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Wind energy is one of the most widely used renewable energy sources around the world.
A considerable research amount was accomplished in the area of performance
enhancement for H-type Darrieus VAWT using blade pitch angle regulation. This paper
aims to provide a comprehensive information for future research related to performance
enhancement of H-type Darrius VAWT using blade pitch angle regulation. By pointing out
the current technological development, the main advantages and disadvantages of the blade
pitch angle techniques used. This review discusses the main effect of fixed and variable
blade pitch angle regulation, blade pitch control techniques, and mathematical modelling.
The state-of-the-art on how to improve the H-type Darrieus VAWT performance by using
variable pitch angle adjustment was addressed. The active variable blade pitching
technique was suggested to enhance the performance of H-type Darrius VAWT as it can
increase the lift force and reduce the drag force on the blade during the wind turbine
operation. Additionally, DMST model was suggested to be utilized to calculate the power

output as it provides relatively accurate results especially at low TSRs.

1. INTRODUCTION

The energy demand is increasing continuously as a result
of the world population and economic growth. Renewable
sources of energy contribute partially to the market demand,
by providing a clean source of energy. For this instance, an
affordable and clean source of energy is one of the 17
sustainable development (2030) goals in the United Nations
Development Program is an affordable and clean source of
energy [1]. Since many decades and in different civilizations
energy of wind has been recognized as an energy source; and
it’s been reported that humans begin have used wind energy
almost 4000 years ago. Wind energy was used by King
Hammurabi of Babylon in Mesopotamia for irrigation
purposes via using wind-powered scoops [2]. Windmills are
used to provide energy for many industrial processes,
including oil seeds paints, wool, paper, and stone products.
VAWT configuration was the mostly used type in the world’s
oldest wind turbines. Early models were very simple,
especially from a construction perspective [3].

For vertical axis wind turbines (VAWTs), the rotational
axis of the rotor is perpendicular to the ground and the
direction of wind. The VAWTs are comparatively simpler in
design and do not require a Yaw mechanism due to the Wind
Turbine (WT) blade orientation. The low cut-in speed, low
level of noise and ability to be installed in urban areas, make
the VAWTs the preferable choice to be used in urban
locations [4]. VAWT are usually categorized into two main
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categories, Savonius WT and Darrieus WT. Savonius WT is
a drag force WT, made of two or more semi-cylindrical
buckets which capture the wind energy. The Darrieus WT is
a lift-type VAWT, and it is equipped with shaped airfoil
blades that produce lift force which can rotate the main wind
turbine shaft. The Darrieus turbine could be formed in several
configurations: Darrieus eggbeater shape, H-type, and
Helical blade shape [5].

Most of the development was made on a large scale
offshore and onshore WT far away from the city where the
wind speed is mostly intense, consistent and constant. In
contrast, there is a significant wind energy in the urban areas
with considerable potential for energy generation in
motorways, high-rise buildings, and on the top of the roofs of
local houses [4]. Developing an effective clean energy source
of power closer to the consumer place of use in the cities
minimize the use of hydrocarbon-based electricity generation.
The development of a more efficient VAWT for urban
environments is essential to increase the expansion of wind
energy usage inside cities and semi-urban areas. The wind
characteristics in urban environment experience much more
wind fluctuation which makes the prediction of wind
behavior under these conditions a challenging task due to
terrain obstruction [6]. Therefore, developing a vertical axis
wind turbine equipped with adjustable blades based on the
available wind will improve the efficiency of energy
production. Numerous studies proposed the Variable Pitch
(VP) technique to overcome wind fluctuation in urban areas.
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The VP-pitch technique aims to keep the VAWT in operating
condition between drag and stall angles to reach the highest
energy extraction [7].

This paper presents a comprehensive review of the effects
of both fixed and variable blade pitch angle regulation,
highlighting the blade pitch control techniques used to
enhance the performance of H-type Darrius VAWT.
Additionally, it covers the mathematical modelling methods
for calculating the power output of these wind turbines. The
paper also addresses the current challenges faced the by H-
type Darrius VAWTs and it suggest recommendations for the
future research. The paper mainly provides researchers with
insight on how to enhance the performance of H-type Darrius
VAWTs. This study found that fixed pitch angle regulation
could provide performance enhancement only at the starting
stage, and this improvement will have an impact on the
overall wind turbine performance especially when the
rotational speed increases. On the other side the variable
blade pitch angle regulations show better performance;
however, this improvement is only limited to a certain TSRs.
In order to improve the performance of the H-type VAWT
the paper suggests the use of active variable blade pitch angle
regulation. This technique can improve the overall
performance of the wind turbine in all operational stages
(start, normal and overspeed). Moreover, the DMST model
was recommended to be used to calculate the rotor power
output; this model could provide more realistic results when
compared to other models specially at low TSRs.

2. RESEARCH MOTIVATION

The research is motivated by the potential of performance
enhancement for the H-type Darrieus VAWTs using blade
pitch angle regulation. Since there are more than one
technique of blade pitch angle regulation this research will
point out fixed and variable blade pitch angle techniques
strengths and weaknesses; and will go over the mathematical
modelling of H-type Darrius VAWT. The aim of this research
is to provide a review of the blade pitch angle regulations
techniques, which will be used as a foundation for future
recommendations for blade regulation.

3. H-TYPE DARRIEUS VERTICAL AXIS WIND
TURBINES

In 1931 Georges Jean Marie Darrieus (a French engineer)
developed the Darrieus VAWT [8, 9]. The Darrieus wind
turbines are lift force type WT and have the ability to provide
more energy and a higher coefficient of power when
compared to same scale Savonius WT [4]. Darrieus WT
blades move in a circular route; a net force will be developed
due to the interaction between the airflow and the airfoil, this
net force pushes the turbine blades in which create a torque
on the shaft of the wind turbine. Darrieus VAWT rotor blades
reduce the turbine bending stress, whereas the blades of this
type of turbine mainly experience a tension force [8].
Darrieus turbines are available with two or three blades or
more, where blades can be in a straight or curved shape. Self-
start ability is a major problem in Darrius turbines, where at
the start of the operation the starting torque is very low. Many
modifications have been performed on the Darrieus turbine
to enhance its performance and expand its adaptation by the
market. Most of the developed designs were not considered
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by the market due to their high cost of manufacturing [10].
One of the best Darrieus turbine designs is the H-type
Darrieus VAWT, as it has less complicated design in
comparison with the helical shape rotor, and better efficiency
when compared to the eggbeater shape Darrieus [9]. The
Giromill or H-type Darrieus wind turbine was extensively
adopted compared to the other VAWTSs in recent years. Also,
H-type Darrieus wind turbine shows a high ability for energy
generation on different scales especially the domestic and
mini-scale turbines [11]. Different studies were conducted to
improve the performance of H-type Darrius VAWTSs; one of
the most effective ways is the blade pitch angle regulation.
Recent studies have developed an intelligent blade pitch
control system which can adjust the blade pitch angle based
on the given parameters [ 12]. Another way to adjust the blade
pitch angle is by using a passive control system which
normally shows less performance when compared to the
active system [7, 13]. Electro-mechanical actuators have
made it more feasible to implement active variable blade
pitch angle technique; on the other hand, this adds cost and
complication to the H-type Darrius VAWTs. Though many
improvements happened to the H-type Darrius VAWTs, it
still shows less efficiency compared to the HAWTSs within
the same scale. Table 1 provides a list of the advantages and
disadvantages of H-type Darrius VAWT.

