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Abstract

To further improvement of the aerodynamic performance simulation model
accuracy of Vertical Axis Wind Turbine (VAWT), based on the traditional
double multi-flow tube theoretical model, the aerodynamic parameters of the
airfoil before and after stall are modified by the Lanchester method. Prand
model is used to modify the aspect ratio of the airfoil under the condition
of the small angle of attack before stall. Viterna Corrigan model is used to
modify the aspect ratio, lift and drag coefficients of the airfoil under the stall.
And a relaxation factor is introduced to correct the induction factor, also to
improve the iterative non-convergence of the simulation under the condition
of large tip speed ratio. The simulation results match the experimental data
very well. Based on this new aerodynamic performance analysis method,
the influence of blade tip speed ratio, blade number, blade chord length,
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rotor radius, and incoming wind speed on power coefficient and tangential
force coefficient is studied, which can provide a reference for the design of
aerodynamic performance parameters of the wind turbine.

Keywords: Vertical axis wind turbine, VAWT, theoretical model, aerody-
namic characteristics, power coefficient.

1 Introduction

Vertical Axis Wind Turbines (VAWTs) have many advantages, such as simple
structure, less noise pollution, multi-directional wind without yaw system,
etc. But the commercialization use of VAWT is still not as high as Horizontal
Axis Wind Turbines. The main reason is the lack of theoretical research and
the late start of technical research. Therefore, the theoretical research on
VAWTs is more significant. The theoretical research methods to model the
aerodynamic performance of the VAWT impeller mainly include the vortex
model based on the potential vortex theory and the flow tube model based on
the momentum theorem [1-3].

The flow tube model is widely used in the dynamic performance design
of VAWT impeller. Although the vortex model can describe the flow field
details effectively, it is not suitable for the calculation of the small speed ratio
range. When the impeller is running at a small speed ratio, the blade angle
of attack changes greatly, leading-edge separated flow is easy to appear, it
is difficult to guarantee its convergence. Moreover, the computation time is
too long to meet the requirement of rapid prediction of impeller dynamic
performance in engineering design. Based on the propeller theory put for-
ward by researcher Glauert [4], Templin first proposed a single-stream tube
model [5] to analyze the aerodynamic performance of wind turbines. Wilson
and Lissman [6] put forward the multi-flow tube aerodynamic performance
calculation model based on the single-flow tube aerodynamic performance
calculation model. Blusseau and Patel [7] calculated the aerodynamic per-
formance of a floating VAWT using a two-way multi-flow tube model, they
found that the dynamic response of the wind turbine system would not be
affected by the rotational torque. Svorcan et al. [8] analyzed the aerodynamic
performance of a small VAWT using a two-way multi-flow tube aerodynamic
performance calculation model. The research conclusions were used in the
design of VAWTs on top of high-rise buildings in urban areas. Sutherland
et al. [9] presented the stream tube model that was helpful to analyze the
aerodynamic response of VAWT. Fernandez et al. [10] identified the increase
of the performance of a VAWT design using the proposed airfoil instead
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of the original one has been verified using a double-multiple stream tube
model. Paraschivoiu [11] introduced a double-multiple stream tube approach.
The model is based on the momentum theory that divides the upstream and
downstream stream tubes. The method is shown to be more accurate than its
preceding method proposed by Strickland [12], but it still suffers from the
difficulty of predicting turbine performance under moderate to high stability
conditions. Galih Bangga et al. [13] identified 3D CFD simulations deliver
a better agreement with the experimental data but the main behavior of the
power curve is reasonably predicted by the 2D CFD simulations.

