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Featured Application: This research provides a new pitching approach to increase the maximum
power efficiency of vertical axis type wind turbines and water turbines used to absorb marine
current energy. This approach did not deny the validity of the traditional methods. On the contrary,
the new approach combined with traditional pitching method will improve power efficiency at
all tip speed ratios, and well solve the problems of low efficiency and poor self-starting ability of
the turbines.

Abstract: This paper presents a new variable pitch (VP) approach to increase the peak power
coefficient of the straight-bladed vertical-axis wind turbine (VAWT), by widening the azimuthal angle
band of the blade with the highest aerodynamic torque, instead of increasing the highest torque.
The new VP-approach provides a curve of pitch angle designed for the blade operating at the rated
tip speed ratio (TSR) corresponding to the peak power coefficient of the fixed pitch (FP)-VAWT.
The effects of the new approach are exploited by using the double multiple stream tubes (DMST)
model and Prandtl’s mathematics to evaluate the blade tip loss. The research describes the effects
from six aspects, including the lift, drag, angle of attack (AoA), resultant velocity, torque, and power
output, through a comparison between VP-VAWTs and FP-VAWTs working at four TSRs: 4, 4.5, 5,
and 5.5. Compared with the FP-blade, the VP-blade has a wider azimuthal zone with the maximum
AoA, lift, drag, and torque in the upwind half-cycle, and yields the two new larger maximum values
in the downwind half-cycle. The power distribution in the swept area of the turbine changes from an
arched shape of the FP-VAWT into the rectangular shape of the VP-VAWT. The new VP-approach
markedly widens the highest-performance zone of the blade in a revolution, and ultimately achieves
an 18.9% growth of the peak power coefficient of the VAWT at the optimum TSR. Besides achieving
this growth, the new pitching method will enhance the performance at TSRs that are higher than
current optimal values, and an increase of torque is also generated.

Keywords: variable pitch; H-type VAWT; straight blade; DMST model; NACA0012; wind energy;
power coefficient; tip speed ratio

1. Introduction

Wind turbines absorb wind energy and convert it into mechanical energy, and are classified
according to the orientation of their axis of rotation into horizontal-axis wind turbines (HAWTs) and
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vertical-axis wind turbines (VAWTs). The HAWTs, represented by three-bladed propeller turbines,
are the most common wind turbines because of the highest performance and easy manufacturing as
a result of the great advance of aerodynamics and material engineering [1]. The VAWTs are further
grouped into lift-type and drag-type. The lift-type VAWTs, which employ airfoil section blades to
generate lift force as HAWTs, have higher rotation speed and better performance than the drag-type.
The lift-type VAWTs, represented by the Φ-type and the straight-bladed type of Darrieus turbine,
are also well-known [2]. On the other hand, most of them are used in small-scale applications,
although they have several advantages over HAWTs, such as the ability to accept wind from any
direction without yawing and the ability to provide direct rotary drive to a fixed load [3]. Some of
the disadvantages of the VAWTs include an inability to self-start and relatively lower efficiency [4,5].

Darrieus turbine blades use airfoil sections designed as aircraft wing profiles. The NACA0012,
NACA0015, and NACA0018 profiles are commonly used as blade sections [6]. Typically, these are
designed to operate at small angles of attack (AoAs), lower than ±10◦. At angles higher than this,
the airfoil stalls and the flow separates on the upper surface of the blade, causing a loss of lift and an
increase in drag [7]. At the startup of the turbine, a zero-tangential flow speed contributes to a large
AoA, which then makes the airfoil stall. In this case, the pressure drag of the blade is so high that
the lift cannot overcome the drag to self-start [8], not to mention any additional load from the electricity
generator. Previous studies proposed a number of methods to make a self-starting lift-type VAWT.
Kirke [9] reviewed those studies, and stated that high solidity turbines have the potential to increase
the self-starting torque, but a higher solidity lowers the maximum power coefficient and narrows
the operating range. Beri et al. [10] maintained that the Darrieus type VAWTs with asymmetrical blades
have better self-starting behavior, but unfortunately, this also causes a reduction in peak efficiency.
Zamani et al. [11,12] numerically investigated a 3-kW straight-bladed Darrieus type VAWT with a
designed J-shaped profile. Their results showed that the J-shaped profile could suppress the vortices
and improve the self-starting of the turbine. The hybrid wind turbine, comprising two vertical co-axial
rotors, is normally constructed as a Darrieus with drag-type blades in the middle [13]. The primary
purpose of the hybrid design is to promote the lack of torque when self-starting and at low tip
speed ratios (TSRs) [4]. They can self-start normally, but after starting, they are less efficient than a
turbine with normal lift due to the negative drag created at the middle [14]. It has been found that
the above approaches hardly provide a way to promote both the self-starting ability and the peak
power coefficient of the VAWTs at same time.