Table 1. List of advantages and disadvantages of H-type
Darrius VAWT

Advantages
It could work in any wind
direction; no need for Yaw-

Disadvantages
Complicated aerodynamics
due to the changing in AOA

mechanism. and azimuth position.
Constant radius over the rotor Low ability to self-start due
span. to low starting torque.

Constant blade radius and
relatively low Tip Speed Ratio
(TSR) provide lower noise
during operation.

Power and torque
fluctuation (ripple torque)
during operation while the

blade rotates.

High bending moment
because of centrifugal
acceleration, and that is
considered a design
challenge.

Ripple torque creates
vibrations in the turbine
blades and structure.

Suitable for the urban
environment; as H-type Darrieus
VAWT is less affected by
changing wind direction.

Generators, control systems, and
heavy transmission systems are
located at the base level.
H-type Darrieus VAWTS could
extract energy from the blade
wake of other turbines, thus
VAWTS can be placed at a
closer distance in a wind.

Lower power coefficient
and efficiency in
comparison with HAWTs
of equal scale.

3.1 Performance optimization through blade pitch angle
regulation

H-type Darrieus VAWT is a suitable choice for urban
environment energy production. However, due to the VAWT
rotor orientation, this type of wind turbine suffers because of
the changes in the angle of attack (AOA) while the VAWT
rotates. Ideal aerodynamic forces could not be obtained in all
angles of the rotational azimuth, which led to a weak
aerodynamic performance with VAWTs in general. Also, this
issue occurs at most azimuth angles as the rotor blades travel
from the lift region to the drag region [14]. Moreover,
fluctuating lift force creates a considerable fluctuation in the
generated torque and power [15]. Many researchers



mentioned (see Table 2), H-type Darrieus VAWT blade
pitching as the blades move around the path has the ability to
reduce these issues to some extent [11, 14, 15]. Blade pitch
angle regulation usually tries to keep the AOA in the
optimum or close to the optimal orientation for most azimuth
positions.

Table 2. Studies mentioned VVP-angle effect on the

performance of the VAWT
VP Effectonthe  Pitch Angle TSR Author(s)
Performance Value
o Sch&nborn and
20% 12 5 Chantzidakis [16]
25% 9° 2 Hwang et al. [17]
Erickson et al.
0, o
35% 9 2.35 [18]
2- Chougule and
0 o
12% 5 25 Nielsen [19]
Sagharichi et al.
0, - o
10% 3 25 [20]
Value
18.9% changing 5 Zhao et al. [21]
from 3°to -3°

3.2 Effects of fixed pitch blade angle regulation on the
performance of H-type Darrieus vertical axis wind
turbine

Fixed blade pitch angle regulation is a powerful method
used to enhance the power generation of H-type Darrieus
VAWT. During this process, the blade will be rotated either
inside or outside the circle trajectory. The angle in between
the chord of the blade and tangent to the rotor azimuth
rotating path is called the pitch angle and it’s usually
presented using the Greek letter (B). A positive pitch angle is
defined when the leading edge of the airfoil's is inside the
circular path of the blade. The negative pitch angle occurs
when the leading edge of the blade's is outside of the circular
path, Figure 1 illustrates the blade pitch angle [22]. In the
VAWT, the blade AOA experiences substantial changes;
therefore, studying appropriate pitching angle is essential to
improve the performance of this type of WT [23].

6=0

| 6=270

= : o

Upwind Downwind

Figure 1. Illustration of Blade pitch angle [22]

At blade negative pitch angle, the AOA will be reduced in
the upwind part of the wind turbine, however, the AOA will
be raised in the downwind region. Fixing the angle by a fixed
amount is most likely to be a translation of the AOA either
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by curve up or curve down with a constant amount. The
dynamic stall of the blade is delayed if the AOA is decreased
in the upwind region, leading to more torque at a larger
portion of the azimuth [24, 25].

Different Studies [25-29] reported that the negative blade
pitch angle can rise the torque of H-type Darrieus VAWT.
And mentioned that the negative blade pitch angle can
enhance the WT self-staring ability and decrease the starting
time. Sagharichi et al. [7] reported the effect of the fixed
blade pitch angle on the power output generation of the H-
type Darrieus WT. The study presents that the maximum
coefficient of torque can be obtained at § = -3° as shown in
Figure 2. A B = -3° fixed pitch angle increases the torque
generated by the blade because of the increasing in the lift
force, which creates a positive effect on the performance of
the wind turbine. This creates a delay in the dynamic stall of
the blade in the upstream part of the rotor. A positive pitch
angle adjustment will have negative impact on the
performance of the wind turbine. As the pitch angle increases
towards higher positive value of pitch, less torque is
generated due to the increasing drag force. The study also
found; the extracted power in the downstream region (180 <
O < 360) of the rotor is higher by a small amount for the
positive blade pitch angle of = 9°. This happens as a result
of, WT extracting less wind energy on the upstream side (0 <
© < 180). This tells us that, usually, there is a balance
between the power extracted in the upwind and downwind
halves of the WT. This result is been supported by Akay et al.
[30] as well, where it was mentioned more kinetic energy
extraction from the upstream region of the rotor will result in
less momentum reaching the downstream region, thus a
smaller amount of power is generated in the downstream
region and vice versa.

