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Abstract: Due to the dynamic process of maximum power point tracking (MPPT) caused by
turbulence and large rotor inertia, variable-speed wind turbines (VSWTs) cannot maintain the optimal
tip speed ratio (TSR) from cut-in wind speed up to the rated speed. Therefore, in order to increase the
total captured wind energy, the existing aerodynamic design for VSWT blades, which only focuses
on performance improvement at a single TSR, needs to be improved to a multi-point design. In this
paper, based on a closed-loop system of VSWTs, including turbulent wind, rotor, drive train and
MPPT controller, the distribution of operational TSR and its description based on inflow wind energy
are investigated. Moreover, a multi-point method considering the MPPT dynamic process for the
aerodynamic optimization of VSWT blades is proposed. In the proposed method, the distribution
of operational TSR is obtained through a dynamic simulation of the closed-loop system under a
specific turbulent wind, and accordingly the multiple design TSRs and the corresponding weighting
coefficients in the objective function are determined. Finally, using the blade of a National Renewable
Energy Laboratory (NREL) 1.5 MW wind turbine as the baseline, the proposed method is compared
with the conventional single-point optimization method using the commercial software Bladed.
Simulation results verify the effectiveness of the proposed method.

Keywords: aerodynamic optimization; closed-loop system; multi-point method; maximum power
point tracking (MPPT) control; variable-speed wind turbine (VSWT)

1. Introduction

Vigorous development and utilization of wind energy is of great significance to improving energy
structure and achieving sustainable development. At present, the employment of horizontal-axis wind
turbines (HAWTs) for power generation is the most valuable and widely used form of wind energy
utilization. As blade is the key component of wind turbines for wind energy capture, it is critical
to investigate its aerodynamic optimization technology in order to improve the efficiency of wind
turbines [1,2].

In the conventional methods for aerodynamic optimization of wind turbine blades, the commonly
used objective function is to maximize the power coefficient Cp at a particular design tip speed ratio
(TSR), i.e., the optimum TSR λopt, such as in the Glauert method [3], Wilson method [4] and other
analytical methods [5–7], based on the blade element momentum (BEM) theory with consideration of
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different correction factors. In general, these methods all concentrate on improving the performance at
a single operating point.

Because the fixed-speed wind turbine (FSWT) keeps operating at a fixed rotor speed, its
operational TSR λope varies with wind speed. Therefore, the single-point design methods cannot
lead to the optimum design for FSWT blades, since only one TSR in the total operational range
is considered [8–13]. In order to take the off-design performance into account, maximum annual
energy production (AEP) is regarded as the design goal to increase the total captured wind energy for
FSWTs under a specific wind speed frequency distribution [11–13]. References [12,13] have defined
the maximization of Cp at a single TSR and AEP as the objective function to design FSWT blades,
respectively. The simulation results showed that the AEP-optimized blade achieved more AEP due to
its flatter Cp-λ curve with a larger average Cp in a wider range of λope.

For a variable-speed wind turbine (VSWT), which has become the mainstream of large-scale
wind power generation systems, the off-design performance also needs to be considered in the blade
design. Although the maximum power point tracking (MPPT) control strategy is used for VSWTs
to maintain λopt and achieve the maximum power coefficient Cp,max from cut-in wind speed up to
rated speed [14,15], some studies [16–19] have pointed out that VSWTs with large rotor inertia usually
track λopt rather than stay at λopt because they cannot respond to turbulence instantly, which results
in a distribution of λope. Moreover, if the top of Cp-λ curve is sharp, the tracking loss caused by the
distribution of λope will be deteriorated [16,17].

However, the objective functions of the aerodynamic design for VSWTs are usually defined as
the maximization of Cp,max at λopt [6,7] or as the AEP only related to Cp,max [20–22]. Based on the
implicit assumption that VSWTs can be maintained at λopt by the MPPT control, maximizing AEP
is equivalent to optimizing the Cp,max at λopt, which cannot improve the off-design performance for
VSWT blades [20–22]. Because the λope of VSWTs is determined by the dynamic tracking process
of the turbine under turbulence, it is difficult to obtain its distribution law and define the objective
function considering the off-design TSR only based on wind speed probability distribution. Then,
in [23], the dynamic simulation is used to calculate the AEP, which actually considers the off-design
performance for VSWT blades via numerical computation. Furthermore, in this paper the motivation
for introducing the off-design performance, the mechanism of multi-point design and its contribution
to improving wind energy extraction are studied in order to propose a multi-point aerodynamic
optimization method.