A particular method to address those issues is to develop a variable pitch (VP)-straight-bladed
VAWT to control the pitch angles of the blades on each azimuthal angle in order to maximize turbine
torque and start up easily [15]. A reduction of stall is the main mechanism whereby VP-technology
produces significant improvement of the torque at start up and low TSRs [16]. Besides offering
the greatest potential for achieving significantly increased torque at low and intermediate TSRs,
VP-technology is also used to promote peak efficiency [17–19]. VP-VAWTs consist of active and
passive-type turbines. The active designs are defined as those systems that produce blade pitch
change through means other than the direct action of the aerodynamic forces acting on them in passive
designs [16]. Staelens et al. [7] introduced three modifications for the increased power output of a
straight-bladed VAWT by varying its pitch. The third modification proposed a continuous variation in
the local AoA correction during the rotation cycle using a sinusoidal function. Although the power
output obtained by using such a modification is less than the other two, it has the inherent advantage of
being practically feasible. Also, Kiwata et al. [4] described a micro VP-VAWT that varies the pitch angle
according to the azimuthal angle. The performance of the VP-VAWT was measured in an open-circuit
wind tunnel, and the results were better than those of the fixed pitch (FP)-VAWT. Erickson et al. [20]
tested the effects of cyclic blade pitch actuation on the efficiency and operability of a high-solidity
VAWT with a cam and control rod mechanism to prescribe the pitch dynamics in the wind tunnel over a
wide range of design and operational variables. The results revealed that a tuned first-order sinusoidal
actuation system could achieve a maximum absolute power coefficient of 0.436, which is an increase of
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35% over the optimal fixed-blade configuration, with self-starting capabilities and drastically improved
performance at a wide range of suboptimal operating conditions. Hwang et al. [21] investigated
the performance of a VP-turbine controlled by a cycloidal strategy. Compared with the FP-turbine,
the performance at the upwind half-cycle of the VAWT with the optimized blade pitch angle was greatly
improved, particularly at the azimuth region from 90◦ to 180◦; the effective region was expanded,
and was nearly twice as large as that of the FP-case. Chougule et al. [17] designed a 500-W VAWT
to implement the pitch control mechanism using the cyclic VP-technology. Its aerodynamics were
predicted using the double multiple stream tube (DMST) model, and their results showed that only a
5◦ increase of the pitch angle amplitude increased the power coefficient of the VAWT by 12%.

Despite the improvement of the self-starting ability and power coefficient, the above
VP-approaches have the same limitation, which is mainly about the performance enhancement of
azimuths with high AoAs in the case of the FP. In FP-VAWTs, each blade is constantly subjected to a
variation of the AoA. Since the AoA constantly changes, the blade will generate large torque in some
azimuthal angles, and low torque in other azimuthal angles. The overall performance is determined
by the average torque of the blade in a cycle path line. Evidently, the low torques will produce a
lower average value, and then degrade the power efficiency. The azimuthal position with the biggest
geometric AoA in FP-VAWTs will achieve the biggest increase in the performance of the blade in
VP-VAWTs. Assuming that the biggest geometric AoA is close to and below the stall value at the rated
TSR, the magnitude of the maximum increase of the AoA would be much smaller if it still used
the above-mentioned VP-approaches; thus, the increase of the AoA in other azimuths and the peak
efficiency of the turbine would be much smaller, too.

To change this, we proposed a new VP-approach that was intended to mainly promote
the performance of the blade working in the azimuths with smaller AoAs in FP-VAWTs. Ultimately,
the aim is to largely enhance the peak efficiency of the VAWT in the rated or larger TSR. In this paper,
the effect of the new approach on the performance of the blade or the turbine are investigated using a
method implementing the double multiple stream tube (DMST) model.

2. Explanation of Variable Pitch Concept

2.1. Oscillating AoA

The Darrieus-type VAWT is a cross-flow rotor whose axis of rotation meets the flow of the working
fluid at right angles. The blades perform the work twice in one cycle: i.e., the upwind half-cycle
(azimuthal angle from 0◦ to 180◦, where the 0◦, 90◦, 180◦, and 270◦ positions are defined in Figure 1)
and the downwind half-cycle (ranging from 180◦ to 360◦). The azimuth angle of 0◦ is defined as a
position where the directions of the local wind speed ‘Vw’ and the tangential flow speed ‘U = rv’ are
the same; the azimuthal angle of 180◦ is the position where the directions of the two speeds are opposite;
as its anticlockwise rotation, the azimuthal angle of 90◦ is the position moving anticlockwise on a
quarter circle from 0◦, which is the fixed reference position. The resultant flow, which is the vector sum
of the local wind speed ‘Vw’ and the tangential flow speed ‘U = vr’, always comes from the upwind
side of the blade: i.e., the outer side on the upwind half-cycle and the inner side on the downwind
half-cycle [22]. Accordingly, as illustrated in Figure 1, the rotating blade experiences a changing
resultant flow, including its magnitude and direction. The changing direction of the resultant velocity
and chord line of the airfoil causes the oscillating AoA between the negative and positive values
following a sinusoidal function of the azimuthal angle.

