower and equal
distance in between point 1 to 6. A graphical representation of the model is shown in Fig. 2(b).

<«—— Rotor Diameter 0.56m —

i [ Iy
\ ) l . | =
k- | | ol
v
o
)
5
—
VU
=
=
‘ :
o
5|2
z v
2| 3
/T\
z : 4
(b)
Fig. 2. (a) Tower structure attached to a concrete base; (b) Graphical representation of the tower

structure
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Table 1. SAV-45W VAWT Model

Performance Value
Rated power 30W
Peak power 45W

Cut-in wind speed 2ms~t
Rated wind speed 3t020ms~?!
Cut-out wind speed 35ms~!

Rotor diameter 0.56m
Swept area 0.3m?

Blade 5pcs aluminium alloy
Blade Length 0.525m
Rotor Speed 300rpm

3. Experimental Set-up

In this experimental setup, various components have been used for the conducting
experiment. For EMA, the impact hammer was connected to the first channel on the DAQ
hardware while the triaxial accelerometer was connected to the other three channels with the
X-axis cable connected to the second channel followed by Y axis and Z axis in the third and fourth
channel, respectively, as shown in Fig. 3(a). DAQ hardware mounted on its carrier was
connected to the computer through a universal serial bus (USB) port. The computer is installed
with DASYLab Version 10.0 and ME’ScopeVES software to analyze collected results.

Wind Tunnel Boundary
e o L 1 Vertical Axis Wind Turbine

¥

C

MEScope s & |
3 h Triaxial Accelerometer Data Acquisition  Software ‘Wind Tunnel S

Industrial Fan / (DAQ) Hardware :

it “ \ Impact Hammer

z ¥ (EMA) / .ﬁo Triaxial Accelerometer
Uniaxial

Accelerometer (ODS)

e I N UR T, R

‘omputer with E
DASYLab &

(a) (b)

Fig. 3. (a) Schematics of experimental set-up; (b) Experimental set-up on operation

In testing the VAWT, an open-loop wind tunnel was fabricated of acrylic plastic sheets, which
are assembled using bolts and nuts shown in Fig. 3(b). The square cross-section of the tunnel
was 0.8 m x 0.8 m, and the length of the tunnel was 1.25 m. The wind was generated by a single
two-bladed industrial fan model FS/FB-65. The fan, 26” in diameter, can operate at variable
speeds with a maximum blade rotation of 1350 rpm. The wind turbine is placed in the middle,
0.4 m from the sides and 0.85 m downstream of the tunnel because of obtaining the stable wind
speed from the industrial fan. The VAWT was placed inside the wind tunnel, with the industrial
fan placed at the inlet of the tunnel. For ODS measurement, the set-up differences are that the
first channel of the DAQ hardware was replaced with the uniaxial accelerometer, and instead of
fixing the triaxial accelerometer, the uniaxial was fixed at the same point. It was generated by a
single two-bladed industrial fan model FS/FB-65. The fan, 26” in diameter, can operate at
variable speeds with a maximum blade rotation of 1350 RPM.
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4. Results and Discussion

4.1. Effect on Vibration

The turbine tower structure is fixed to the ground. The structure is basically a cantilever
beam in a vertical direction with the addition of the turbine components at the top of the
structure. Therefore, it is expected that the maximum response that can be produced would be
at the top of the structure. Therefore, the nearest point to the top is point 1. In this part of the
analysis, point 1 of the structure would be the reference point and basis of vibration comparison
in two axes, Y and Z are shown in Table 2 and Table 3, respectively. These two axes are major
contributors in terms of the structure’s response. To further ease the analysis, displacement FRF
would be used. Displacement directly gives the amount that the structure is displaced due to the
response in operating conditions.

Table 2. Displacement response at point 1 in Y direction

Point Fan Flow Frequency Displacement  Displacement Percentage (%6)
Speed(rpm) (H2) (nm) Difference
1 1150 Normal 1.58 44.242 26.74
1 1150 Conditioned 1.50 32411 )
1 1250 Normal 2.30 61.644 31.48
1 1250 Conditioned 2.20 42.239 )
1 1350 Normal 2.60 93.790 35.26
1 1350 Conditioned 2.50 60.717 )

Table 3. Displacement response at point 1 in Z direction

Fan Speed Frequency Displacement Displacement Percentage (%)

Point (rpm) Flow (H2) (um) Difference
1 1150 Normal 1.58 59.061 67.74
1 1150 Conditioned 1.50 19.054 )
1 1250 Normal 2.30 42.239 796
1 1250 Conditioned 2.20 38.877 '
1 1350 Normal 2.60 72.565 24,62
1 1350 Conditioned 2.50 54.697 )

Based on the results obtained and analyzed in Y-axis at point 1, as shown in Table 2, the
highest displacement percentage difference is about 35.26 percent at speed 1350 for both
normal and condition flow. On the other hand, the lowest displacement difference is about 26.74
percent at speed 1150. In addition, the frequency of the Y-axis of each point is almost the same
for normal and conditioned flow.