" L 1 1 1
60 120 180 240 300 360

O(Deg)

Figure 2. Torque coefficient (CM) against Azimuth angle
(©) for various blade fixed pitch angles [7]

3.3 Effects of variable blade pitch angle regulation on
the performance of H-type Darrieus vertical axis wind
turbine

A tiny negative blade angle pitching increases the power
generated and delays the blade dynamic stall in the upstream
phase, on the other hand, the negative pitch angle provides
bigger AOA which result in increase in the dynamic stall in
the downstream phase of the wind turbine. To overcome that
barrier, a sinusoidal pitch angle technique could be applied to
increase the performance of the H-type Darrieus WT [7, 31,
32]. Asinusoidal blade pitch technique is utilized to make the



blade pitch almost zero, where small power or toque is
generated; and then return to optimal pitch angle when the
blade gets near to © = 90=azimuthal angle, in which the
maximum torque is developed [23]. This technique in the
blade pitching movement can reduce the AOA variation in
the upwind and downwind phases of the wind turbine, thus
minimizing the unwanted dynamic stall impact at the
azimuthal points where the rotor blade suffers dynamic stall.
Pawsey [33] stated that using a variable pitch technique at
low TSR will improve the self-start capability of the WT.
Sagharichi et al. [7] examined the variable pitch angle effect
on the power generation of the H-type Darrieus wind turbine,
the study considered four different pitching amplitudes (B =
39 B =10° B =20< B =369 using sinusoidal relation in
Equation 2, to identify the effects of these amplitudes on the
WT performance. Figure 3 compares the fixed and variable
pitch angle regulation technique for different pitch
amplitudes. As a result of variable pitch angle regulation, the
blade will face less dynamic stall during rotation; which
improves the aerodynamic performance of the WT [7].
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Figure 3. Blade pitch angle effect on the AOA at TSR =1.5
() p=23° (b) p=10°% (c) p=20° (d) p=36°[7]

Zouzou et al. [34] presented a study of a VAWT using
variable pitch blade angle regulation at low TSR for H-type
Darrieus VAWT; which is recommended to reduce the noise
and improve the WT performance. The Aerodynamic
performance is studied using Computational Fluid Dynamics
(CFD) modelling and wind tunnel experiments. The Eddy
simulation approach was used to generate a 3D flow field
over the blade. The simulation of VP is created by utilizing
the sliding mesh method, where a special program was used
to adapt the blade pitch angle based on the azimuthal position
while the WT is rotating. The findings showed that the VP
turbines have the ability to generate a higher Coefficient of
Power (Cp). Also, VP reduces the torque fluctuations while
the wind turbine is rotating compared to the Fixed Pitch (FP)
scenario; therefore, the aerodynamic load is minimized which
provides less vibrations on the turbine structure. One of the
main disadvantages with the variable pitch control
mechanism is that will increase the cost and the complication
within the rotor.

Sun et al. [35] examined the effect of passive blade
pitching amplitude on the performance of the H-type VAWT;
where the study validates the numerical analysis using

154

experimental testing. The experimental testing includes a
gear-linkage mechanism which integrated into the design of
the rotor in order to achieve the changing in the pitch angle.
The numerical results confirm that the passive blade pitch
angle positive effect on the turbine performance; an
increment in the extracted power when compared to the zero-
pitch angle is obtained by 39.01%, 25.83% and 15.78% at 3,
6 and 9 m/s. The study also claims that the passive pitching
can reduce the blade vortices and eliminate the effect of the
blade wake. The experimental results of the study validate the
numerical results found. On the other side, adding a gear-
linkage to the rotor system will create more resistance at the
start of the turbine, which reduce the self-start ability of the
H-type Darrius VAWT. Also, the passive mechanical control
system can provide improvements to the wind turbine
performance only in certain TSRs and under certain wind
conditions.

3.4 Variable blade pitch control techniques

The Darrieus H-type VAWT blade experiences cyclical
changes in the AOA and the Wind Speed (VW) while the
turbine rotates. Performance enhancement could be achieved
through blade pitch regulation by optimizing the AOA value
at each position of the azimuth [18]. Any enhancement to the
angle of attack might be formed in a cyclical manner as
presented in Figure 4 [36]. Therefore, a standard blade pitch
angle curve for variable pitch technique is represented by Eq.
(1) and Eq. (2):

B = Acsin 6 (1

TSR

Xo
where, ©: azimuthal angle, B: blade pitch angle, TSR: Tip
Speed Ratio, AC: maximum pitch angle for specific TSR, AS:
maximum pitch angle at all TSRs, and XO: TSR of max
coefficient of power at zero Ac.

F
Ve )/Y"“ 'l'“

90°

.

180-

270°

Figure 4. Representation of cyclical VP technique [36]

On another conventional variable pitch blade angle
regulation technique of Darrieus H-type VAWT, the blade
rotates on its own axis based on the uniform rotational motion
of the WT. By taking a section view of the WT, at a given



point (P) the lines normal to the airfoil chord at each blade
position intersect during one revolution as shown in Figure 5
[36]. The blade pitch angle changes based on the azimuth
angle are presented in Eq. (3):

sin @
f = A; sinf —tan™! ——— 3)
cos6 + TSR

Figure 5. Cycloidal variable pitch [36]

Zhao et al. [36] considered a stall angle of attack around
10< as illustrated in Figure 6. For low TSRs or at the start of
the WT, the maximum AOA is exceeding the stall angle value
by a considerable amount (see Figure 6 (a)), where the blade
lift force is reduced, and the drag force is increased. In similar
occasions, to prevent the dynamic stall, the blade will be
rotated either clockwise or anti-clockwise using variable
blade pitch techniques. Both of the methods were used by
Zhao et al. [36] to achieve the same target. For the first
method, the pitch angle control will be active only at the
points where AOA is higher than the dynamic stall value,
where the AOA is adjusted to be just below the stall angle
value [36-38] as presented in Figure 6 (b). The technique used
allows the WT to operate with the optimal angle of attack in
a wider azimuthal zone which counts as an advantage of this
method. On the other hand, as a disadvantage, the pitch angle
change, shown as a dashed line in Figure 6 (b) is limited to a
few positions only. A sudden dynamic load might occur as a
result of the rapid change in the pitch angle; this can cause
significant change in the torque value leading to a possible
fatigue in the long run. The second method of variable pitch
control is changing the blade pitch angle using a sinusoidal
function as presented in Figure 6 (c). The beauty of this
practice is that the blade pitch angle changes continuously
and in a smooth manner. Also, this technique has a higher
possibility of implementation in comparison with the first
technique. To rise the peak coefficient of power at large TSRs,
the blade pitch angle needs to be moved in the direction
which increases the AOA as presented in Figure 6 (d), but the
improvement will be very limited due to the little change that
happens to the AOA towards maximum amplitude.