As shown in Figure 2, the AoA is determined by:

α = tan−1
[

a sin θ

λ0 + a cos θ

]
(1)

where α is the AoA, a is the axial induction factor defined as a = V/Vw (V is the velocity of the flow
in the stream tube, Vw is the velocity of the free wind), θ is the azimuthal angle, and λ0 = Rω/Vw
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represents the local TSR, where ω is the rotational speed, R is the rotational radius. The 0◦ and
180◦ positions are transformation points of the AoA between the negative and positive values,
which determine their zero AoAs. Affected by the oscillating AoA, the blade of the VAWT inevitably
produces fluctuating torque, even in steady conditions. For a given airfoil section, the non-dimensional
normal and tangential forces are written as:

CN = CL cos α + CD sin α (2)

CT = CL sin α− CD cos α (3)

where CN and CT are the normal force and tangential force coefficients, respectively, and CL and CD

are the lift and drag coefficients, respectively. According to Equations (2) and (3), the blade in the 0◦

and 180◦ azimuths will generate a zero-normal force and a negative tangential force, which cause a
negative torque, according to Equation (4):

M =
1
2

ρcR(2H)CTV2
r (4)

where M presents the torque of the blade, ρ is the air density, c is the chord length, 2H is the height
of the blade, Vr is the local resultant velocity, and R is the rotation diameter. Due to the continuity
of the blade torque variation, produced by the 0◦ and 180◦ azimuths, the torque in a zone around
the 0◦ or 180◦ azimuth remains negative, and a wider zone may have a positive torque, but is still
not big enough. In contrast, the 0◦ and 180◦, and 90◦ and 270◦ angles produce the maximum AoAs.
This is because the directions of the upwind flow and tangential flow are vertical to each other
(Figure 1), and furthermore, the 90◦ azimuth having the larger upwind flow speed normally shows
better aerodynamics than the 270◦ azimuth.
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2.2. Aerodynamics in Traditional VP-Technology

The VAWT blade is subject to cyclic variations in wind speed and the AoA, which are efficiency
improvements that can result from corresponding variations of the pitch angle of the blade to optimize
the AoA at each point in its cycle [20]. Any improvement made to the AoA can be of a cyclic nature,
as shown in Figure 3 [23]. Thus, a typical curve of the pitch angle in traditional VP-technology is
expressed by Equations (5) and (6):
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γ = Ac sin(θ) (5)

Ac = As −
(

As
λ

X0

)
sin(θ) (6)

where γ is the variable value of the pitch angle changed with the azimuth, Ac is the maximum pitch
angle at a certain TSR, As is the maximum pitch angle at all of the TSRs, λ is the TSR, X0 is the TSR of
max CP at zero Ac, and θ is the azimuthal angle.

Appl. Sci. 2018, 8, x 5 of 25 

 
Figure 2. Relative wind speed vectors in the upstream and downstream section. 

2.2. Aerodynamics in Traditional VP-Technology 

The VAWT blade is subject to cyclic variations in wind speed and the AoA, which are 
efficiency improvements that can result from corresponding variations of the pitch angle of the 
blade to optimize the AoA at each point in its cycle [20]. Any improvement made to the AoA can be 
of a cyclic nature, as shown in Figure 3 [23]. Thus, a typical curve of the pitch angle in traditional 
VP-technology is expressed by Equations (5) and (6): 

c sin( )Aγ θ=  (5) 

c s s
0

  sin( )A A A
X

λ θ
 

=  
 

−  (6) 

where γ  is the variable value of the pitch angle changed with the azimuth, cA  is the maximum 
pitch angle at a certain TSR, sA  is the maximum pitch angle at all of the TSRs, λ  is the TSR, 0X  is 
the TSR of max PC  at zero cA , and θ is the azimuthal angle. 

Figure 2. Relative wind speed vectors in the upstream and downstream section.
Appl. Sci. 2018, 8, x 6 of 25 

 
Figure 3. Illustration of cyclical variable pitch. 

In another conventional VP-technology of VAWT, the blades have an oscillatory motion 
around their own axis, which was superimposed on the uniform rotation motion. Considering a 
cross-section of the turbine, the lines normal to the profile chord for every blade position intersect a 
given point “P” during a complete revolution (Figure 4) [24]. The variation of the pitch angle with 
respect to the azimuthal angle is expressed as: 

c

sin
sin -arc tan

cos
A

θγ θ
θ λ

 =  + 
 (7) 

 
Figure 4. Illustration cycloidal variable pitch. 

Two conventional VP-approaches have one point in common: the azimuthal angle with a 
larger geometric AoA will be given a larger pitch angle. Affected by the performance, as expressed 

Figure 3. Illustration of cyclical variable pitch.