Considering the distribution of λope, the wind energy capture of VSWTs can be effectively
improved by focusing on increasing the power coefficient Cp at the important operational TSRs.
In this paper, based on a closed-loop model of VSWTs, the distribution of λope is interpreted by
analyzing the MPPT dynamic process and quantitatively described by the inflow wind energy at λope

intervals. Furthermore, by constructing an objective function including the important TSRs where
the inflow wind energy is primarily distributed, a multi-point aerodynamic optimization method is
proposed to maximize the weighted sum of Cp at multiple TSRs. Essentially, the proposed method aims
to coordinate the Cp-λ curve with the distribution of λope. Finally, the blade of a National Renewable
Energy Laboratory (NREL) 1.5 MW wind turbine is optimized by the proposed method and compared
against the conventional single-point method. A dynamic simulation conducted using the Bladed
software validates the effectiveness of the proposed method.

2. Interpretation for the Distribution of Operational Tip Speed Ratio

In this section, the distribution of operational TSR λope is interpreted by analyzing the dynamic
process of MPPT based on a closed-loop model of VSWTs. This indicates that the off-design TSR
resulted from MPPT dynamic process should be taken into account in the aerodynamic design of
VSWT blades.
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2.1. A Closed-Loop Model of Variable-Speed Wind Turbines

The diagram of a closed-loop model of VSWTs is shown in Figure 1, which consists of turbulent
wind, rotor, drive train, generator and MPPT controller. Note that because the electromagnetic response
time is much shorter than the mechanical response, the converter can be ignored and the generator
is assumed to instantaneously follow the torque reference issued by the MPPT controller [18] in the
closed-loop model.
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The commercial software Bladed [24,25] is used in this paper to perform the time domain dynamic
simulation of the closed-loop model. This software has passed the Germanischer Lloyd’s certification
and has been widely applied for wind turbine design and analysis.

The aerodynamic model used within Bladed is based on the classical BEM theory with the
consideration of blade tip and hub loss. In order to sufficiently reproduce the dynamics associated
with the process, i.e., the vorticity trailed into the rotor wake being affected by the changes in blade
loading and the time for the changing of the induced flow field being finite, the dynamic inflow model
was selected. This treatment provides a simple, computationally inexpensive and reasonably reliable
method of modelling the dynamics of the rotor wake and induced velocity flow field [24].

The commonly-used optimal torque (OT) control [15,16] is employed for MPPT. The principle
of this MPPT control is to adjust generator torque according to the rotor speed and a predefined OT
versus rotor speed curve that is expressed as:

Te “ Koptω
2 (1)

whereω is the rotor speed and:
Kopt “ 0.5ρπR5Cp,max{λ

3
opt (2)

2.2. Interpretation for the Distribution of λope

The 1.5 MW wind partnership for advanced component technologies (WindPACT) turbine [26] is
selected as the reference model. This turbine is developed by NREL and its blade radius R is 35 m,
rotor inertia J is 4,740,703 kg¨m2 and optimal TSR λopt is 6.8.

To interpret the distribution of λope due to the MPPT dynamic process, the responses of wind
turbines with different J are compared. By proportionally scaling the mass of each blade element,
the rotor inertia of the turbine and its dynamic property can be adjusted accordingly. Note that the
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other parameters including the Cp-λ curve, λopt, R and etc. remain unchanged. Figure 2 shows the
trajectories of rotor speed ω and λope under the same step wind speed for the turbines with three
different J.

Figure 2 shows that:

(1) λope equals λopt only when the rotor speed is regulated at the optimal value by the
MPPT control.

(2) Due to the rotor inertia, the turbines cannot instantly respond to sudden changes in wind
speed. Consequently, the rotor speed deviates from the optimal value and λope deviates from
λopt until the rotor speed is controlled to the optimal value.

(3) With the increase of rotor inertia, the dynamic process of MPPT as well as the duration of
λope deviating from λopt is extended, and correspondingly the distribution of λope becomes
more dispersive.
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Figure 2. Response of wind turbines with different rotor inertia excited by a same step wind speed.

To sum up, because of the MPPT dynamic process, the VSWT cannot keep operating at the optimal
rotor speed, which results in the distribution of the operational TSR. Moreover, the longer the dynamic
process lasts, the more time the turbine will take to operate at a TSR which deviates from λopt.