Zhao et al. [21] proposed a new variable pitch technique
that is mainly designed for performance improvement. This
new strategy in blade pitching aims to reduce the azimuthal
range with low or poor performance and increase the high-
performance range. As mentioned earlier 0° and 180°
azimuthal points are transformation spots between positive
and negative angles of attack, therefore the pitch angle effect
should be zero at these points. The strategy divides the blade's

azimuthal path into five regions, where at each region the
blade pitch angles have a special tendency of variation.
According to Zhao et al. [21], this new approach will allow
the blade to have more lift and will widen the maximum lift
curve in the upstream phase. Also, in the downstream phase
of the rotor, it will increase the lift at 4.5 TSR but at 5.5 TSR
it will reduce the lift. The proposed technique shows an
increment in the efficiency of VAWT at 4.5 TSR by 18.9%.
The main obstacle for that system will be the feasibility of
that control system, such a control system will require special
programming and electro-mechanical actuators which can
highly increase the cost of manufacturing.
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Figure 6. (a) AOA at different TSRs; (b) Pitching technique
one (low TSR); (c) Pitching technique two (low TSR); (d)
Pitching technique two (high TSR) [36]

Abdalrahman et al. [12] designed and developed an
intelligent blade control system using the variable blade pitch
angle adjustment to enhance the performance and self-start
ability of H-type Darrius VAWT. The study used an
intelligent blade pitch control technique based on artificial
neural network. A DC motor used to change the blade pitch
angle based on the mathematical calculation which used a
sinusoidal equation. Different pitch angle values will be
entered in the CFD simulation and MATLAB Simulink to
select the optimum angle during operation. The results
present that better self-start ability is obtained by the rotor
using this active intelligent control system in comparison
with fixed blade system. Also, 22% improvement on the
overall turbine performance is achieved. The intelligent blade
control system is a promising method to increase the
performance of H-type Darrius VAWTSs. This method can
offer performance enhancement at different TSRs; unlike the
passive adjustment method which normally improves the
performance at certain stages of the wind turbine operation
such as the staring stage.

Karimian and Rasekh [39] determined the aeroacoustic
and aerodynamic effect of blade pitch angle regulation on the
H-type Darrius VAWT. The study used CFD SST k-o
turbulence model to simulate the flow field and Flows
Williams-Hawkings (FW-H) acoustic analogy method and to
predict the noise generated during the operation of the rotor.
The results obtained validated using experimental testing. To
discover the effect of pitch angle on different situation the
TSR range has been covered. In this study, it’s been found
that at the optimum TSR a pitch angle setting equal to -1°
increase the power output by 4.2%; and its claims that at the
lowest TSRs more power enhancement could be obtained by



adjusting the pitch angle. Unlike the negative pitch angle, the
positive pitch angle will reduce the performance of the H-
type VAWT except at the very low TSRs cases. For the noise,
a reduction of 1.8 dB in the overall pressure level sound is
achieved by sitting the pitch angle equal to 1<or 3< The study
concludes by indicating the importance of using simple
mechanism for changing the bade pitch angle for different
operational conditions.

Kavade and Ghanegaonkar [40] explored the efficiency
enhancement of H-type VAWTS by using optimal pitching.
The study target self-starts and power improvement across
different TSRs. The paper used aerodynamic analysis and
simulations based on the SST model and BEM theory. The
research identifies the best pitch angle positions for the wind
turbine blades at different azimuth positions. A MATLAB
program was utilized to predict the turbine performance at
different pitch angles. The paper found that optimum blade
pitch angle varied with the TSRs, where the maximum power
coefficient of 0.49 occur at 2.5 TSR with a 15°pitch angle. A
higher pitch angles between 40°to 45<are effective at low
TSRs, on the other hand lower angles between 10°to 30 <is
more suitable for higher TSR. The research mentioned that
variable blade pitch angle can significantly enhance the
performance of H-type Darrius VAWTSs. The paper
mentioned different optimum pitch angle values for different
TSRs; this presents the need of active variable blade pitch
angle regulation which can change the pitch angle based on
the TSRs or rotational speed.

Miliket et al. [41] developed a low-cost model to evaluate
the performance of H-type Darrius VAWTSs. The paper
highlights the rotor power optimization using variable blade
pitch angle. A DMST model was used to calculate the power
output and to select the optimum pitch angle at different
TSRs. 2D unsteady computational fluid dynamics (CFD) was
utilized to describe the flow of the rotor. The result of power
coefficient for the DMST model was (0.464) compared to the
CFD simulation results (0.4537). The results for zero pitch
angle only were validated with the wind tunnel experiment
found in the literature. The study found that an improvement
of 37.2% was obtained using variable pitch blade regulation.
The improvement on the power is matching to the previous
numbers in the literature; however, to select the optimum
pitch angle values for different TSRs there will be an
essential need to apply experimental testing to validate the
results. On similar case, Manfrida and Talluri [42] studied the
optimization of H-type VAWTSs using dynamic blade pitch
adjustment to enhance the performance. The DMST was used,
and the results validated with a commercial wind turbine for
the zero pitch angle values only. The study also mentioned
that in order to apply dynamic pitch angle there is a high need
to have fast response actuators to be able to apply the change
of the pitch angle at the time required. In fact, there is an
essential need for the system to be tested experimentally with
actuators to ensure the power enhancement as well as the
structure stability of the rotor.

4. MATHEMATICAL MODELLING OF BLADE
PITCH ANGLE REGULATION

Mathematical modeling is the process of creating
mathematical representation of an actual scenario. For
Darrieus H-type VAWT mathematical modeling normally
used to predict the power output using different models such
as SST (Single Streamtube Model) or DMST (Double
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Multiple Streamtube Model). Dai et al. [43] developed a
mathematical model to calculate the power output of H-type
Darrieus VAWT, the results were validated using CFD
simulation. The mathematical model was built based on the
Blade Element Theory (BEM). The author mentioned that the
power calculation using the developed mathematical model
needs to be revised. This occurs as the BEM only considers
the forces on the blade, and it neglects the effect of the blade
wake in the downstream. Similar approach was taken by Han
et al. [44], but on helical blade H-type Darrieus VAWT, the
results found could a good match between the mathematical
model and the experimental test. Kumar et al. [45] discussed
the wuse of different aerodynamic models used in
mathematical modeling of H-type VAWT; where the author
mentioned that a reliable mathematical model is essential to
optimize different design parameters. The developed
mathematical model used DMST as it is the most suitable
option among other aerodynamic models and validated using
wind tunnel experiment. The paper claims that DMST will be
less accurate when applied to a small model of H-type
Darrieus VAWT. Biadgo et al. [46] highlighted the progress
made in the aerodynamic model particularly in streamtube
model. The paper used DMST model and compared it to CFD
simulation, the results found by DMST were a bit higher than
the simulated results which is expected. For low TSR the
results show a negative torque which shows the wind turbine
inability to self-start as the author mentioned. Aytai et al. [47]
optimized the DMST by including the effect of base section
in the wake, where the new approach requires to rescale the
wake velocities to ensure mass continuity. The study used 30
streamtubes for both convectional and new DMST, which
represents a typical convergence plot. This new approach
improves the accuracy of DMST at high and moderate axial
induction factors for a heavy loaded wind turbine (high TSR).