In another conventional VP-technology of VAWT, the blades have an oscillatory motion around
their own axis, which was superimposed on the uniform rotation motion. Considering a cross-section
of the turbine, the lines normal to the profile chord for every blade position intersect a given point
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“P” during a complete revolution (Figure 4) [24]. The variation of the pitch angle with respect to
the azimuthal angle is expressed as:

γ = Ac sin θ − arc tan
(

sin θ

cos θ + λ

)
(7)
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Two conventional VP-approaches have one point in common: the azimuthal angle with a larger
geometric AoA will be given a larger pitch angle. Affected by the performance, as expressed by
the lift coefficient (CL − α) of the airfoil, the blade has a stall static AoA of about 10◦, as shown in
Figure 5a [18]. At the start-up and small TSRs, the maximum AoA is much greater than the stall angle,
the lift of the blade will decrease, and the drag will greatly increase after the stall occurs. In such cases,
the VP-technology will change the pitch angle in the direction of the decreased AoA to avoid the stall.
Two methods were used to achieve this goal. In the first method, the pitch angle changes only in
the positions where the local geometric AoA exceeds the stall value, and the final local effective AoA is
kept below the static stall angle [7,25], as illustrated in Figure 5b. The advantage of this method is that it
makes the blade rotate with the optimum AoA in a much wider azimuthal zone. Its disadvantage is that
the change of the pitch angle (represented by a dotted line in Figure 5b) is discontinuous at some points,
which may not be practical to implement, and also causes early fatigue due to the abrupt dynamical
loads [7]. The other method continuously changes the pitch angle following a sinusoidal function
(Figure 5c). Under this control, the maximum amplitude of the sinusoidal function for the pitch angle is
set to be equal to the maximum difference between the geometric AoA in the FP-VAWT and the effective
AoA in the VP-VAWT. The advantage of this method is that the pitch angle as well as the forces changes
smoothly and continuously, and then the method is physically and mechanically feasible to implement;
the implementation procedures are presented in Figures 2 and 3. However, the power efficiency,
although significantly larger than that of the FP-VAWT, is much lower than that of the other method
illustrated in Figure 5b, because the final local effective AoA curve also follows a sinusoidal function in
which the blade experiences the maximum performance only at two inflection points. At an optimum
or larger TSR, the pitch angle should change toward the direction of the increased AoA for an improved
performance in terms of the increased peak power coefficient of the VAWT. Meanwhile, if the variation
of the pitch angle follows a sinusoidal function, as shown in Figure 5d, the space for performance
enhancement would be exceedingly limited, because the maximum amplitude of the AoA change is
much smaller (Figure 5d). A new approach is explored next to solve this problem.
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At an optimum or larger TSR, the pitch angle should change in the direction of the increased
AoA for an improved performance in terms of the increased peak power coefficient of the VAWT.
Alternatively, if the variation of the pitch angle follows a sinusoidal function, as shown in Figure 5d,
the space for performance enhancement would be exceedingly limited, because the maximum
amplitude of the AoA change is much smaller (Figure 5d). A new approach is explored next to
solve this problem.

2.3. New VP-Approach

The new VP-strategy proposed in this paper focuses mainly on improving the performance by
widening the range of the largest local effective AoA, instead of enlarging the maximum value.
In the new VP-approach, the local effective AoA is kept below the stall angle and maintains a
constant value in a wide zone during a rotation cycle; the curve is shown as a solid line in Figure 6.
During the design of the new approach, four key points are adequately considered.

(1) How to deal with the zero AoA at the azimuthal angles of 0◦ and 180◦: Since the positions of
the 0◦ and 180◦ angles are the transformation points between the positive and negative AoAs,
the design of the new VP-approach cannot avoid the zero value AoAs. The pitch angles in these
two positions remain at the zero value.

(2) How to set the value of the constant effective AoA in Figure 6: At the rated TSR, the largest local
AoA in a cycle should be designed as the optimum AoA corresponding to the largest lift–drag
ratio, rather than the static stall AoA. Thus, if the pitch curve of the new approach is designed for
a blade operating at the rated TSR, the constant value in Figure 6 should be equal to the maximum
geometric AoA in a FP-VAWT, since both a larger and a smaller value would contribute to a
smaller torque. Consequently, the pitch angles are also kept at zero at the two inflection-point
locations, namely the azimuthal angles of 90◦ and 270◦.

(3) Is the approach physically and mechanically feasible to implement? The amplitude of the change
of the pitch angle is shown in Figure 6 as a dotted curve. In this curve, the pitch angle changes
smoothly and continuously, and eliminates the drawback of the design in Figure 5b. The whole
variation process of the pitch is illustrated in Figure 7, which is easily accomplished mechanically,
such as a specially designed cam. As shown in Figure 7, the pitch angles varies in each 1/4 circle
(0◦–90◦, 90◦–180◦, 180◦–270◦, and 270◦–360◦), and returns to zero at four positions (0◦, 90◦,
180◦, and 270◦). Here, we defined the presence of a positive pitch angle when the blade rotates
counterclockwise around its own axis, and the leading edge of the blade points toward the inner
side of the circular path. In contrast, the angle is negative when the blade rotates and the leading
edge points in the opposite direction.