The effect of dynamic stall is also important for the operation of VAWT.
Dynamic stall is an inherent feature of VAWT. There are several methods to
simulate the effects of dynamic stall. An overview of dynamic stall models for
VAWTs applications can be found in [14, 15]. The amplitude of attack angle
increases with the decrease of Tip Speed Ratio (TSR), and there is a dynamic
stall at low TSR [16]. Danao La et al. [17] studied the performance of VAWT
in steady and unsteady flow field based on the CFD method of Reynolds
Average Navier Stokes equation (RANS). The effects of blade stall and fluid
reattachment on the performance of wind turbine in unsteady flow fields are
discussed in detail. ZHU et al. [18] investigated the different airfoils, various
solidity, and architectural configurations also have a great influence on the
aerodynamic performance of Building Augmented Straight-Bladed Vertical
Axis Wind Turbine (BASB-VAWT). The load of VAWT can be calculated by
using the empirical formula model [19] and theoretical model [20]. Buchner
et al. [21] studied the dynamic stall phenomenon of VAWT and found the
TSR was less than 3, which significantly reduced the power of VAWT.
Ma et al. [22] proposed a dynamic stall control scheme for VAWT based
on pulsed Dielectric-Barrier-Discharge (DBD) plasma actuation by using
Computational Fluid Dynamics (CFD).

In this paper, a theoretical model for the aerodynamic performance of the
VAWT is developed based on the double-actuated disk multi-flow tube aero-
dynamic performance model. This model is also combined with the aerody-
namic modification before and after airfoil stall and momentum modification.
The model is used to simulate and analyze the acrodynamic characteristics of
the VAWT. Moreover, the influence of the number of blades, chord length,
radius of the wind wheel on the wind turbine performance is also studied.

2 Theoretical Basis

The calculation model of the aerodynamic performance of the dual-actuating
disc multi-flow tube is based on the leaf element momentum theory. This
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model divides the wind wheel into two actuating discs, an upper and a lower
actuating disc. The two actuating discs correspond to the upper and lower
wind flow fields on the rotating surface of the wind wheel respectively. At the
same time, the multi-flow tube aerodynamic performance calculation model
is used for the upper and lower wind flow fields. According to calculation
and analysis, the induction factors in the flow tube in each actuation disk
are independent of each other, and the multi-flow tube model of the double
actuation disk is shown in Figure 1.

As shown in Figure 1, assuming that V, is the airflow velocity very
far from the front end of the wind wheel, V,,, is the induced velocity of
the upper actuating disk of the wind wheel, V, is the velocity of the airflow
after passing through the upper actuating disk element, V, 4 is the induced
velocity of entering the lower actuating disk, and V,, is the distance wind
the airflow velocity at a certain distance from the end of the wheel, a,, is
the upper actuating disc inducing factor, and a4 is the lower actuating disc
inducing factor, then

Vauw = au Vo
Ve = (2au — 1)Voo (D)
Vad = ag(2ay — 1)V

According to the momentum theorem, the thrust coefficients of the upper
and lower actuator discs are:

Cry = 4ay(1 — ay,) 2
CTd = 4ad(1 — ad)

/ ' \
Yal Ve Ya_ Ve \Fa_
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Figure 1 Double disk multiple stream tube model.
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According to the leaf element theory, the average thrust coefficients of the
upper and lower actuating disks are:

N 2
Cry = ﬁ% sec O(Cpy cos @ — Cyy, sin )

™ o0

Ne W? )
Crg= R V—g sec§(Crqcos — Cigsin )

m e

Where ¢ is the compactness of the vertical shaft wind turbine wheel; A6
is the azimuth Angle®.

Combining the above formulas, the iterative formulas for the induction
factors of the flow tubes of the upper and lower actuation plates are:

Nc W2 .
day,(1 —ay) = R @ -secl - (Cpy cosl — Cyy sin )
Ne W2 “4)
C d .
daq(l —aq) = R Ve -secl - (Cpgcosf — Cygsind)
The relevant parameters of the upper actuation plate are:
wR
Ay = —
Vi
Wu = v/ (Va( Ay + cos 0))2 + (Vy, sin )2
o — sin-! Vi sin 6
u Wu
Re, = W,c
Cru = Chy cos oy, + Cyy, Sin oy,
Cho = Ciy sin oy, — Cyy, cOs auy, )
1
Tsu(8) = 5pchjcm - Ah
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u = 5 su 0
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The relevant parameters of the lower actuation plate are:

( wR
Ay — ==t
d v,

Wa =/ (Va(Ag + cos6))2 + (Vysin §)2

o — sin—L Vg sin 6
d W,

Rey = ——

Cha = Cigcos ag + Cygsin oy

(6)

Ciqg = Clgsinayg — Cygqcos oy

1
ZMW):Eymeﬁcm-Ah

_ N 2
Ty = % - Tsd(e)
2
Tp
C
a 5PAVZ
Cpa = CygA

From the above, we can see the wind energy utilization coefficient Cp of
the entire VAWT is:
Cp =Cp1+Cp2 @)

It is known that most airfoil aerodynamic parameters are obtained under
the condition that the aspect ratio is close to infinity, and the aspect ratio of
the blade is relatively small during design and application, which leads to
errors between the data. The Lanchester-Prand modified model is used here
to modify the aspect ratio of the airfoil before the stall and the angle of attack
is small.

C =0 3)
CQ

Cq=Ch+—L )
T

a:d+g— (10)
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in which (7 is the lift coefficient before correction; C/, is the drag coefficient
before correction; o is the corrected front angle of attack; 7 is the aspect
ratio, 7 = H/c.

When the angle of attack of the airfoil exceeds a certain angle, there
will be delayed response of lift coefficient and drag coefficient, and the data
obtained in this case is quite different from the experimental data of the airfoil
at rest. In this paper, Viterna-Corrignan model [23] is used to modify the
aspect ratio, lift (C;) and drag (Cq) coefficients of the airfoil at stall.

1.11 4+ 0.018

C) = % sin 2« [Cs — (1.11 4 0.0187) sin a5 cos ]

sin2as co.s2 o (an

cos? ag sin o

1.11 + 0.0187) sin?
Cy=(1.1140.0187) sin?a + |Cys — ( + 7)sin” cos o
COS (v
(12)

In which ay is the stall angle of attack; Cj, is the lift coefficient at stall
angle of attack; C'y; is the drag coefficient at stall angle of attack.

According to the momentum theory, the higher the weakening degree of
the flow through the blade, the higher the effect of thrust on the blade. When
the induction factor is used, the effect of thrust on the blade is gradually
reduced, which leads to the inconsistency between the calculation model and
the actual situation. Glauert [4] proposed an empirical formula to modify
the thrust coefficient in the range of induction factor from 0.4 to 1.0 in the
aerodynamic performance calculation model, making the model more closed
to the actual situation. Then the corrected thrust coefficient of the upper and
lower actuating discs of the wind turbine is as follows:

Cr =4a(1—a) 0<a<04
1 (13)
Cr =4a [1 - Za(5 - 3a)] 04<a<10

In the case of large tip velocity, it is possible that the iteration will
not converge if the Glauert [4] correction is used. A relaxation factor is
introduced here, and the newly obtained induction factor is corrected by the
relaxation factor [24].

an, = way, + (1 —w)a, (14)
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In which w is the relaxation factor, w = 0.3; a,, is the corrected induction
factor; a, is the uncorrected induction factor.

3 Establishment of Theoretical Model for Aerodynamic
Performance of VAWT

Through the VAWT aerodynamic performance theoretical model, the pro-
gram of the aerodynamic performance theoretical model is compiled based
on MATLAB. The program is divided into two parts: the processing of airfoil
aerodynamic parameters and the iterative solution of the induction factors in
the upper and lower actuated disk flow tubes.

The process of airfoil aerodynamic parameters is as follows:

(1) Obtain and correct the original data of C; and Cj of the initial airfoil
with the angle of attack in the range of 0 ~ 90°;

(2) Interpolate the Reynolds number and the angle of attack to obtain the
corresponding airfoil aerodynamic parameters C; and Cy;

(3) Within a certain range of angle of attack, determine the tangential force
coefficient C; and the normal force coefficient C,, through the airfoil
aerodynamic parameter correction data, and provide the corresponding
airfoil aerodynamic parameter data support for the iterative solution
process of the induction factor.

