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T
he current paper demonstrates the design parameters and tolerances for a horizontal axis wind
turbine which is used to extract the energy from the wind. Here in the present work, one of the DOE
(design of experiment) methods namely Taguchi method, a traditional approach for designing a robust

wind turbine is adopted. For optimization purpose, the evaluation and estimation of various problems i.e;
constrained as well as unconstrained have been done using Taguchi method. For the derivation of design
parameters like lift coefficient (CL), drag coefficient (CD) and power coefficient (CP ), the L-9 Orthogonal
array (OA) comprising of 4 parameters each with three levels (NACA aerofoil type, Mach number, Reynolds
number and angle of attack) is considered. Open source Q-Blade designing software is used for determining
the power, lift and drag coefficients of the wind turbine. The combination of GRA and orthogonal arrays
are used for attaining the optimized parameters. In this paper an investigation has been carried out on the
specific NACA aerofoils 4412, 4712, and 4421. Among all the aerofoils NACA 4712 has shown impressive
results in terms of a maximum lift coefficient of 0.9491and minimum drag coefficient of 0.02601. Also from
signal-to-noise plots it can be inferred that the most influenced parameter for CL and CD is Mach number
and Aerofoil for CP .

Keywords: Taguchi method, HAWT, SN ratio, GRA, optimization, Q-blade, optimization.

1 Introduction
Renewable energy is an urgent need in today’s world so as to minimize the need for energy from natural
resources to some extent. We know that lot of advancements are going on in the field of renewable energy
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and one of it is wind energy, which is used for sustainable development[1]. For extraction of wind energy,
there are two types of wind turbines, horizontal and vertical based on their axis of rotation. The wind
turbine industries are emerging day by day in which the share of HAWT is impressive. To enhance the
efficiency and performance of these turbines the need of blade optimization has become an important factor.
The main interest in this paper is to obtain optimized performance variables which directly or indirectly
affect the efficiency of HAWT.

A robust design includes tolerance as well as parameter designing. [2] has presented a methodology by
considering various tolerations along with multiple design parameters for a HAWT robust design using
Taguchi approach as one of the methods of DOE. For the utilization of wind turbines, both in urban and
rural areas lot of research are being carried out in the field of both types of wind turbines[3]. Desired quality
values within the acceptance range can be achieved by using a design of experiment Taguchi method [4].

In the year 1956, a method of optimization for improving the quality of manufactured goods was
developed by Genichi Taguchi an engineer and statistician from Japan. A statistical method has various
kinds of analysis like Factor/Discriminate analysis, Regression Analysis, Pattern Recognition, Cluster
Analysis, and Design of Experiments. Taguchi method is one of the methods in DOE which has concluded
the experiments with quality characteristics.

Competence of providing the combination of optimized design parameters and having implementation in
almost every engineering field, Taguchi method has evolved in past few years. Single and double objective
functions for optimization and to operate both the positive and negative objective values of the function
Taguchi method has become widened [5]. A module of wind capacity and heat sink of a CPU design was
carried out by utilizing Taguchi and ANOVA [6]. A robust HAWT design in view of both parameter and
toleration using Taguchi method and its extension has been proposed by [7].

Various types of research have been done for predicting the aerodynamic performance of wind turbines
over the years. By using Q-blade and CFD simulations, various analysis has been carried out for obtaining
various coefficients of aerodynamics for horizontal axis wind turbines with SG6043 aerofoil [8]. Taguchi
method has an implementation in various fields of engineering for determining the optimum process for a
single response[9].

Some of the merits related to Taguchi method are as i) handling of parameters required for design is
simple when it has discrete values rather than mixed discrete values, ii) it does not need derivatives for the
functions unlike genetic algorithm, iii) minimum functions are enough for the optimal and robust designs
unlike the approaches having large functions for nonlinear programming, iv) results obtained from this
method can be directly implemented as the physical designs[7]. Figure 1 comprises various methods of the
statistical approach in OR (Operation Research), which can be classified as cluster analysis, regression
analysis, pattern recognition, design of experiments, and factor/discriminate analysis. Taguchi method
falls under the category of statistical analysis of operation research.

Various types of research have been carried out in past by different investigators, where they have used
Q-blade software for designing and simulation of wind turbines and very few have utilized the Taguchi
method for the optimization purpose. In this paper, the authors have tried to fulfill this research gap so
as to get the most optimized design based on the combination of variables derived. Many analyses have
been carried out on various NACA aerofoils for horizontal and vertical wind turbines using freely available
open-source Q-blade designing and simulation software. For the prediction and valuation of various wind
turbine parameters like the coefficient of lift, drag, and power, implements the use of blade element theory
and empirical equation. For determining and exploration of wind turbine parameters’ effect on NACA
4412, 4421, and 4712, a grey-based Taguchi method has been utilized.