3. Description for the Distribution of λope Based on Inflow Wind Energy

Since the VSWT cannot maintain λopt because of the MPPT dynamic process, the off-design
performance of the turbine at multiple TSR needs to be considered in the blade design. Furthermore,
the basis of multi-point design is the quantitative description for the distribution of λope so as to
determine the multiple TSR that should be focused on. In this section, from the perspective of a
closed-loop system, a method is proposed using the inflow wind energy corresponding to each λope

interval to quantitatively describe the importance of each operating point.
The wind speed ν0,i and rotor speed ωi at the i-th step can be obtained by the time domain

dynamic simulation on the closed-loop model of VSWTs. The operational TSR at the i-th step λope,i can
therefore be determined as:

λope,i “ ωiR{ν0,i (3)

The corresponding inflow wind energy in front of the rotor plane is calculated as:

Ei
inflow “ 0.5ρπR2ν3

0,i∆t (4)

where R is the blade radius, ρ is the air density, and ∆t is the simulation step.
The distribution range of λope can be divided into several continuous intervals:

Uλj “
`

λj ´ ∆λ{2, λj ` ∆λ{2
˘

, j “ 1, ¨ ¨ ¨ , m (5)
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where m is the number of TSR intervals, ∆λ is the length of the interval. The mid-point, lower bound
and upper bound of the TSR interval are λj, λj ´ ∆λ{2 and λj ` ∆λ{2, respectively.

The inflow wind energy corresponding to the λope,i located in the interval Uλj is accumulated
as follows:

E
Uλj
inflow “

ÿ

λope,iPUλj

Ei
inflow (6)

and Equation (6) means that when the turbine operates at the TSR interval Uλj , there is an amount of

E
Uλj
inflow inflow wind energy passes the rotor plane.

The proportion of E
Uλj
inflow to the total inflow wind energy Etotal

inflow can be expressed by:

ppUλjq “ E
Uλj
inflow{E

total
inflow “

ÿ

λope,iPUλj

Ei
inflow

O

N
ÿ

i“1

Ei
inflow “

ÿ

λope,iPUλj

ν3
0,i

O

N
ÿ

i“1

ν3
0,i (7)

where N is the total number of simulation steps.
The total amount of captured wind energy can be defined as the sum of the captured wind energy

when the turbine operates at all Uλj , i.e.,

Etotal
cap “

m
ÿ

j“1

E
Uλj
cap (8)

Approximating the power coefficients at the TSR interval Uλj as the power coefficient at λj,
Equation (8) can be rewritten as:

Etotal
cap “

m
ÿ

j“1

E
Uλj
cap «

m
ÿ

j“1

E
Uλj
inflowC

λj
p (9)

As revealed in Equation (9), if the amount of inflow wind energy is larger when the turbine
operates at Uλj , increasing the power coefficient at λj can significantly improve the total amount of
captured wind energy. Moreover, ppUλjq obtained by the statistical results of the dynamic simulation

can be regarded as the quantitative index for describing the importance of the increment of C
λj
p . In the

proposed multi-point optimization method (discussed in the following section), this index provides a
foundation for determining the objective function, which includes the multiple design TSRs and the
corresponding weighting coefficients.

4. Definition of the Objective Function in the Multi-Point Optimization Problem

In order to effectively increase the total amount of captured wind energy under turbulent wind,
the TSR interval Uλj corresponding to larger inflow wind energy is derived based on the index ppUλjq

proposed in Section 3, and the power coefficient C
λj
p at λj is selectively improved.

The objective function is defined as a sum of the weighted power coefficients at several TSRs:

obj “ max
K
ÿ

j“1

µjC
λj
P (10)

where K is the number of design TSRs, µj is the weighting coefficient for C
λj
p , and subject to 0 ă µj ă 1

and
K
ř

j“1
µj “ 1.

Furthermore, the detailed steps for determining λj and µj are as follows:
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Step 1 Choose the baseline wind turbine (including rotor, drive train and controller) and model it in
the Bladed software. Generate the turbulent wind for dynamic simulation according to the
annual average wind speed and turbulence class of the wind farm. Determine the simulation
parameters, including the simulation time and the step size.

Step 2 Obtain the trajectory of λope by the dynamic simulation of the closed-loop model and divide it
into several Uλj with the interval length ∆λ. Then, calculate ppUλjq according to Equation (7).