In order to improve the accuracy of the calculation results of the model,
this paper discretizes and calculates the angle of one rotation of the wind
wheel in the model. Take 5 as an azimuth angle, divide the rotation position
of the wind wheel into 72 equally, and calculate the aerodynamic performance
of each azimuth angle. The specific process is as follows:

(a) Assuming that the initial induction factor ag = 1 in each flow tube in
the moving plate, we can get V, = V;

(b) Given the value of 6, get the corresponding relative velocity W, angle
of attack «, and local Reynolds number Re from Equation (5);

(c) Determine the tangential force coefficient C; and the normal force
coefficient C,, of the airfoil according to the local Reynolds number Re
and the angle of attack «;

(d) Substituting the above data into Equation (4) can obtain new inducing
factors e

(e) When ayey — @y < 0.001, the iteration stops and the value of the new
induction factor @y, is output;

(f) Then the power coefficient C'p of the actuation plate can be calculated.
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Figure 2 Program flow chart.

Based on the above content, this paper compiles the MATLAB program
of the VAWT aerodynamic performance theoretical analysis model. The
program running process is shown in Figure 2.

4 Simulation Analysis on Aerodynamic Performance

of VAWT

4.1 Aerodynamic Performance Analysis of VAWT

Compared with the traditional dual multi-flow management theory model,
the theoretical model of wind turbine aerodynamic performance proposed in
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Table 1 Main geometrical parameters of wind rotor

Parameter Value
Rotor diameter 6.0 m
Rotor height 6.0 m
Blade length 6.0 m
Blade chord (constant) 0.2 m
Blade airfoil NACA 0015
Numbers of blades 2
Rotor ground clearance 3m

Source: [26].
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Figure 3 Comparison of model data and experimental data.

this paper adds the correction of aerodynamic parameters before and after
the airfoil stall. Therefore, the program of the theoretical model compiled in
this paper is referred to as Double Disk Multiple Stream Tube (DDMST). In
this paper, the power coefficient curve (black line Figure 3) was computed
with DDMST, also compared with two groups of experiment data from I
Paraschivoiu et al. [25]. The rotor having the main geometrical characteristics
given in Table 1.
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Table 2 Main geometrical parameters of wind rotor

Parameter Value
Incoming wind speed V, (m/s) 10
Airfoil model NACA 0018
Airfoil chord ¢ (m) 0.15
Wind wheel radius R (m) 2.5
Number of blades N 4
Wind wheel height L (m) 5

From Figure 3, it can be found that the calculated value of the DDMST
model and the experimental value is consistent with the TSR range when the
power coefficient value is large, and both are in the range of TSR from 3.5 to
8.5; both are at the corresponding highest power coefficient. The TSR at the
time is the same, and the maximum power coefficient value calculated by the
model is slightly larger than the experimental value. The relationship curve
of the calculated value of the model is consistent with the relationship curve
of the experimental value. Therefore, the theoretical analysis model of wind
turbine aerodynamic performance constructed in this paper can predict the
aerodynamic performance of the VAWT rotor more accurately.

Based on the above results. This study was carried by a set of wind rotor
model parameters shown in Table 2.

(1) Power Coefficient

The performance of the power coefficient was computed with DDMST. The
relationship change curve between the power coefficient and the TSR is
obtained through calculation, as shown in Figure 4.

The curves of the total power coefficient, the power coefficient of the
upper actuation disk, and the power coefficient of the lower actuation disk
are similar to the parabola (Figure 4). When the TSR becomes larger, the
three first increase and then decrease. This result meet the law that the Power
Coefficient decreasing with the increase of TSR. When the TSR is greater
than 3.5, the lower actuation disk rotor is disturbed by the upper actuation
disk rotor during operation. Under the condition of low TSR, the power
coefficient of the upper actuating disc is greater than the coefficient of the
lower actuating disc. The possible cause is the dynamic stall effect. The stall
model only weakens the dynamic stall effect but does not eliminate it. The
total power coefficient reaches its maximum value when the TSR is 4, and
the maximum value is 0.454. Here, the rotor speed is about 16 rad/s.