The process of mathematical modeling is not only limited
for fixed blade Darrieus H-type VAWT; researchers employ
mathematical modeling with the help of aerodynamic models
such as SST or DMST to calculate the power output of H-
type VAWT that equipped with variable blade pitch angle
regulation. Kushwaha et al. [48] used the DMST model to
enhance the power output of variable pitch H-type Darrieus
rotor for relatively high TSR in range between 4 to 5.5. The
AOA was increased manually for each TSR. The study found
that more accurate results will be found at high TSR;
conversely Islam et al. [49] stated that the DMST model
validity normally reduced at high TSR. Increasing the results
manually could result in better performance within the rotor,
however these changes are not always mechanically feasible
and at some point, it might create high vibration rate as
mentioned by Zhao et al. [21]. Also, the paper did not
precisely point out how effective this approach is with low
TSR. Other research paper by Chougule and Nielsen [19]
proposed the VP technique to improve the VAWT H-type
Darrieus self-start ability and the overall performance. A
certain value of VP was applied to the mathematical model in
each run of the simulation system (Using MSC software tool).
The mathematical model was built based on the DMST. The
study targets the TSR between 0.5 to 2.5, and it’s been found
that a 12% increment on the overall performance is achieved
at 5 degrees pitch angle. Although 12% enhancement show
the effect of the VP, the mechanical technique used to adjust
the blades of the turbine was not mentioned. As Zouzou et al.
[34] claimed that sinusoidal pitch angle regulation technique
which will vary the value of pitch angle at each azimuthal
point will help to have more energy balance between the



upstream and downstream; where this will have a positive
effect on the performance.

Zhang et al. [50] proposed an individual blade pitch angle
control by applying different values of pitch angle for each
blade only in the upstream region; where in the downstream
the fixed pitch control was applied with no change on the
pitch angle. The power output was calculated using
mathematical modelling based on the DMST model. The
paper proved that individual active blade pitch control
improves the aerodynamic performance (lift force) of the H-
type Darrieus VAWT by almost the double comparing to the
fixed pitch. Also, the torque and the power coefficient have
been greatly increased. Such a system will improve the
performance in the upstream part only, however in the
downstream part of the rotor these changes might not be the
optimum. As extracting more energy in the upstream part will
lead to less wind passing to the downstream, which might
affect negatively on the performance, and this could increase
the vibration in the WT. The performance of the downstream
part of the rotor was not considered by this study. A similar
approach was taken by Zhao et al. [21], the mathematical
model based on DMST was used to calculate the power
output of a novel proposed technique for the variable pitch
angle blade regulation. The new technique could improve the
power coefficient by 18.9% at 5 TSR.

Hernandez et al. [51] utilized the mathematical modelling
based on the DMST to determine the torque curve against the
angle of attack for different azimuthal positions in the
upstream and downstream halves of the rotor. The DMST
simulated results show that torque could be improved with a
selection of the appropriate AOA, where this give an
indication on the best pitch angle should be selected for the
whole 360 degrees of the rotor azimuth. Setting a fixed pitch
angle could increase the torque generated almost by four
times; however, this achievement is only in theory. In order
to apply such a method experimentally it will require a lot of
design work. Also, this approach was mentioned by other
authors and it shows a smaller improvement about 10% [20].

Shah et al. [52] compared 1KW FP and VP H-type
Darrieus VAWT, numerical and experimental results. The
aim of the study is to maximize the power output and the
torque of the VAWT. The mathematical modelling was
performed using BEM in particular SST; the model was
mainly applied to help in the selection of the wind turbine
design parameters. Thus, from one side the mathematical
model will help to select the optimum values of the design
parameters such as aspect ratio, solidity, dimension of the
turbine, and swept area. And from the other side CFD
simulation will be used to calculate the power output of the
rotor for FP and VP VAWT. The comparison results present
that 43.17% increment in the power output was obtained
using VP blade regulation in comparison with the FP blade
regulation. The power increment occurs due to the variable
blade pitch adjustment need to be validated using
experimental testing as well. The study validated only the
zero pitch angle results using experimentation; and the
variable pitch results were validated with the CFD model.
The big enhancement on the performance could not be
accurate as the SST model is not considering the wake of the
blade. A blade pitch adjustment could result in creating more
wake generated by the blade, which can lead to considerable
reduction in the rotor rotational speed leading to less power
generated.

Mathematical modeling was also used by researchers to
determine the power output of H-type Darrieus VAWT which
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is equipped with variable blade pitch angle. Komass [53]
developed a mathematical model using SST, the aim of the
research was mainly to calculate the power output for the
rotor with and without the variable pitch angle. MATLAB
SIMULINK was used to simulate the mathematical model
developed. The study aims to find the best pitch angle that
could deliver the highest torque. Two different ways were
utilized to reach this aim, the first is to calculate the best angle
by selecting the angle of attack which has the highest lift/drag
coefficient. The second was by trying different values of
pitch angle until the system selects the angle that will allow
for the highest torque. The study presents that 10%
improvement on overall torque occurs while using the pitch
angle regulation. Moreover, it recommends the second way
of finding the pitch angle as this will allow for increment in
the maximum torque about 18.4%, and the lift/drag
coefficient way will provide an increment in the maximum
torque about 14%. Though the study shows an improvement
on the torque generated, more validation needs to be applied
to ensure the improvement in the real-life situation. Also, the
value suggested by the MATLAB SIMULINK was applied
as a fixed pitch angle all over the azimuth line, which was
less recommended by other authors [7, 21]. Using a variable
value of blade pitch angle will result in more energy balance
between the upstream and the downstream regions. In
addition to that, the SST model is less accurate when
compared to the DMST; as the SST is not considering the
change in the wind speed between the upwind and downwind
side of the rotor. The improvements of using the blade pitch
angle will only be applied for normal operational stage of the
WT, and that will leave a mysterious question on what will
be the effect on the self-start and overspeed stage.