Step 3 Choose Uλj in a descending order of ppUλjq until the following condition is satisfied:

K
ÿ

j“1

ppUλjq ě rtot (11)

Step 4 Regard the mid-points of the multiple Uλj chosen in Step 3 as the design TSRs. The weighting
coefficients are determined by Equation (12):

µj “ p pUλjq

O

K
ÿ

j“1

ppUλjq (12)

It is noted that λj and µj are determined jointly by ∆λ and rtot, which are respectively discussed
as follows:

(1) ∆λ is set to 0.25–0.5. If ∆λ is set to a large value, the curve of ppUλjq is too rough to describe the
distribution of λope. Moreover, because the Cp-λ curve commonly exhibits a parabolic shape,
it is hard to precisely modify the Cp-λ curve. Therefore, it is unnecessary to calculate ppUλjq

with a very small ∆λ.
(2) rtot is suggested as 90.0% and thus the union of the chosen TSR intervals can always cover the

operational TSR range with the major proportion of inflow wind energy. Actually, it is difficult
and unnecessary to increase the power coefficients at all operational TSRs, because improving
the power coefficients at the TSR intervals with very small ppUλjq cannot effectively contribute
to the improvement of wind energy capture.

It can be observed from the objective function that:

(1) A Cp-λ curve with a flatter top, which means a larger average Cp for a TSR range around λopt,
can be obtained by the proposed multi-point method. This Cp-λ curve can remedy the defect
that the turbine cannot be maintained at the optimal TSR during the MPPT dynamic process
due to turbulence and rotor inertia.

(2) Because the multiple design TSRs and weighting coefficients in the objective function are
determined by ppUλjq, the Cp at the TSR interval with large inflow wind energy can be
significantly improved. Hence, the optimized Cp-λ curve can be coordinated with the

distribution of ppUλjq (or E
Uλj
inflow).

5. The Multi-Point Optimization Method Considering the Maximum Power Point Tracking
Dynamic Process

Compared with the inverse design method [3–7], it is more convenient to use the direct numerical
optimization method [11,20,27–30] to solve multi-point optimization problems. Therefore, this paper
chooses the direct method to achieve multi-point optimization for VSWT blades. The geometric shape
of the blade is parameterized by the Bezier curve. The Bladed software is used to calculate the Cp-λ
curves of the optimized blades so as to evaluate the objective function. Finally, the genetic algorithm
(GA) is used to solve the optimization model.
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5.1. Baseline Wind Turbine and Simulation Parameters

(1) Baseline wind turbine. The 1.5 MW WindPACT turbine [26] (mentioned in Section 2.2) is
chosen as the baseline. The geometry of the baseline blade is described in Table 1. The
geometrical description of the chord length and twist angle for the radial position is shown
in Figure 3.

(2) MPPT control. The OT control strategy [15,16] is used to realize MPPT.
(3) Turbulent wind. Parameters for the Bladed software to generate the three-dimensional

turbulent wind are summarized in Table 2. These parameters are determined in compliance
with the IEC61400-1 regulation [31].

(4) ∆λ and rtot are set to 0.5 and 90.0%, respectively.

Table 1. Geometry of the National Renewable Energy Laboratory (NREL) 1.5 MW wind turbine blade.

Element Position (m) Chord (m) Twist (˝) Airfoil

1 1.75 1.95 11.10
cylinder2 2.86 1.95 11.10

3 5.08 2.27 11.10

4 7.30 2.59 11.10

s818
5 9.51 2.74 10.41
6 11.73 2.58 8.38
7 13.95 2.41 6.35
8 16.16 2.25 4.33

9 18.38 2.08 2.85

s825

10 20.60 1.92 2.22
11 22.81 1.75 1.58
12 25.03 1.59 0.95
13 27.25 1.43 0.53
14 29.46 1.28 0.38

15 31.68 1.13 0.23
s82616 33.90 0.98 0.08

17 35.00 0.50 0.00
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Figure 3. Geometrical description of the chord length and twist angle for the radial position.

Table 2. Parameters for generating 3D turbulent wind.

Parameters Value Unit

Mean wind speed 5 m/s
Height at which speed is defined 84 m

Number of grid points in the lateral direction 30 -
Number of grid points in the vertical direction 30 -

Grid width 150 m
Grid height 150 m

Nyquist frequency of turbulent wind field 27.7031 Hz
Time series length 3600 s

Time step 0.05 s
Turbulence model IEC Kaimal -
Turbulence class A -
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5.2. Determination of the Objective Function

After the dynamic simulation of the closed-loop model for the baseline turbine is completed in
Bladed, the proportion of the inflow wind energy corresponding to Uλj , i.e., ppUλjq, can be calculated
according to Equation (7). The results are shown in Figure 4.
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Figure 4. The proportion of the inflow wind energy corresponding to different tip speed ratio
(TSR) intervals.