464 Z Wang et al.

0.55

——#— Total power coefficient

0.5 [ | == Upper disk power coefficient
= Lower disk power coefficient

0.45

0.4

o
=
o

=
w

=
"
o

=]
ha

Fower Coefficient Cp
=
&

=}

=
=]
o

=]

=

=]

@
T
i

=]
i

1 2 3 4 5 6 F+
Tip Speed Ratio A

Figure 4 Power coefficient curves.

(2) Tangential Force Coefficient

According to the leaf element theory, the tangential force of the blade drives
the rotation of the wind wheel, and the change of the aerodynamic load of
the blade changes with the change of the tangential force, and the change of
the tangential force can be expressed by the change of the tangential force
coefficient.

Keep other parameters unchanged, set the simulated wind wheel speed
to 16 rad/s, and study the change of the tangential force coefficient of a
single blade during one rotation of the wind wheel under the condition of the
incoming wind speed of 6 to 12. The simulation result is shown in Figure 5.

During the blade rotation process (Figure 5), most of the tangential force
coefficients are positive. Under different wind speeds below 10, the tangential
force coefficient curves have similar trends, and their values vary with it
becomes larger as the wind speed increases. After the wind speed reaches
or exceeds 10, the tangential force coefficient in the upper actuating disk
area rises, then drops, then rises, and then falls. The main reason for this
phenomenon is that when the wind wheel speed is constant, the wind speed
increases, and the blades The TSR decreases, which in turn increases the
blade angle of attack. When the blade is at a high angle of attack, a stall will
occur, resulting in a decrease in the lift coefficient of the airfoil and a decrease
in the tangential force coefficient.
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Figure 5 Tangential force coefficient curves at different wind speeds.

4.2 Influence of Wind Turbine Parameters on Wind Turbine
Performance

The performance of the wind turbine can be evaluated by the power coeffi-
cient, and the influence of the wind turbine parameters on the performance
of the wind turbine is studied through the theoretical analysis model of the
aerodynamic performance of the wind turbine.

(1) Effect of the Blade Numbers on Wind Turbine Performance

Keep other parameters unchanged, study the effect of the number of blades
on the performance of the wind turbine when the number of blades is 2 to 6,
and the simulation results are shown in Figure 6.

Each relationship curve in the Figure 6 shows that when the TSR con-
tinues to increase, the power coefficient first increases and then decreases.
When the blade TSR is less than 1, the wind turbine power coefficient is not
affected by the increase or decrease of the number of blades, but in the process
of increasing the blade TSR, it is more and more affected by the number of
blades. In the process of increasing the number of blades from 2 to 6 blades,
the peak value of the wind turbine power coefficient first increases and then
decreases, and the TSR corresponding to the peak value also decreases. The
blade TSR range for the wind turbine to maintain a higher power coefficient
becomes narrower and the overall power coefficient curve tends to move to
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Figure 6 Influence of blade number on power coefficient.

the left, indicating that the wind turbine’s self-starting characteristics have
improved.

(2) Effect of Blade Chord on Wind Turbine Performance

Keep other parameters unchanged, and study the effect of the chord length
on the performance of the wind turbine when the chord length is 0.15~0.35.
The simulation result is shown in Figure 7.

As the chord length increases from 0.15 to 0.35, the peak value of the
wind turbine power coefficient first increases and then decreases, and the peak
speed ratio corresponding to the peak value also decreases (Figure 7). The
blade TSR range for the wind turbine to maintain a higher power coefficient
change. i.e., the power coefficient curve generally tends to move to the left.
Besides, the solidity of the wind wheel increases with the increase of the
chord length of the blades, causing the blades to interact with each other to
interfere with the flow field, which seriously affects the wind wheel to obtain
energy from the airflow. Therefore, the peak value of the power coefficient
increases with the further increase of the chord length. i.e., if the chord length
is too small, the instantaneous torque on the blade will decrease and the power
coefficient will also decrease.