5. CURRENT CHALLENGES AND
PERSPECTIVES

FUTURE

H-type Darrieus VAWTS turbines typically exhibit lower
starting torque compared to other VAWT designs, due
several factors such as aerodynamic imbalance, stall behavior
and inefficient blade Design. In comparison, to the HAWT
usually VAWT are less efficient. However, in urban
environment the vertical axis wind turbine is proven to be a
suitable choice due to its low cut in wind speed and its ability
to rotate in any direction of wind. A blade pitch angle
regulation is suggested by many researchers as mentioned
previously in this paper; blade adjustment shows a
considerable amount of improvement for the performance of
H-type Darrius VAWT in general. However, fixed pitch
technique has a negative effect on the performance of the
turbine if the speed of the rotor was not in the ideal range as
the blade will be adjusted for optimum stage of operation
only. Also, this technique will mainly maximize the torque
generated in the upstream, where most of the torque is
generated, while the downstream part is mostly neglected. On
the other side, fixed pitch angle mechanism is less
complicated in term of design and fabrication when
compared to the variable pitch angle mechanism.

Variable pitch angle adjustment will provide more balance
in the torque generated in the upstream and downstream
halves of the rotor. Moreover, better performance is obtained
using variable pitch angle regulation in comparison with
fixed pitch angle regulation. However, the design of the
variable pitch angle will be more complicated. Also, the
system will require a mechanical mechanism in order to move



the blade according to the azimuth position. The extra
mechanics required for that type of pitch angle usually will
need additional torque to move the blade which can affect
negatively on the rotor performance especially at the self-
start. Other solutions provided by Abdalrahman et al. [12],
suggest the use of DC motor was to control the blade pitch
angle. Nonetheless, adding an extra control system to the H-
type VAWT, might increase the cost of manufacturing for
these types of turbines.

The technique used in blade pitch angle regulation can
vary based on the available operating conditions. Techniques
might have different target such as enhancement of overall
performance, self-start, or it could be creating more balance
to avoid vibrations. Understanding and measuring the
operational parameters such as rotational speed, wind speed,
rotor design, and airfoil design will allow for better technique
modelling. Researchers like Zhao et al. [21] and
Abdalrahman et al. [12] used mathematical modelling to
predict the effectiveness of the new variable blade pitch angle
regulation technique used to improve the performance of H-
type Darrius VAWTSs. Using a mathematical modeling for
predicting the performance of H-type Darrius VAWTS is
effective and low cost when compared with CFD especially
for low TSRs turbines. However, once the rotor reaches high
speed the accuracy of the momentum models which are
normally utilized will be reduced. On the other side,
mathematical models can be used to select the optimum pitch
angle that will enhance the performance of a wind turbine
based on the available operational conditions. Also,
mathematical modelling can be utilized for testing different
blade pitch angle regulation techniques; however, the
accuracy of the results will mainly depend on the model
accuracy and limitations.

Selecting the optimum blade pitch angle can positively
affect the H-type Darrius VAWT in term of self-starting
ability and the overall performance. Future research in this
filed might be conducted to overcome the previously stated
challenges. The research might include real-time adjustment
mechanism through advance control algorithms using DMST
model, use of machine learning, and enhanced sensor
technology for accurate data collection and validation
through experimental testing. The development of such
adaptive control mechanisms could optimize blade pitch
angle regulation process based on real-time wind conditions
and hence enhance the overall wind turbine performance.

6. CONCLUSION

Performance improvement of the VAWT remains one of
the most challenges in the turbine industry. The wind in urban
environments normally experiences a rapid and unexpected
wind fluctuation, this made a major drawback in the power
output consistency. The studies in this this review mentioned
that using a variable blade pitch angle regulation increase the
H-type Darrieus vertical axis wind turbine performance. The
blade pitch angle regulation is divided to two major
categories fixed and variable blade pitch regulation. The
fixed angle pitching targets a constant change in the pitch
angle; this technique provides limited improvement to the
rotor performance. As it focusses mainly on certain TSR vale
or certain operational stage. On the other side, variable blade
pitch angle adjustment aims to create balance between the
energy extraction in the upstream and the downstream halves
of the wind turbine by applying various pitching techniques.
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At variable blade pitching, the value of change in the pitch
angle usually varies based on the azimuth position. This
technique shows better turbine self-start and overall
performance; however, improvement was also limited to a
specific TSR as the system is passively adjusted. Other
studies stated in this review present the use of intelligent
blade pitching system, which is a dynamic system that can
change the pitch angle based on the given parameters. The
results achieved significant enhancement on the overall
turbine performance at different TSRs; however, the blade
pitch angle selection process was made using CFD simulation
which is a time-consuming process that cannot be used for
active system during operation. This paper suggests the use
of active blade pitch angle technique which can use DMST
model to calculate the optimum blade pitch angle value based
on the operational parameters for instance the wind and the
rotational speed. Such a system will improve the turbine
overall performance in all operational stages (start, normal
and overspeed). Limited number of studies found in the
recent published work in the literature used DMST as a model
to select the optimum pitch angle for performance
enhancement of H-type Darrius VAWT.

REFERENCES

[1] Seyedsayamdost, E. (2020). Essential Concepts of
Global Environmental Governance. Routledge, pp. 251-
252.

[2] Hand, B., Cashman, A. (2020). A review on the
historical development of the lift-type vertical axis wind
turbine: From onshore to offshore floating application.
Sustainable Energy Technologies and Assessments, 38:
100646. https://doi.org/10.1016/j.seta.2020.100646

[3] The Netherlands Windmill — Ancient Engineering
Technologies - UW-Madison.
https://ancientengrtech.wisc.edu/the-netherlands-
windmill/#:~:text=Dutch started building windmills
as,are being used and maintained, accessed on Jul. 07,
2023.

[4] Kumar, R., Raahemifar, K., Fung, A.S. (2018). A
critical review of vertical axis wind turbines for urban
applications. Renewable and Sustainable Energy
Reviews, 89: 281-291.
https://doi.org/10.1016/j.rser.2018.03.033

[5] Battisti, L., Persico, G., Dossena, V., Paradiso, B.,
Castelli, M.R., Brighenti, A., Benini, E. (2018).
Experimental benchmark data for H-shaped and
troposkien VAWT architectures. Renewable Energy,
125: 425-444,
https://doi.org/10.1016/j.renene.2018.02.098

[6] Mukulo, B.M., Ngaruiya, J.M., Kamau, J.N. (2014).
Determination of wind energy potential in the Mwingi-
Kitui plateau of Kenya. Renewable Energy, 63: 18-22.
https://doi.org/10.1016/j.renene.2013.08.042

[7] Sagharichi, A., Maghrebi, M.J., ArabGolarcheh, A.
(2016). Variable pitch blades: An approach for
improving performance of Darrieus wind turbine.
Journal of Renewable and Sustainable Energy, 8(5):
053305. https://doi.org/10.1063/1.4964310