(4) What is the effect of the new VP-approach on the performance of the blade? After the mechanical
feasibility of the approach is validated in theory, the following study focuses on the investigation
of the effect of the new VP-approach using the DMST model.
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3. Computational Model

3.1. Geometric Characteristics of VATW

The geometric characteristics of the straight-bladed VAWT studied in this paper are as follows.
The NACA0012 blade profile: a height of 2 m (H = 1 m, Figure 8), a rotation radius (R) of 1 m, a chord
length of the blade of 0.09 m, with two blades. Two straight-bladed VAWTs are also referred to as
H-type VAWTs, since their configurations are much like an “H” shape. The operating conditions
of the H-type VAWT aerodynamic parameter chosen for this study are as follows: an air density of
1.225 kg/m3, a wind speed of 9 m/s, a kinematic viscosity of 1.48 × 10−5 m2/s. The curve of the pitch
angle with respect to the azimuthal angle was designed with the condition of a TSR = 4.5, in which
the FP-turbine generates the peak power coefficient. The performance at four TSRs values (i.e., TSR = 4,
4.5, 5.0, and 5.5) was predicted, and their results were compared with each other. In addition, as shown
in Figure 8, the effect of the radial arm was not considered, even though it is also a source of drag that
reduces the power performance, due to the use of the DMST algorithm in the subsequent research.
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3.2. Aerodynamic Model of Double Multi Stream Tube (DMST) Model

The DMST model makes use of the blade element momentum (BEM) theory,
whereby the performance of the rotor is calculated by coupling the momentum equation in
the mainstream direction of the wind and the aerodynamics analysis of the interactions between
the airfoils in motion and the oncoming flow on the rotor [15,26]. The first approach using a
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momentum model to analyze the flow field around a VAWT was developed by Templin [27],
who considered the rotor as an actuator disk enclosed in a simple stream tube, where the induced
velocity through the swept volume of the turbine was assumed to be constant. An extension of
this method to the multiple stream tubes model was developed by Strickland [28], who considered
the swept volume of the turbine as a series of adjacent stream tubes. Additionally, Paraschivoiu [29]
developed an analytical model, the DMST model, which considers a multiple-stream tube system
divided into two parts, where the upwind and downwind components of the induced velocities
at each level of the rotor are calculated by using the principle of two actuator disks in tandem.
Subsequently, many predicted the performance of the Darrieus turbine using the DMST model,
and all of the results showed that the DMST model has a high prediction accuracy for predicting
the aerodynamics of the lift-type VAWTs [24,30–33]. The Darrieus-type wind turbine at low TSRs
normally experiences a large variation within its AoA, and the blades are dominated by dynamic
stall. In such conditions, the prediction must consider the effect of the dynamic stall on the accuracy.
However, in the paper, the detailed investigation is performed at a high TSR, which is higher than
four. Meanwhile, the variation of the AoA is getting much smaller and no stall is occurring; thus it
has little effect on the prediction accuracy [22]. Accordingly, the dynamic stall was neglected in
the paper. The model relies on pre-existing lift and drag data to calculate the blade aerodynamics. In a
cross-flow wind turbine, blade–vortex interactions may occur, but its effects are not clear. There is not
a well-developed algorithm for the modification of the lift and drag data due to the impingement of
the vortex on the blades [34]. Thus, the interaction was also neglected in our work.

Since this investigation is focused on an H-type VAWT, a simplified version of the DMST
model applicable to a straight-bladed rotor is briefly outlined below [35–37]. For an H-type VAWT,
the resultant velocity, Vr, during the upwind half-cycle can be determined from the velocity vector
triangle shown in Figure 2, which then gives:

Vr = Vw

√
(λ0 + a cos θ)2 + (a sin θ)2 (8)

Applying the blade element theory and equating the change in momentum to the drag on the rotor
for each stream tube, it is found that:

f a = πη(1− a) (9)

where η = r/R is the dimensionless parameter of the radius, and f is the unwind function that
characterizes the upstream half-cycle of the rotor on the blade element rotating in this zone. The upwind
function is given by the following equation:

f =
Nc

8πR

∫ π

0

(
CN

cos θ

|cos θ| − CT
sin θ

|cos θ|

)(
Vr

Vw

)
dθ (10)

where N is the number of the blades, and CN and CT can be calculated from Equations (2) and (3),
respectively. The lift and drag coefficients, CL and CD, respectively, are obtained by interpolating
the known experimental data using both the local blade section Reynolds number Reb = Vrc/Vw and
the local AoA. The local AoA can be calculated from Equation (1). Also, using Equation (8), Reb is
given as a function of the induced upwind velocity for each blade element in rotation.