(3) Influence of Wind Wheel Radius on Wind Wheel Performance

Keep other parameters unchanged, study the influence of the wind wheel
radius on the performance of the wind turbine when the radius of the wind
wheel is 2 to 4, and the simulation results are shown in Figure 8.
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Figure 7 Influence of blade chord length on power coefficient.
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Figure 8 Influence of wind rotor radius on power coefficient.

In the process of increasing the radius from 2 m to 4 m, the peak value
of the wind turbine’s power coefficient first increases and then decreases
(Figure 8). The peak value corresponds to an increase in the TSR, and the
wind turbine maintains a higher power factor TSR as the range becomes
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Figure 9 Influence of wind speed on power coefficient.

wider, the power coefficient curve tends to move to the right as a whole,
and the self-starting performance of the wind turbine decreases. This is
because the solidity of the wind wheel decreases as the radius of the wind
wheel increases, and the influence of the blades interacting and interfering
with the flow field becomes weaker, the effective angle of attack of the
airfoil increases, the lift increases, and the instantaneous torque of the blade
becomes larger, resulting in a decrease in the self-starting performance of the
wind turbine.

4.3 Influence of Incoming Wind Speed on Wind Turbine
Performance

Under the conditions of 4 blades, wind wheel radius 2.5 m, blade chord
length 0.15 m, wind wheel height 5 m, airfoil NACAQO018, etc., the effect
of incoming wind speeds from 4 m/s to 16 m/s on the performance of the
wind turbine is studied. The simulation results are shown in Figure 9.

Each relationship curve shows that when the TSR continues to increase,
the wind turbine power coefficient first increases and then decreases (Fig-
ure 9). When the TSR is less than 1, the wind turbine power coefficient is
not affected by the increase or decrease of the incoming wind speed. During
the increase of the blade TSR, the wind turbine power coefficient is more
and more affected by the incoming wind speed. In the process of increasing
the incoming wind speed from 4 m/s to 16 m/s, the peak value of the wind
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turbine’s power coefficient increases, and the peak value corresponds to a
decrease in the TSR. The range of the TSR for the wind turbine to maintain a
higher power coefficient becomes wider. But when the incoming wind speed
exceeds 10 m/s, the influence on the power coefficient gradually becomes
weaker.

5 Design of Optimization Algorithm for Wind Turbine
Parameters Based on Improved Particle Swarm
Optimization

5.1 Construction of Improved Particle Swarm Optimization
Algorithm

Particle Swarm Optimization (PSO) [26] is a kind of global stochastic opti-
mization algorithm. The basic principle is: suppose there is a D-dimensional
search space for optimization problems, which contains a swarm of N
particles. In this swarm, The State of the I particle is expressed in terms
of its position state and velocity state. The positional state is recorded as
Xi = (a1, mi2,...,x;p), the velocity state is recorded as V; = (v;1, vj2,
..., UiD). Ppest 1s the best position found by particle i, recorded as Pyest =
(pi1, pi2,---,pip). And the best solution found by all individuals of the
whole particle swarm is called global extremum, recorded as Gpesy =
(Pbest 1, Pbest PARRN Pbest D)-

In this paper, an improved PSO algorithm with inertia weight is used. This
algorithm updates the flight speed and position of particles within the swarm.
The formula is as follows:

Vij (t + 1) =W V4 (t) +c1-r (t) . (pbestij (t) — Tjj (t))
+ca - ra(t) - (gbest;(t) — xi;(t)) (15)
wij(t+ 1) = 245(t) + vi5(t + 1) (16)

The inertia weight represents the ability of the individual particles in
the swarm to maintain the previous flight speed, and the search ability of
the population is directly affected by it. The smaller the inertia weight, the
stronger the local space searching ability and the weaker the space searching
ability of PSO Algorithm.