2 Taguchi Method of Statistical Analysis

A Statistical method is one of the methods used in operation research for obtaining the relation between the
input and output parameters which also affects the whole process. It is very convenient for optimizing the
complex characteristics of aerodynamics comprising different variables[10]. One of the statistical methods
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Figure 1: Classification of statistical method.

is the Taguchi approach which consists of the various steps which are depicted in Figure 2 below.

Figure 2: Various steps in Taguchi method.

In this paper, the parameters related to wind turbine aerodynamics are aerofoil type, angle of attack,
Mach number, and Reynolds number. For obtaining and determining the influence and effect of the
considered parameters and their combination on the wind turbine performance, we have considered the
Taguchi method with L9 – orthogonal array having three sets of levels having four parameters.

Tables 1 and 2 include information on the number of considered parameters with their level of
experimentation ranging from low to high and Taguchi L9 OA representation as (Level designNo.offactors)
that is 34. For the analysis, Minitab 19 statistical package is used in which Taguchi method was chosen for
obtaining the effect on quality response. [11] had carried out experimentation using Taguchi by considering
the orthogonal array of L9, along with one interaction and three parameters to examine the effects which
will be of prime importance for the designing process, which ultimately affects the performance of the
turbine.
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2.1 Robust Design
The Taguchi method can be used to determine the influence of aerodynamic parameters. For the experimental
run, the numbers of quality responses considered are lift coefficient, drag coefficient, and power coefficient.
Lift and power coefficients are very crucial parameters for deciding the aerodynamic characteristics of a
wind turbine and thus these parameters must be kept as high as possible. On the other hand, the drag
coefficient must be kept as low as possible to enhance the performance of the turbine, due to this fact drag
coefficient is taken as lower is better, and lift and power coefficients are considered as higher is better.
For lift coefficient and power coefficient, the following equation 1 is used, which gives the relation for
signal-to-noise ratio (SNR). For the maximum SNR, there must be an improvement in the mean value and
variance[12].

S

N
= − log10{

1

n

[
n∑
i=1

1

y2i

]
} (1)

Where,
S- Signal
N - Noise
yi - Response experiment
n - Number of runs

Here in the present paper, the input Mach number (velocity) is taken as a factor of noise, as it affects the
HAWT performance.

Researchers utilized one of the DOE methods i.e; Taguchi approach for determining the optimal output
responses related to the deflector which is used as an augmenter for their wind turbine setup. An experiment
based on a matrix can be designed by defining the controlling factors like noise and control, followed by the
performance of experiments based on the matrix. Below is Table 3 represents the factors and levels that
were considered by an investigator to determine the effect of 5 factors of deflector on the output power
coefficient of the vertical axis wind turbine[13].

2.2 Validation
A similar study has been conducted by Yi Hu et al. [7] and Kriswanto et al. [14] for designing a robust
wind turbine using the Taguchi approach. For the present investigation, a detailed procedure is followed
by considering the past research, based on Taguchi method for the optimization purpose. For parameters
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like lift coefficient and power coefficient “higher is better” and for drag coefficient “lower is better,” SNR
is considered for the present research and accordingly, all the related plots like main effect plot, SN
response table and SN plots were generated and analyzed by considering L9 orthogonal array for parameters
like aerofoil type, angle of attack, Mach number and Reynolds number, each having three levels as low,
intermediate and high.

3 Q-Blade Simulation Software

Q-blade is a simulation tool that is available freely and facilitates the designing and simulation of vertical
as well as horizontal axis wind turbines. This software uses the principle of the Blade element momentum
method and doubles multiple stream tube algorithm for analyzing horizontal and vertical axis wind
turbines[15][16][17].

For calculations, an inbuilt methodology of Q-blade software is utilized, which is based on blade element
momentum theory (blade element and momentum) theories, which accounts for the angular momentum
of the turbine rotor. These theories are utilized for calculating the local forces acting on a propeller or
turbine blade. Angular momentum is included in the model in BEM theory. Here in our calculations, the
turbulence consideration was not taken into account.

Figure 3 shows the algorithm associated with Q-blade software which enables the designing and simulation
of customized aerofoils, along with their respective polar computations, and polar data extrapolation to
360 degrees. This software consists of various modules namely XFLR5, XFoil Analysis, Polar extrapolation,
designing of blade, and analysis of turbine[18].