From the results obtained in Z-axis at point 1 is shown in Table 3, the lowest displacement
difference percentage is 7.96 at speed 1250 for both normal and conditional flow of wind. Wind
turbine output power is not affected by the lower displacement percentage, and the
displacement percentage is the highest in Z-axis at speed 1150. The highest value of 67.74 is
countable for output power reduction. In comparison, the percentage difference is the lowest at
fan speed 1250. The frequency of the Z-axis of each point is almost the same for normal and
conditioned flow. The excitation frequency exerted on the turbine slightly drops compared to
the unconditioned or the normal flow of air. However, the difference is very small, so it is
assumed to be negligible, and the turbine is considered to operate at the same excitation
frequency for each speed.

Therefore, the basis of comparison in terms of vibration is whether the installation of the
flow conditioner does affect the response of the structure. Based on the result, in each case, the
amount of response or displacement is compared between the normal flow and the conditioned
flow. The results show that amount of displacement for which the flow conditioner installed is
lower than the displacement recorded for the normal or unconditioned flow of air. Percentage
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difference was calculated for the same operating speeds but with different flow conditions in
the same deflection axis. The smallest percentage difference calculated was 7.96 %, while the
largest was 67.74 %. The average percentage difference for all the cases was found to be 32.3%.

4.2, Effect on Power Generation

Apart from the vibration analyst who is through the displacement FRF from the ODS, the
effects of the flow conditioner on the power generated by the turbine in variable operating
speeds are also analyzed. The power generated is the most important aspect of the VAWT, and
the sole purpose of its construction is to generate power through the wind as a source of
renewable energy. Power generated was measured in a conventional way by using a
multimeter. The turbine was allowed to reach the constant number of rotations whereby
measurement of the power generated is taken only after it has reached that steady operating
condition. The results of the measurement are shown in Table 4.

Table 4. The effect of speed and flow condition of power generated.

Speed Frequency  Voltage Generated Percentage (%) Difference of Power
Flow i
(rpm) (Hz) (V) Generation
1150 Normal 1.58 5.81 541
1150 Conditioned 1.50 5.67 '
1250 Normal 2.30 8.82 2 49
1250 Conditioned 2.20 9.04 '
1350 Normal 2.60 10.82 203
1350 Conditioned 2.50 11.04 '

From the results, power generation increases with the turbine’s rotational speed. At speeds
1150, the power difference of normal and conditional flow is about 2.41 percent. At speed 1250,
the conditional voltage is increased with 2.20 Hz frequency. Whereas, at normal flow, the
voltage decreases with 2.30 Hz frequency, and finally, the power generation percentage is
slightly an increase over speeds 1150. The difference in power generation percentage is very
low at speed 1350. The effect of speed in the turbine is not significant. The effects of the flow
conditions on the power generation are minimal for each different operating turbine speed.
Power generation calculated shows that for each case of approximately 2 % difference with
different flow conditions.

5. Conclusion

One of the objectives of this experimental study is to set up an experiment to identify the
dynamic characteristics of a VAWT tower structure. By applying the EMA and ODS techniques,
the results of both parts are correlated. EMA determines the dynamic characteristics - the
natural frequencies, mode shapes, and the amount of damping in the structure, while ODS gives
the behavior of structure while in operating condition. EMA identifies 7 modes in the Y-axis
direction, while in the Z-axis direction, 5 modes are identified. Excitation frequencies imposed
onto the structure by varying the speeds of the industrial fan to imitate wind conditions in
operation during ODS were found to be far from the first natural frequencies in either Y or Z-
axis direction.

Therefore, it can be concluded that the turbine structure is safe for operation within the
tested range of excitation frequencies as it will not undergo any resonance conditions in these
ranges. Another objective of this experimental study is to compare the effects of different speeds
and airflow on tower structure vibration and power generation. An experiment was conducted
to test different cases of speeds and varied for the next part with the addition of the flow
conditioner. From the results, the magnitude of displacement, which is the reference for
vibration in this study, was found to increase with the increase of speeds, whether it is in the Y
or Z-axis direction without the flow conditioner. Vibration still increases with the increase in
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the airflow speed, but in comparing the normal and conditioned flow of the same speed, a
displacement difference of 32.3% on average. The addition of a flow conditioner greatly reduces
the tower structure vibrations through this study. From the results, power generation increases
with the increase in the turbine’s rotational speed of both conditioned normal and conditioned
airflow. By comparing the effects of the flow conditioner, however, for the same speeds,
percentage differences calculated for all the cases obtain the average of only 2.31% power
generation difference. The effect of the conditioned flow on power generation is minimal.
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