In Equation (17) the inertia weight is:

Wimax — Wi
W(t) = Wmin + il el (tmax - t) (17)

tmax
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Where t is the number of current iterations; tmax is maximum number of
iterations of the algorithm; wp,ax is the maximum inertia weight factor; wmin
is the minimum inertia weight factor.

The fixed value of the learning factor of the basic PSO algorithm is easy
to cause the poor convergence effect in the whole space, Ratnaweera et al.
studied the influence of learning factors on PSO algorithm, and improved the
learning factors, the formula is as follows:

1 = (le —c1q) +c1;

“:" (18)
Co = (sz —c2) + co;

max

Where ¢1; = 2.5, c15 = 0.5, co; = 1, coy = 2.25. Related research results
show this method strengthens the space searching ability of PSO, speeds up
the convergence speed of PSO, and converges well at the end of searching
and finds the best solution in the whole space.

5.2 Algorithm Realization of Optimization Model
(1) Objective function of optimization model

The performance of the wind turbine can be evaluated by the annual energy
output of it. Taking into account the probability distribution of wind speed,
the annual average output power of the wind turbine is obtained by taking
the average value of the output power of it from the cut-in wind speed to
the stopped speed. The optimized design target can be determined as the
annual average output power of the largest wind turbine. According to the
fact that there is no constant wind speed in the wind farm, after introducing
the condition of the probability distribution of wind speed, the actual output
of the wind turbine in life can be better displayed in the annual average output
power of the wind turbine. Then the objective function of the optimization
model can be defined as:

Vout

f(x) = APE = / f(V)-P(V)av (19)

‘/tin

Where APE (KW) is the Annual average output power of wind
turbine,V;,, (m/s) is the Starting speed, V,,; is the stopped speed, f(V) is
the Weibull distribution function of wind speed, P(V') (KW) is the output
power.
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The output power P(V) is:

0 0<V <V

P(V) = PV) Vip <V < Vou 20)
P(V,) V<V <Vou
0 Vour <V

Where V; (m/s) is Rated wind speed, P(V;) (KW) is rated power.

(2) Constraints of optimization model

In this paper, the improved PSO algorithm with inertia weight can determine
the selection range of design variables, according to the influence law of wind
turbine parameters on its performance shown in the DDMST program. So as
to avoid selecting the wrong design variable value, and further improve the
efficiency of the optimization program. Each independent particle in the PSO
algorithm searches for the best solution under the corresponding constraint
conditions, and then determines the best solution in the whole space and the
best solution in the local space of the objective function of the optimization
model. The constraint equations adopted in this optimization model are as
follows:

N, min < N < N, max

Rmin < R < Rmax

V;fmin < V;S < ‘/tmax

Cmin < € < Cmax

2D

Where N is the number of blades (the value is an integer), Ny, is the
minimum number of blades, N,y 1s the maximum number of blades, R is
the radius of the wind wheel, R, is the minimum wind wheel radius, R«
is the maximum wind wheel radius, V; is the rated wind speed, V; iy is the
minimum rated wind speed, V;max 1S the maximum rated wind speed, c is
the blade chord length, cp,i, is the minimum blade chord length, cpax is the
maximum blade chord length.

(3) Optimized program design

Based on the calculation model of aerodynamic performance of multi-flow
tube with double-actuated disk, by using the improved PSO algorithm as the
core algorithm to calculate the objective function value. The program flow
chart of the optimization algorithm is shown in Figure 10.
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Figure 10  Algorithm flow chart.