3.3. Tip Loss Consideration

For a finite aspect ratio of the blade, tip loss is unavoidable. Thus, the effect of the blade tip
loss was considered in the modeling to achieve an accurate performance prediction. The tip loss
characterizes the tendency for trailing the vorticity from the blade tip, or from any other point where
the circulation distribution changes, thereby reducing the blade’s effectiveness. Prandtl’s tip loss factor
is commonly employed for VAWTs, and Soraghan et al. [30] described the mathematics in detail.
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3.4. Computational Procedure

For a given H-Type rotor geometry and rotational speed ω, a value of the local TSR λ is chosen by
assuming that the interference factor a is unity. Thus, Reb and α are evaluated as first approximations,
and the airfoil CL and CD characteristics are interpolated from the test data reported by Sheldahl and
Klimas [38]. Then, using Equation (7), the normal and tangential force coefficients of the blade section
are estimated, while Equation (10) allows the upwind function to be evaluated. With the first value of
f, Equation (9) is used to calculate another value for the interference factor, and the iterations continue
until successive sets of a are reasonably close. Convergence will be achieved, as the error is less than
0.0001. Once the final value of the upwind zone ‘a’ has been calculated, the local relative velocity Vr is
determined from Equation (7) and the local AoA from Equation (1). A similar procedure is repeated
for the downwind half-cycle. Additionally, it should be noted that here, the upwind velocity is an
equivalent velocity expressed as Ve = (2a − 1)Vw.

4. Results Analysis

Due to the consideration of the tip loss of the blade, the results distributed along the spanwise
direction of the finite length blade are not constant; their distribution shows symmetric characteristics
on both sides of the middle height, namely H = 0, as shown in Figure 8. However, the differences
between any two heights, except the position that is closest to the tip of the blade, are small
for a large aspect ratio. Thus, the data from H = 0 are chosen to be analyzed and compared in
the following sections.

4.1. AoA Variation

The final variation of the AoA in a full cycle is shown in Figure 9. As required by the original
specifications of the design, the new approach increases the AoA in most azimuthal angles, which is
much obvious in the upwind region. The downward parabolic AoA curve with respect to the azimuthal
angle is more open, and more azimuthal angles have a higher AoA, but the largest value is not changed
in the upwind section. In the downwind region, the increase of the AoA is obvious when the TSR = 4,
4.5, and 5, but it decreases as the TSR increases, and even shows a negative tendency when the TSR = 5.5.
As the rotation speed increases, more wind energy is absorbed into the stream tubes of the upwind part,
and the steam flows though the stream tubes of the downwind part with lower velocity, which causes a
lower AoA in the condition of a constant rotation speed. It is also observed in all of the sub-figurations
that the real curve of the AoA is not as smooth as the designed one, especially in the downwind region.
This is because the AoA strongly depends on the considerably changed axial induction factor.
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4.2. Lift Force Variation

The lift generated by the blade is a key parameter of a lift-type VAWT, because it determines
the magnitude of the tangential force that causes the turbine rotation. One of the effects of the new
VP-control changes the lift of the blade. The variation of the local lift coefficient during a complete
rotation in four TSRs is illustrated in Figure 10, which reveals that, when the TSR = 4, the lift coefficient
fluctuates intensively during a whole range of azimuthal angles, whether in the VP-VAWT or FP-VAWT,
and a much lower value is observed at around 90◦ and 270◦. This is because the AoA values in the large
region around 90◦ and 270◦ are still larger than the stall static angles, which leads to the occurrence
of the stall and then a decreased lift coefficient. As can be observed in Figure 10, the VP-blade does
not create a larger maximum lift coefficient than the FP-blade, but it does have a wider stall zone.
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The reason is that the new VP-approach increases the AoA and creates a wider azimuthal zone having
a larger AoA than the stall value, but the maximum effective AoA is not changed. All of these
phenomena indicate that the VP-approach designed for the rated TSR is not suitable to be applied to
improve the performance of the VAWT at much lower TSRs.
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At TSRs larger than 4.5, stall does not occur; the curve of the lift coefficient changes smoothly,
and shows an arched shape in the upwind or downwind half-cycles in the FP-VAWT. In the same
conditions, the stall does not occur in the VP-VAWT either; larger lift coefficients are obtained almost
in the whole rotation zone except four at positions, namely: 0◦, 90◦, 180◦, and 270◦. Finally, the novel
approach achieves a larger zone with the largest lift coefficients in the upwind half-cycle and two new
larger maximum coefficients in the downwind half-cycle. A comparison of the increase among the TSRs
reveals that the increase of the lift is in the downstream region as the TSR increases. Even when the TSR
= 5.5, the lift is affected by the AoA; as shown in Figure 9, the VP-blade produces lower lift than
the FP-blade in an extensive zone of the downwind region.