Figure 3: Different Modules of Q-blade software.

Figure 4: NACA 4412, 4421 and 4712 aerofoil profiles.

Figure 4 depicts the profiles of three NACA aerofoils namely NACA4412, 4421, and 4712 which have
been generated using the Q-blade software by taking chord length as 1 m. Also, it can be concluded that
for all the aerofoils the maximum thickness is there at the location of 0.3 m from the leading edge of an
aerofoil and NACA 4421 aerofoil has the maximum thickness among all of them. Also, NACA4421 shows
the highest camber among all the aerofoils.
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Figure 5, depicts the plot generated using the Q-blade software for all three aerofoils at M = 0.0087 and
Re = 50000. For the lift coefficient and Cl/Cd versus angle of attack plots, it can be seen that NACA4712
aerofoil shows impressive results over the wide range of angles in comparison with the other two aerofoils.
At AOA 8 degree NACA4712 aerofoil has the maximum value of lift coefficient and Cl/Cd ratio. For the
lift coefficient versus Transition point (Xtr) plot, all the aerofoils show a similar down falling trend.[19] has
presented the optimization of HAWT by considering different parameters like AOA, aerofoil type, and speed
of the wind. The investigators considered various NACA aerofoils namely 4412, 2412, modified 4412, and
modified NACA2412 for the analysis using Q-blade software and optimization by using Taguchi method.
They concluded that for obtaining the optimal power, the conditions found were aerofoils – Mod NACA
4412 and 2415 placed at 3 degrees AOA for the wind speed of 8 meters per sec. On the basis of ANOVA
analysis, the most and least significant factors found were the speed of the wind and AOA respectively.

Figure 5: Plots between various parameters at Mach 0.0087 and Re 50000 for NACA4412, 4421 and 4712 using
Q-blade software.

Table 4 comprises the details of the S/N ratio graph for the rotor power.
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A study has been made on a small capacity HAWT by using Q-blade software which is based on a BEM
theory. Also, the effect of chord and angle of twist design was deeply investigated by considering SG6043
aerofoil at 10 varying locations along blade length and the maximum obtained value for the CL/CD was at
the AOA of 2 degrees. Below is Figure 6 depicting the modified and unmodified blades of the wind turbine
with SG6043 aerofoil[20].

Figure 6: Wind turbine blades (Source: Q-blade)[20].

Based on BEM theory research has been carried out on a small-scale HAWT setup. For experimentation
and simulation purpose SG6043 aerofoil was selected and its corresponding parameters like the coefficient
of lift and drag was taken as a reference. The investigation has been done on the variable chord length and
a rotor diameter of 2.5 m by varying the pitch from 5 to 25 degrees. Pressure vector and boundary layer of
the selected aerofoil at AOA of – 5 degrees and 15 degrees at Reynolds number of 4 x 105 is depicted in
Figure 7 [21].

A study has been carried out to investigate the performance of HAWT both with non-yawing and
yawing mechanism using Q-blade software. It has been concluded that there was a significance of yaw
angles on the turbine performance. It has been observed that there is a decrement in power output by
around 15% after 25-degree yawing angle in non-yawed flow and there is almost ½ of the power generation
at a yawing angle of more than 45 degrees[22].

In the present study our main focus is to find out the impact of various parameters i.e. Reynolds
number, Mach number, angle of attack, and type of aerofoil on the aerodynamic characteristic variables
like lift coefficient CL, drag coefficient CD, and power coefficient CP . For that, the value of turbulence
considered is the default value in the software tool utilized for the simulation purpose.

3.1 Validation of Q-Blade Simulation Results

An investigation has been carried out by Bili Darnanto Susilo et al.[23] on NACA 4712 and NACA 4412
aerofoils using Q-blade software and CFD simulations at various angles of attack to obtain the results like
lift coefficient, drag coefficient, CL/CD ratio. It has been concluded that NACA4712 showed higher lift,
power coefficients, and CL/CD ratios in comparison with NACA4412. Also, the maximum lift coefficients

ISSN: 1949-0569 online Vol. SP-2, pp. 165-185, 2022



Transdisciplinary Journal of Engineering & Science 173

Figure 7: Pressure distribution and boundary layer of SG6043 aerofoil at (a) AOA of – 5 degree (Re 4 x 104) and
(b) AOA of 15 degree (Re 4 x 104) [21].

obtained for both aerofoils were 1.696 for NACA4712 and 1.628 for NACA4412. And similar trends can be
seen in Figure 8, among the present study which demonstrates the close agreement with the past research.
In the present research also NACA4712 aerofoil showed impressive results over a wider range of angles in
comparison with the other two aerofoils namely NACA4412 and NACA0021.