As shown in Figure 4, the ppUλjq corresponding to Up5,8q is 90.30%. According to the selection
method proposed in Section 4, the design TSR λj and its corresponding weighting coefficients µj can
be obtained, as listed in Table 3. Therefore, the objective function is constructed by taking these design
TSRs and weighting coefficients to Equation (10).

Table 3. Design TSRs and weighting coefficients.

λj ppUλj q µj

5.25 10.16% 0.1125
5.75 19.42% 0.2150
6.25 23.52% 0.2604
6.75 18.88% 0.2091
7.25 11.88% 0.1315
7.75 6.44% 0.0714

5.3. Design Variables and Constraints

The aerodynamic shape of a blade is defined by the chord length, twist angle and airfoil shape of
each element in the radial position. Since airfoil optimization is beyond the scope of this study, only the
chord and twist of each blade element are considered here. In order to achieve a continuous and smooth
blade surface and reduce the number of design variables, two fourth order Bezier curves [11,32,33]
are used to describe the radial distributions of the chord and twist of the elements 4–17, as shown in
Figures 5 and 6.

Energies 2016, 9, 425  8 of 15 

 

As shown in Figure 4, the  ( )
j

p U   corresponding to  5,8U（ ）  is 90.30%. According to the selection 

method proposed in Section 4, the design TSR  j   and its corresponding weighting coefficients  j  

can be obtained, as listed in Table 3. Therefore, the objective function is constructed by taking these 

design TSRs and weighting coefficients to Equation (10). 

Table 3. Design TSRs and weighting coefficients. 

λ j λ( )
j

p U   μ j

5.25  10.16%  0.1125 

5.75  19.42%  0.2150 

6.25  23.52%  0.2604 

6.75  18.88%  0.2091 

7.25  11.88%  0.1315 

7.75  6.44%  0.0714 

5.3. Design Variables and Constraints 

The aerodynamic shape of a blade is defined by the chord length, twist angle and airfoil shape 

of each element in the radial position. Since airfoil optimization is beyond the scope of this study, 

only the chord and twist of each blade element are considered here. In order to achieve a continuous 

and smooth blade surface and reduce the number of design variables, two fourth order Bezier curves 

[11,32,33] are used to describe the radial distributions of the chord and twist of the elements 4–17, as 

shown in Figures 5 and 6. 

 

Figure 5. Bezier fitting curve and its control points of the original chord length. 

 

Figure 6. Bezier fitting curve and its control points for the original twist angle. 

Because the part near the blade root closely connects to the rotor hub and does not produce much 

energy, the chord and twist of the elements 1–3 are fixed. In addition, the Bezier control points P1 

and P6 are fixed to obtain a smoother transition between the elements 3 and 4 [11,30], and only the 

ordinates of the control points are allowed to alter freely. Therefore, only eight variables, regarded as 

the design variables, are needed to regenerate the chord and twist radial profiles. 

The variation range of design parameters is listed in Table 4. 

0 5 10 15 20 25 30 35 40
0.5

1

1.5

2

2.5

3

3.5

Position (m)

C
ho

rd
 (

m
)

 

 
Original Chord

Bezier Curve
Bezier Control Point

P4

P5

P2

P3

P1

0 5 10 15 20 25 30 35 40
-2

0

2

4

6

8

10

12

Position (m)

T
w

is
t 

(d
eg

.)

 

 

Original Twist

Bezier Curve

Bezier Control Point

P6

P7

P8

P10

P9

Figure 5. Bezier fitting curve and its control points of the original chord length.



Energies 2016, 9, 425 9 of 16

Energies 2016, 9, 425  8 of 15 

 

As shown in Figure 4, the  ( )
j

p U   corresponding to  5,8U（ ）  is 90.30%. According to the selection 

method proposed in Section 4, the design TSR  j   and its corresponding weighting coefficients  j  

can be obtained, as listed in Table 3. Therefore, the objective function is constructed by taking these 

design TSRs and weighting coefficients to Equation (10). 

Table 3. Design TSRs and weighting coefficients. 