4.3. Drag Force Variation

The drag coefficients of the blades of the FP-VAWT and VP-VAWT are illustrated in Figure 11.
First, when the TSR = 4, the blade that stalls generates a large peak drag in the upwind region,
which is almost five times as large as that when the TSR = 4.5, and another larger peak drag in
the downwind region of the VP-VAWT. A comparison of the distribution between the VP-VAWTs
and FP-VAWTs indicates that the new VP control also increases the drag of the blade because of
the increased AoA. The trends of the drag changes between the VP-VAWTs and FP-VAWTs are much
like those of the lift changes. However, the increased drag cannot negate the advantage of the new
VP-approach. According to the aerodynamics of the airfoil, the AoA that has the largest lift coefficient
normally results in a large drag coefficient. The final effect is a promotion of the blade performance
or not, which is determined by whether the component of the increase in the tangential direction of
the lift is larger or smaller than that of the drag coefficient.Appl. Sci. 2018, 8, x 16 of 25 
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4.4. Resultant Velocity Variation

The resultant velocity, which is the vector sum of Vw and U, is depicted as a function of
the azimuthal angle in Figure 12. Other than the free wind velocity, the resultant velocity is
the effective flow velocity acting on the blade, which is another factor, together with the AoA, that
determines the magnitude of all of the forces. The magnitude of the resultant velocity is determined
by the tangential flow velocity and flow velocity going through the stream tube according to the local
velocity triangle. At the same rotation speed as the VP-VAWT and FP-VAWT, in the upwind half-cycle,
the pitch angle does not affect the local tangential flow velocity and wind velocity. This causes slight
changes in the resultant velocity in the upwind half-cycle, as shown in Figure 12. The slight changes
are also observed when the TSR = 4 and 4.5 in the downstream half-cycle, and large changes occur
when the TSR = 5 and 5.5 (Figure 12). The VP-approach decreases the wake velocities of the upwind
stream tubes, and changes the velocity of the stream flowing through the stream tubes and the axial
induction factor of the downwind half-cycle. The changed stream velocity and axial induction factor
determine the different resultant velocities. As depicted in Figure 12, when the TSR = 5.5, the resultant
velocity has a tendency to be even in a wide zone of the downwind region.

4.5. Torque of Blade Variation

The torque of a single blade as a function of the azimuthal angle is shown in Figure 13, which reflects
well the effects of the new VP-approach on the improvement of the aerodynamics of the blade in every
azimuthal position. As expressed by Equations (3) and (4), the torque is extensively affected by lift
and drag. For the increase of both forces, the final torque in the VP-VAWT significantly differs from
that in the FP-VAWT. At a TSR = 4 and the downwind half-cycle, the torque is increased in some
azimuthal angles, but it is also reduced in some zones; thus, it is not easy to directly judge whether
the overall torque is increased or decreased (Figure 13). In comparison, when the TSR = 4.5, 5, and 5.5,
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a different extent of increase is obtained on both sides of the 90◦ azimuthal angle, where one peak
torque is generated in the FP-VAWT, and then the low torque zone gets correspondingly narrower.
In the downwind region, the large increase is shown when the TSR = 4.5 and 5; the VP-blade creates
two new maximum values on the two sides of the azimuthal angle of 270◦, where another peak torque
of the FP-blade is generated. It should be noted that the former two new maximum values are larger
than the latter ones; thus, the curve of the downwind section exhibits an “M” shape. At a TSR = 5.5,
the torque is increased in some positions, and decreases in the zone adjacent to the 270◦ azimuthal angle.
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4.6. Power Output

The power output along the radial direction is presented in Figure 14; its value is equal to the sum
of the power output of a stream tube in the upwind part and the corresponding downwind part,
which can be written as Equation (11). Adding the power outputs of the stream tubes in all of the radial
and heights positions, and subsequently dividing the power of the free wind, the total power coefficient
is obtained through Equation (12):

Pi = Pup.i + Pdw.i (11)

CP.t =
H

∑
−H

R

∑
i=−R

Pi
1
2 SρV3

w
(12)

where CP denotes the power coefficient; the subscript i is the radial position of the stream tube; up and
dw represent the upwind and downwind region, respectively; t means total; and S is the swept area.
As shown in Figure 14, the power output of the FP-blade shows the peak value in the radial position
of r = 0; toward the two sides, the power is gradually reduced, and reaches zero or even a negative
power in the −R or R positions. The whole curve of the FP-blade is a downward parabolic line.
In comparison, the new VP-approach extends the position generated at the peak power from one
point in the FP-VAWT to a wide radial zone. Therefore, the final distribution of the power output
is similar to a trapezoid when the TSR = 4.5 and 5. For a TSR = 5.5, although a drop of the torque
occurs downstream, as shown in Figure 13, the VP-blade still experiences an increase in the power
output in most radial positions, because of a larger torque increase in the upwind region. The results
presented in Figure 14 also show a small drop in the position of r = 0, but a larger increase occurs in
other positions. Thus, the total power output will be absolutely increased.Appl. Sci. 2018, 8, x 21 of 25 
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Figure 14. Power output of a blade as a function of position in VP-VAWTs and FP-VAWTs. (a) TSR = 4;
(b) TSR = 4.5; (c) TSR = 5; (d) TSR = 5.5.