[8] Jin, X., Zhao, G., Gao, K., Ju, W. (2015). Darrieus
vertical axis wind turbine: Basic research methods.
Renewable and Sustainable Energy Reviews, 42: 212-
225. https://doi.org/10.1016/j.rser.2014.10.021

[9]1 Tjiu, W., Marnoto, T., Mat, S., Ruslan, M.H., Sopian,



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

K. (2015). Darrieus vertical axis wind turbine for power
generation I: Assessment of Darrieus VAWT
configurations. Renewable Energy, 75: 50-67.
https://doi.org/10.1016/j.renene.2014.09.038

Tasneem, Z., Al Noman, A., Das, S.K., Saha, D.K,,
Islam, M.R., Ali, M.F., Ahamed, M.H., Moyeen, S.1I.,
Alam, F. (2020). An analytical review on the evaluation
of wind resource and wind turbine for urban application:
Prospect and challenges. Developments in the Built
Environment, 4: 100033.
https://doi.org/10.1016/j.dibe.2020.100033

Du, L., Ingram, G., Dominy, R.G. (2019). A review of
H-Darrieus wind turbine aerodynamic research.
Proceedings of the Institution of Mechanical Engineers,
Part C: Journal of Mechanical Engineering Science,
233(23-24): 7590-7616.
https://doi.org/10.1177/0954406219885962
Abdalrahman, G., Daoud, M.A., Melek, W.W., Lien,
F.S., Yee, E. (2021). Design and implementation of an
intelligent blade pitch control system and stability
analysis for a small Darrieus vertical-axis wind turbine.
Energies, 15(1): 235.
https://doi.org/10.3390/en15010235

Tong, M., Zhu, W., Zhao, X., Yu, M., Liu, K., Li, G.
(2020). Free and forced vibration analysis of H-type and
hybrid vertical-axis wind turbines. Energies, 13(24):
6747. https://doi.org/10.3390/en13246747

LeBlanc, B., Simao Ferreira, C. (2018). Overview and
design of pitchvawt: Vertical axis wind turbine with
active variable pitch for experimental and numerical

comparison. In 2018 Wind Energy Symposium, p. 1243.

https://doi.org/10.2514/6.2018-1243

Horb, S., Fuchs, R., Immas, A., Silvert, F., Deglaire, P.
(2018). Variable pitch control for vertical-axis wind
turbines. Wind Engineering, 42(2): 128-135.
https://doi.org/10.1177/0309524 X 18756972
Schénborn, A., Chantzidakis, M. (2007). Development
of a hydraulic control mechanism for cyclic pitch
marine current turbines. Renewable Energy, 32(4): 662-
679. https://doi.org/10.1016/j.renene.2006.02.004
Hwang, 1.S., Lee, Y.H., Kim, S.J. (2009). Optimization
of cycloidal water turbine and the performance
improvement by individual blade control. Applied
Energy, 86(9): 1532-1540.
https://doi.org/10.1016/j.apenergy.2008.11.009
Erickson, D., Wallace, J., Peraire, J. (2011).
Performance characterization of cyclic blade pitch
variation on a vertical axis wind turbine. In 49th AIAA
Aerospace Sciences Meeting Including the New
Horizons Forum and Aerospace Exposition, p. 638.
https://doi.org/10.2514/6.2011-638

Chougule, P., Nielsen, S. (2014). Overview and design
of self-acting pitch control mechanism for vertical axis
wind turbine using multi body simulation approach. In
Journal of Physics: Conference Series, 524(1): 012055.
https://doi.org/10.1088/1742-6596/524/1/012055
Sagharichi, A., Maghrebi, M.J., ArabGolarcheh, A.
(2016). Variable pitch blades: An approach for
improving performance of Darrieus wind turbine.
Journal of Renewable and Sustainable Energy, 8(5).
https://doi.org/10.1063/1.4964310

Zhao, Z., Qian, S., Shen, W., Wang, T., Xu, B., Zheng,
Y., Wang, R. (2017). Study on variable pitch strategy in
H-type wind turbine considering effect of small angle of
attack. Journal of Renewable and Sustainable Energy,

159

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

9(5). https://doi.org/10.1063/1.4989795

Zhang, L.X,, Liang, Y.B., Liu, X.H., Guo, J. (2014).
Effect of blade pitch angle on aerodynamic performance
of straight-bladed vertical axis wind turbine. Journal of
Central  South  University, 21(4): 1417-1427.
https://doi.org/10.1007/s11771-014-2080-7

Kozak, P. (2014). Effects of unsteady aerodynamics on
vertical-axis wind turbine performance. Doctoral
dissertation, Illinois Institute of Technology.

Du, L. (2016). Numerical and experimental
investigations of Darrieus wind turbine start-up and
operation. Doctoral dissertation, Durham University.
Rezaeiha, A., Kalkman, I., Blocken, B. (2017). Effect
of pitch angle on power performance and aerodynamics
of a vertical axis wind turbine. Applied Energy, 197:
132-150.
https://doi.org/10.1016/j.apenergy.2017.03.128
Somoano, M., Huera-Huarte, F.J. (2018). The dead
band in the performance of cross-flow turbines: Effects
of Reynolds number and blade pitch. Energy
Conversion and Management, 172: 277-284.
https://doi.org/10.1016/j.enconman.2018.06.087
Douak, M., Aouachria, Z., Rabehi, R., Allam, N. (2018).
Wind energy systems: Analysis of the self-starting
physics of vertical axis wind turbine. Renewable and
Sustainable  Energy Reviews, 81: 1602-1610.
https://doi.org/10.1016/j.rser.2017.05.238

Gosselin, R., Dumas, G., Boudreau, M. (2016).
Parametric study of H-Darrieus vertical-axis turbines
using CFD simulations. Journal of Renewable and
Sustainable Energy, 8(5).
https://doi.org/10.1063/1.4963240

Asr, M.T., Nezhad, E.Z., Mustapha, F., Wiriadidjaja, S.
(2016). Study on start-up characteristics of H-Darrieus
vertical axis wind turbines comprising NACA 4-digit
series blade airfoils. Energy, 112: 528-537.
https://doi.org/10.1016/j.energy.2016.06.059

Akay, B., Ragni, D., Sim& Ferreira, C.J., Van Bussel,
G.J.W. (2014). Experimental investigation of the root
flow in a horizontal axis wind turbine. Wind Energy,
17(7): 1093-1109. https://doi.org/10.1002/we

Chen, B., Su, S., Viola, 1.M., Greated, C.A. (2018).
Numerical investigation of vertical-axis tidal turbines
with sinusoidal pitching blades. Ocean Engineering,
155: 75-87.
https://doi.org/10.1016/j.0oceaneng.2018.02.038
Sagharichi, A., Zamani, M., Ghasemi, A. (2018). Effect
of solidity on the performance of variable-pitch vertical
axis wind turbine. Energy, 161: 753-775.
https://doi.org/10.1016/j.energy.2018.07.160

Pawsey, N.C.K. (2002). Development and evaluation of
passive variable-pitch vertical axis wind turbines.
Doctoral dissertation, UNSW Sydney.