λ j λ( )
j

p U   μ j

5.25  10.16%  0.1125 

5.75  19.42%  0.2150 

6.25  23.52%  0.2604 

6.75  18.88%  0.2091 

7.25  11.88%  0.1315 

7.75  6.44%  0.0714 

5.3. Design Variables and Constraints 

The aerodynamic shape of a blade is defined by the chord length, twist angle and airfoil shape 

of each element in the radial position. Since airfoil optimization is beyond the scope of this study, 

only the chord and twist of each blade element are considered here. In order to achieve a continuous 

and smooth blade surface and reduce the number of design variables, two fourth order Bezier curves 

[11,32,33] are used to describe the radial distributions of the chord and twist of the elements 4–17, as 

shown in Figures 5 and 6. 

 

Figure 5. Bezier fitting curve and its control points of the original chord length. 

 

Figure 6. Bezier fitting curve and its control points for the original twist angle. 

Because the part near the blade root closely connects to the rotor hub and does not produce much 

energy, the chord and twist of the elements 1–3 are fixed. In addition, the Bezier control points P1 

and P6 are fixed to obtain a smoother transition between the elements 3 and 4 [11,30], and only the 

ordinates of the control points are allowed to alter freely. Therefore, only eight variables, regarded as 

the design variables, are needed to regenerate the chord and twist radial profiles. 

The variation range of design parameters is listed in Table 4. 

0 5 10 15 20 25 30 35 40
0.5

1

1.5

2

2.5

3

3.5

Position (m)

C
ho

rd
 (

m
)

 

 
Original Chord

Bezier Curve
Bezier Control Point

P4

P5

P2

P3

P1

0 5 10 15 20 25 30 35 40
-2

0

2

4

6

8

10

12

Position (m)

T
w

is
t 

(d
eg

.)
 

 

Original Twist

Bezier Curve

Bezier Control Point

P6

P7

P8

P10

P9

Figure 6. Bezier fitting curve and its control points for the original twist angle.

Because the part near the blade root closely connects to the rotor hub and does not produce much
energy, the chord and twist of the elements 1–3 are fixed. In addition, the Bezier control points P1
and P6 are fixed to obtain a smoother transition between the elements 3 and 4 [11,30], and only the
ordinates of the control points are allowed to alter freely. Therefore, only eight variables, regarded as
the design variables, are needed to regenerate the chord and twist radial profiles.

The variation range of design parameters is listed in Table 4.

Table 4. Range of design variables.

Control Point P2 P3 P4 P5 P7 P8 P9 P10

original value 3.3 1.8 1.7 0.6 12 0.2 0.3 0
max 5.0 4.0 3.0 1.0 14.0 1.0 0.8 0
min 2.0 1.5 1.0 0 9.0 0 0.5 0

Furthermore, by analyzing the change in chord length in the existing blade optimizations [11,20,34],
the chord of each element of the optimized blade is set to no more than 1.05 times the original chord in
order to save on material costs. Meanwhile, the effect of increased chord length on rotor inertia and
the turbine’s dynamic behavior can be limited and neglected. In addition, to keep the blade shape
normal, the chord length and twist angle gradually decrease from the position of maximum value to
the blade tip [20,21,30].

5.4. Optimization Scheme

As a modern heuristic optimization algorithm, GA has the characteristics of parallel computing,
high efficiency and global searching capability [35,36]. It has been widely used for aerodynamic
optimization of wind turbine blades [27–30]. In this work, the solver “ga-Genetic Algorithm” in the
MATLAB optimization toolbox is applied to search the global optimal solution that maximizes the
objective function. Most parameters of the GA are set to default values except that the population size
is set to 200. The optimization process is terminated if the number of iterations is more than 500 or the
change in the best objective function value over 80 generations is less than 1 ˆ 10´8.

The flowchart of the blade optimization scheme is shown in Figure 7. Firstly, initialize the
population which includes the original blade as an individual, and then import the variables of each
individual to the Bezier curves to generate the corresponding blade shapes. For each blade shape
chosen from the current population, check whether the geometry constraints are satisfied. If so, call
Bladed software to obtain the Cp-λ curve of the blade and calculate the objective function; otherwise,
set its objective function to zero. After all the individuals of the current population are evaluated,
check whether the termination conditions of the GA are satisfied. If yes, terminate the optimization
and output the optimized blade; otherwise, apply the GA operator to create the next population.
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6. Simulation Comparison and Analysis

To verify the effectiveness of the multi-point optimization method, comparison and analysis are
conducted between the multi-point and the conventional single-point methods in this section.