5.3 Case Analysis of Wind Rotor Parameters Optimization

(1) Parameters optimization of wind rotor

The design variables of this optimization are the number of blades of the
wind rotor (the number of blades is integer), the radius of the wind rotor,
the rated wind speed and the chord length of the blades. The optimization
objective function is the annual average output power of the turbine, as shown

No

in formula (19). The constraints of the optimization are as follows:

2<N<5
2<R<4
<V <12
0.15<c¢<04
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Table 3 The parameters of wind rotor

Parameters Initial Design Value  Optimized Design Value
Radius(m) 2.5 2.275
Hight(m) 5 5.49

Chord length (m) 0.15 0.25

Number of blades 4 5

Rated speed (m/s) 10 11.3

Annual average output power (KW) 3.5976 4.1480

Air density (kg/m?®) 1.225 1.225

Cut-in wind speed (m/s) 35 35

Stopped speed (m/s) 25 25

(2) Optimization result analysis

An improved PSO algorithm with inertia weight is used to calculate the opti-
mal objective function under the corresponding constraints. The parameters
before and after optimization are shown in Table 3.

Table 1 shows the average output power of the optimized design param-
eters of the wind rotor is 4.1480 KW, and the initial is 3.5976 KW, the
power output of the former is 15.30% higher than that of the latter. It can be
concluded that the average output power of the wind turbine increases signif-
icantly, the total power output of the wind turbine increases correspondingly
after the optimal design with the specific wind field as the primary condition.
The structural diagram of the wind rotor before and after optimization is
shown in Figure 11.

The structure of the optimized wind rotor has changed with number of
blades increased to five (Figure 11), the chord length of blades increased
to 0.25 m, the length of blades increased to 5.49 m, and the radius of the
blades decreased to 2.275 m. The power coefficient curves before and after
optimization are shown in Figure 12.

As per Figure 12, the peak value of the power coefficient of the optimized
turbine moves to the direction of low blade TSR, and its self-starting ability
is enhanced obviously. When the TSR is less than 3.5, the power coefficient
of the optimized turbine is higher than that of the initial one, and the ability
of the rotor to absorb wind energy is enhanced. On the other hand, When
the TSR is more than 3.5, the optimized power coefficient is lower than that
before optimization. This means the ability of the optimized wind turbine to
absorb wind energy is weaker than that of the optimized one in the range of
high TSR. This optimization is carried out for a specific wind field, where the
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annual average value of wind speed is about 8.55 m/s. The optimized turbine
is more suitable for the wind field under this wind speed condition.

6 Conclusion

In this paper, a theoretical analysis model of the aerodynamic performance of
the wind turbine is established based on the basic theory of the VAWT and
the dual-actuating disc multi-flow tube model. The MATLAB program of the
model is used to study the aerodynamic performance of the wind turbine and
simulate and analyze the impact of related parameters on the performance of
the wind turbine influences. The main conclusions are as follows:

(1) The theoretical model of the aerodynamic performance of the wind
turbine was solved, and a set of experimental data was used to verify
the accuracy of the theoretical model of the aerodynamic performance
of the wind turbine.

(2) The change of the tangential force coefficient of a single blade during
one rotation of the wind wheel under the same rotating speed and differ-
ent incoming wind speeds is analyzed. The tangential force coefficient
increases as the wind speed increases, but when the wind speed exceeds
a certain value, the tangential force coefficient curve in the upper actu-
ation disk area will fluctuate greatly due to the stall phenomenon of the
blade at a large angle of attack.

(3) The influence of wind turbine blade number, chord length, wind turbine
radius, airfoil, and other wind turbine parameters as well as incoming
wind speed on wind turbine performance is analyzed. Through the anal-
ysis, it can be known that the changes of the wind turbine parameters and
the value of the incoming wind speed will affect the power coefficient
of the wind turbine. So, it is more important to select a reasonable
parameter range to improve the performance of the wind turbine.

(4) Based on an improved PSO algorithm with inertia weight, an optimiza-
tion model of wind turbine parameters is constructed by combining the
Weibull distribution model of the working state and wind speed of the
wind turbine. Then an intelligent optimization algorithm of wind turbine
parameters is established by the optimization model, the optimization
results show that the annual average output power of the optimized wind
turbine is increased by 15.30%.
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