A comparison of the power coefficient of the two types of VAWTs when the TSR = 4 to 5.5 is
shown in Figure 15, which reveals the obvious promotion of the power coefficient at a TSR = 4.5, 5,
and 5.5. The increase is 16% at a TSR = 4.5, and becomes larger as the TSR increases. Finally, an 18.9%
increase of the peak power efficiency of the VP-VAWT is achieved when the TSR = 5. The new curve
has a wider TSR zone with a high power coefficient, and the drop in the power coefficient starts when
the TSR = 5.5, but at a low rate. The results in Figure 15 clearly indicate that the new approach is highly
suitable for improving the peak efficiency of the VAWT at the optimum or larger TSR.
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Since the parasitic drag of the radial arm was not considered in the investigation, the prediction
value may be higher than the real one in Figure 15. While the structure of the arm can be
well-designed, such as using an airfoil profile and being installed at a zero AoA relative to the free
wind, several methods such as this can greatly reduce their parasitic drag. Therefore, the new pitching
approach does effectively promote the overall performance of the turbine, even after considering
the parasitic drag of the arm.

5. Conclusions

This paper proposed a new VP-approach to increase the peak power coefficient of a straight-blade
VAWT. The new approach was designed for the blade at the optimum TSR, and focuses mainly on
widening the azimuthal zone of the largest AoA, instead of increasing it. A two-blade H-type VAWT
was studied using the DMST model to validate the effect of the new approach, in which the tip loss
was evaluated by Prandtl’s mathematics. The data of the middle height of the VAWT was adopted to
analyze and compare the FP-blade and the VP-blade from six different characteristics, namely the AoA,
lift, drag, resultant velocity, torque, and power output. The conclusions drawn from the study are
as follows.

(1) Through the application of the new approach, a large increase in the AoA is produced in
the upwind half-cycle of the VP-blade. A large increase in the AoA in the downwind half-cycle is
also achieved when the TSR = 4, 4.5, and 5, but the increase becomes smaller as the TSR increases,
so that a negative growth is shown when the TSR = 5.5.

(2) The new approach greatly enhances the lift of the blade and distributes the maximum lift in a
wider zone in the upwind region. In the downwind region, two new and larger maximum lifts
are created when the TSR = 4.5 and 5, but a smaller lift is obtained when the TSR = 5.5.

(3) The increased AoA leads to an increase of the drag of the blade in most of the positions. The trend
of the distribution of the drag is similar to that of the lift.

(4) The resultant velocity experiences little changes in the upwind region, while in the downwind
region, the changes are obvious, and become more obvious as the TSR increases.

(5) Influenced by the lift and drag, the ultimate effect of the torque shows that a large increase is
obtained in the upwind region and downwind region at most of the TSRs. The distribution trend
is also much like that of the lift.

(6) The new VP-approach also enlarges the azimuthal zone of the blade with the highest power
output. Consequently, an 18.9% increase of the peak power efficiency of the VAWT is achieved
when the TSR = 4.5. Additionally, the turbines are capable of working with high efficiency in a
wider TSR zone. The new VP-approach designed at the rated TSR is suitable to enhance the peak
efficiency of VAWTs.

Author Contributions: Z.Z. and T.W. conceived and designed the research; R.W. performed the calculations;
R.W. and S.Q. analyzed the data; Y.Z. contributed analysis tools; Z.Z. and B.X. wrote the paper. W.S. revised
the paper.

Acknowledgments: This paper was supported by the project of National Natural Science Foundation of
China, Project No. 11502070 and 51607058; the Fundamental Research Funds for the Central Universities,
Project No. 2018B24914; National Basic Research Program of China (“973” Program), Project No. 2014CB046200.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Roman Letters
a induction factor
Ac amplitude of the pitch angle, [deg]
As Max amplitude of the pitch angle, [deg]
c length of chord line, [m]
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CD drag coefficient
CL lift coefficient
CN normal force coefficient
CT tangential force coefficient
CP power coefficient
N number of blade
H 1/2 height of rotor, [m]
R equatorial radius of rotor, [m]
S swept area of wind rotor, [m2]
U Tangential velocity, [m/s]
Vr resultant velocity, [m/s]
Vw free wind velocity, [m/s]
X0 TSR of max CP at zero Ac

AoA angle of attack, [deg]
CFD computational fluid dynamics
DMST double multi stream tube (model)
FP Fixed pitch
HAWT horizontal axis wind turbine
VAWT vertical axis wind turbine
TSR tip speed ratio
VP variable pitch
Greek Letters
α angle of attack, [deg]
ρ density of air, [kg·m−3]
θ azimuthal angle, [deg]
ω rotor angular velocity, [rad·s−1]
λ tip speed ratio (TSR)
γ pitch angle changed with the azimuth, [deg]
ξ dimensionless parameter of height
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