6.1. Case Study of the Single-Point Design Method

The single-point design method whose objective function is the maximization of Cp at a single
design TSR is also used to optimize the original blade. It is worth noting that the conventional
single-point design is generally based on the inverse method, which has a clear principle, analytical
process and fast convergence. However, the smoothness of the surface of the optimized blade cannot
be guaranteed. In addition, considering that the direct method is adopted in the multi-point design, it
is also used to realize the single-point optimization design for higher comparability.

In this case, the objective function is to maximize the Cp at the optimal TSR of the baseline turbine,
which is equal to 6.8:

obj “ max
 

Cppλj “ 6.8q
(

(13)

The optimization process (including design variables and constraints) and simulation parameters
are the same with the multi-point design case described in the Section 5.

6.2. Aerodynamic Shape of the Optimized Blades

The chord and twist angle distributions of the optimized and the original blades are shown in
Figures 8 and 9.
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Figure 9. Twist angle distributions of the optimized and the original blades.

In Figure 8, the optimized blade obtained by the single-point design method (hereinafter referred
to as “single-point blade”) has a shorter chord compared with the original blade, while the chord of the
optimized blade obtained by the multi-point design method (hereinafter referred to as “multi-point
blade”) maintains the original distribution at most part of the blade except at the region near the
blade tip.

In Figure 9, the twist angle of the single-point blade is smaller than the original distribution at the
inner elements (near the root) and it is bigger at the outer elements (near the tip), while the twist angle
of the multi-point blade is bigger than the original distribution for most part of the blade. Based on
the blade element theory [8,9], it can be inferred that a large twist angle puts the operational angle of
attack of blade element far away from the stall angle of airfoil.

6.3. Comparison of the Efficiency of Wind Energy Capture

In order to verify the coordination between the static aerodynamic performance and the MPPT
process, the fractional average power [37,38], as a closed-loop performance index of operating wind
turbines under turbulent wind conditions, is used to evaluate the effectiveness of the aforementioned
different blade design methods.

The fractional average power Pfavg is defined as the ratio of the mean captured power to the mean
inflow wind power. This indicator reflects the mean efficiency of wind energy capture during the
MPPT process for the VSWT operating in turbulent wind.

According to the simulated trajectories of wind turbines, the Pfavg is computed as:

Pfavg “
1
N

N
ÿ

i“1

Pi
cap

O

1
N

N
ÿ

i“1

Pi
inflow (14)

Pi
cap “ Te,iωe,i ` Jωi

.
ωi (15)

Pi
inflow “ 0.5ρπR2v3

0,i (16)

where N is the total simulation steps, Pi
cap, Pi

inflow, Jωi
.
ωi, Te,i andωe,i are the captured wind power,

inflow wind power, kinetic power, generator electromagnetic torque and generator speed at the i-th
step, respectively.

For the same turbulent wind and MPPT control strategy (Note that the controller parameter Kopt

needs to be modified by Equation (2) with the variation of Cp,max and λopt), the calculated Pfavg and
Cp,max of different blades are listed in Table 5.
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Table 5. Comparison of static aerodynamic performance and closed-loop performance.

Blade Original Single-Point Multi-Point

λopt 6.8 7.0 6.9
Cp,max 0.4727 0.4781 (1.14%) 0.4753 (0.55%)
Pfavg 0.4469 0.4483 (0.30%) 0.4527 (1.29%)

Table 5 reveals that:

(1) The static aerodynamic performance at λopt (i.e., Cp,max) of the single-point blade is superior to
that of the multi-point blade. Compared with the original blade, the Cp,max of the single-point
blade is increased by 1.14%, while the multi-point blade is increased by only 0.55%, less than
half of the single-point method.

(2) The closed-loop performance of the wind turbine applying the multi-point blade is better than
that of the single-point blade. Compared with the original blade, the Pfavg corresponding to
the multi-point and single-point blades is increased by 1.29% and 0.30%, respectively.

In summary, an optimal static aerodynamic performance at a single point does not mean an
optimal closed-loop performance of the operating wind turbine with multiple working points in
turbulent wind. Moreover, since the coordination between static aerodynamic performance and MPPT
dynamic process is considered in the determination of the objective function (Section 4), the multi-point
method can further enhance the efficiency of wind energy capture under turbulent wind.