Zouzou, B., Dabrev, I., Massouh, F., Dizene, R. (2019).
Experimental and numerical analysis of a novel
Darrieus rotor with variable pitch mechanism at low
TSR. Energy, 186: 115832.
https://doi.org/10.1016/j.energy.2019.07.162

Sun, X., Hao, T., Zhang, J., Dong, L., Zhu, J. (2022).
The performance increase of the wind-induced rotation
VAWT by application of the passive variable pitching
blade. International Journal of Low-Carbon
Technologies, 17: 1420-1434.
https://doi.org/10.1093/ijlct/ctac117

Zhao, Z., Wang, R., Shen, W., Wang, T., Xu, B., Zheng,



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Y., Qian, S. (2018). Variable pitch approach for
performance improving of straight-bladed VAWT at
rated tip speed ratio. Applied Sciences, 8(6): 957.
https://doi.org/10.3390/app8060957

Lei, H., Su, J., Bao, Y., Chen, Y., Han, Z., Zhou, D.
(2019). Investigation of wake characteristics for the
offshore floating vertical axis wind turbines in pitch and
surge motions of platforms. Energy, 166: 471-489.
https://doi.org/10.1016/j.energy.2018.10.101

Zuo, W., Kang, S. (2014). Numerical simulation of the
aerodynamic performance of a H-type wind turbine
during self-starting. Applied Mechanics and Materials,
529: 296-302.
https://doi.org/10.4028/www.scientific.net/ AMM.529.
296

Karimian, S., Rasekh, S. (2021). Power and noise
performance assessment of a variable pitch vertical axis
Darrieus type wind turbine. Journal of the Brazilian
Society of Mechanical Sciences and Engineering, 43(9):
437. https://doi.org/10.1007/s40430-021-03103-4
Kavade, R.K., Ghanegaonkar, P.M. (2020).
Optimisation and performance analysis of vertical axis
wind turbine with blade pitching at best position angle
for different tip speed ratios. International Journal of
Ambient Energy, 41(7): 783-792.
https://doi.org/10.1080/01430750.2018.1492442
Miliket, T.A., Ageze, M.B., Tigabu, M.T. (2022).
Numerical investigations of variable pitch straight-
bladed H-Darrieus VAWT. In Advances of Science and
Technology: 9th EAI International Conference, ICAST,
Bahir Dar, Ethiopia, pp. 565-583.
https://doi.org/10.1007/978-3-030-93712-6_38
Manfrida, G., Talluri, L. (2020). Smart pro-active pitch
adjustment for VAWT blades: Potential for
performance improvement. Renewable Energy, 152:
867-875. https://doi.org/10.1016/j.renene.2020.01.021
Dai, H.K., Yang, Z.X., Song, L. (2014). Mathematical
modeling for H-type vertical axis wind turbine. In
Proceedings of the 11th IEEE International Conference
on Networking, Sensing and Control, pp. 695-700.
Han, D., Heo, Y.G., Choi, N.J., Nam, S.H., Choi, K.H,,
Kim, K.C. (2018). Design, fabrication, and performance
test of a 100-W helical-blade vertical-axis wind turbine
at low tip-speed ratio. Energies, 11(6): 1517.
https://doi.org/10.3390/en11061517

Kumar, P.M., Rashmitha, S.R., Srikanth, N., Lim, T.C.
(2017). Wind tunnel validation of double multiple
streamtube model for vertical axis wind turbine. Smart
Grid and Renewable Energy, 8(12): 412-424.
https://doi.org/10.4236/sgre.2017.812027

Biadgo, M.A., Simonovi¢, A., Komarov, D., Stupar, S.
(2013). Numerical and analytical investigation of
vertical axis wind turbine. FME Transactions, 41(1):
49-58.

Ayati, A.A., Steiros, K., Miller, M.A., Duwvuri, S,
Hultmark, M. (2019). A double-multiple streamtube

[48]

[49]

[50]

[51]

[52]

[53]

model for vertical axis wind turbines of arbitrary rotor
loading. Wind Energy Science, 4(4): 653-662.
https://doi.org/10.5194/wes-4-653-2019

Kushwaha, L., Venkaiah, P., Sarkar, B.K. (2021).
Performance analysis of vertical axis wind turbine with
optimised pitch angle variation. Suranaree Journal of
Science and Technology, 28(2): 010050(1-8).

Islam, M., Ting, D.S.K., Fartaj, A. (2008).
Aerodynamic models for Darrieus-type straight-bladed
vertical axis wind turbines. Renewable and Sustainable
Energy Reviews, 12(4): 1087-1109.
https://doi.org/10.1016/j.rser.2006.10.023

Zhang, L., Liang, Y., Li, E., Zhang, S., Guo, J. (2012).
Vertical axis wind turbine with individual active blade
pitch control. In 2012 Asia-Pacific Power and Energy
Engineering Conference, pp. 1-4.
https://doi.org/10.1109/APPEEC.2012.6307108
Hernandez, E.E., Keshtkar, S., Valdez, S.I. (2020).
Industrial and Robotic Systems: LASIRS 2019 (Vol.
86). Springer Nature.

Shah, O.R., Jamal, M.A., Khan, T.I., Qazi, U.W. (2022).
Experimental and numerical evaluation of performance
of a variable pitch vertical-axis wind turbine. Journal of
Energy Resources Technology, 144(6): 061303.
https://doi.org/10.1115/1.4051896

Komass, T. (2015). Mathematical modelling and
calculation of vertical axis wind turbine pitch system
using Matlab tools. AASCIT Journal of Energy, 2(3): 9-
15.

NOMENCLATURE

AOA Angle of Attack

BEM Blade Element Momentum
CFD Computational Fluid Dynamics
DMST Double Multiple Streamtube
FP Fixed Pitch

HAWT Horizontal Axis Wind Turbine
SST Single Streamtube

TSR Tip Speed Ratio

VP Variable Pitch

VAWT Vertical Axis Wind Turbine
WT Wind Turbine

List of Symbols

Cr Coefficient of power

Vw Wind velocity

Greek Symbols

B Pitch angle

(S} Azimuth angle

® Angular velocity
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