6.4. Comparison between the Multi-Point and the Original Blades

Figure 10 shows the ppUλjq and Cp-λ curves of the multi-point and the original blades.
It can be observed that:

(1) The proportion of the inflow wind energy corresponding to each TSR interval, i.e., ppUλjq, is
similar between the multi-point and the original blades. This ensures that it is reasonable to
determine the objective function based on the distribution of the inflow wind energy of the
original blade.

(2) When the TSR is larger than 6.5, the Cp-λ curve of the multi-point blade is higher than the
original one. While the TSR is smaller than 6.5, the two curves are very close. Obviously, larger
Cp in the interval Up6.5,8q results in a larger Pfavg of the turbine applying the multi-point blade.
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Figure 10. The proportion of the inflow wind energy: (a) the power coefficient; and (b) for the
multi-point and the original blades.
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To further interpret the reason for the efficiency improvement of the multi-point optimized blade,
the probability distributions of angles of attack (denoted by Ppαq) for two blade elements, which are
respectively chosen from the original and multi-point optimized blades at 31.68 m away from the hub
center and airfoil S826 [26], are compared in Figure 11.
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Figure 11. Probability distributions of angles of attack α for the blade elements chosen from the original
and multi-point optimized blades.

As shown in Figure 11, compared with the original blade element, the probability of small angles
of attack α (´2˝–5˝) for the multi-point blade element increases and meanwhile the probability of large
α (5˝–12˝) decreases. This implies that the multi-point blade element spends more time operating at
the α range where the lift-drag ratios CL{CD are larger. This is the primary cause for the performance
improvement of the multi-point blade.

6.5. Comparison between the Multi-Point and the Single-Point Blades

Figure 12 shows the ppUλjq and Cp-λ curves of the multi-point and the single-point blades.
It can be seen from Figure 12 that:

(1) The top of Cp-λ curve of the multi-point blade is flatter than that of the single-point one.
Though the Cp of the multi-point blade is slightly smaller than the one of the single-point
blade when the TSR is greater than 6.5, the former is significantly larger than the latter when
the TSR is less than 6.5. For comparison, the distribution range of λope is divided into two TSR
intervals: Up5,6.5q and Up6.5,8q.

(2) Compared with the single-point blade, in the interval Up5,6.5q where the distribution of the
inflow wind energy is more concentrated, the Cp of the multi-point blade is significantly
increased. Meanwhile, in the interval Up6.5,8q where the proportion of the inflow wind energy
is smaller, the Cp of the multi-point blade is slightly decreased. This reflects the design idea
described in Section 3 (namely focusing on improving the Cp at the TSR interval where the
inflow wind energy is primarily distributed) so that the static aerodynamic performance (i.e.,
Cp-λ curves) can be coordinated with the MPPT dynamic process (i.e., ppUλjq).

(3) Furthermore, the captured wind energy corresponding to the interval Up5,6.5q and Up6.5,8q for
the two blades are compared in Figure 13. It is shown that, although the wind energy captured
by the turbine applying the multi-point blade is 8.5 MJ less than that of the single-point blade
in the interval Up6.5,8q, the former is 14.6 MJ more than the latter in the interval Up5,6.5q. This
results in a higher total captured wind energy for the turbine applying the multi-point blade.
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7. Conclusions

The VSWTs cannot maintain the optimal TSR because of the MPPT dynamic process under
turbulence. This implies that the conventional single-point design method, which only optimizes the
power coefficient at a single TSR, needs to be improved. Also, the coupling and coordination between
static aerodynamic performance and MPPT control should be considered in the aerodynamic design of
VSWT blades to further increase the wind energy production of VSWTs.

In this paper, a multi-point optimization method considering the MPPT dynamic process was
developed for aerodynamic design of VSWT blades. In this method, the inflow wind energy
corresponding to each interval of the operational TSR for the original blade is determined through
the time domain dynamic simulation. Then, by focusing on improving the power coefficient at the
TSR where the corresponding inflow wind energy is relatively large, multiple TSRs and weighting
coefficients in the objective function are thereby obtained. This method is validated by an optimization
of the blade of an NREL 1.5 MW turbine.

The multi-point method is not a one-sided pursuit of a higher power coefficient at a single TSR,
but is rather concerned with the average performance of multiple operating points. Therefore, the
performance deficiency of the MPPT control is considered in the aerodynamic design. In other words,
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the decline of captured wind energy caused by the MPPT dynamic process is alleviated by coordinating
the static aerodynamic performance of VSWTs with the MPPT dynamic process.
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