Figure 8: Comparison of lift coefficients of NACA4412 and NACA4712.

3.2 Mathematical Formulation Related to Q-Blade
3.2.1 Lift and Drag Coefficients (CL and Cd)

Lift and drag coefficients are the dimensionless variables of aerodynamic forces and can be formulated by
the following mathematical equations (2) and (3)
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CL =
L

0.5ρAv2
(2)

CL =
D

0.5ρAv2
(3)

Where,
L is Lift force in (N)
D is Drag force in (N)
ρ is air density in (kg/m3)
v is airflow velocity in (m/s)
A is swept area in (m2)

3.2.2 Lift and Drag Force Extrapolation of an Aerofoil

Each and every section of an aerofoil can be extrapolated by using Montgomerie and Viterna techniques,
which are very popular methods among all for extrapolation purposes [24].

Viterna technique: By utilizing the set of aerofoils data obtained from the analysis of XFOIL. The
performance of extrapolation for stalling angle of attack to a 90-degree angle of attack is done with the
help of the following mathematical equations [24].

CD = B1 sin2 α+B2 cosα (4)

CL = A1 sin 2α+A2 cos2 α/ sinα (5)

CDmax
∼= 1.11 + 0.018AR (6)

Where
AR is the aspect ratio of wind turbine

A1 = CDmax/2 (7)

B1 = CDmax (8)

A2 = (CL − CDmax sinαstall cosαstall)
sinαstall

cos2 αstall
(9)

B2 =
CDstall

− CDmax
sin2 αstall

cosαstall
(10)

Montgomerie technique: At a higher angle of attack aerofoil behaves like a thin plate. Here in this
technique, the assumption is considered around an aerofoil placed at 00. Below is the equation which
defines the curve of potential flow[24]

CL = f ×+(1 + f)s (11)

Where,
t – Straight tangent to CL(α = 0)
f – Transformation function

f =
1

(1/f2 − 1)( 1
(α2−αm)4) )×∆α4

(12)

where,
αm – deviation of CL from potential flow curve angle
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αm =
α1 − (4

√
1
f1
− 1/ 1

f2
− 1)× α2

1− (4
√

1
f1
− 1/ 1

f2
− 1)

(13)

3.2.3 Coefficient of Power of Wind Turbine

The analysis of power coefficient of wind turbines can be done for the wide range of tip speed ratios
(TSR)[25]. Mathematically the power coefficient and tip speed ratio are given as follows

CP =
P

0.5ρAv3
(14)

TSR(λ) =
wR

ν
(15)

where,
w -Angular velocity of a wind turbine
v - Linear velocity
R - Radius of wind turbine

4 Result and Discussion

4.1 Single Response Taguchi Method

4.1.1 Lift Coefficient (CL)

ANOVA is a simplified effect of the column method of Taguchi which stipulates columns with a large
influence on a particular response. The experimental data of the lift coefficient is demonstrated in below
Table 5.

Using the Q-Blade simulation tool results have been obtained for NACA 4412, 4421, and 4712 aerofoils
for the given parameters like angle of attack, Reynolds number, and Mach number.
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It can be observed from Table 5 that the CL max value (Max coefficient lift) is 0.9491 for the experimental
run 8 for NACA 4712 aerofoil kept at 6 degrees AOA, 0.0146 Mach number for Reynolds number of 50000.
And similarly, the min value of lift coefficient CL min 0.2341 for the experimental run 6 where the
corresponding Mach number is 0.0204, AOA is 4 degrees, and Reynolds number is 50000 for the NACA
4421 aerofoil.

By considering larger is better for CL, Figure 9 depicts the impact of aerofoil type, Reynolds number,
Mach number, and AOA on CL mean along with SNR main effect plots for CL. Table 6 depicts that the
major impact on CL is due to the Mach number followed by the Reynolds number, and type of aerofoil,
and the least influence is due to the angle of attack. Also, the delta value helps us to decide about the
variable which has the greater amount of noise (error) associated with it and hence majorly influences the
output, here we have a Mach number with a delta value of 5.929, and the least influenced one is AOA with
a delta value of 2.788.

Figure 9: (a) Effect of Aerofoil, Re, M and AOA on mean CL, (b) Signal to Noise effect plot for CL and (c) Plot
for interaction of aerofoil, M, Re and AOA.
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4.1.2 Coefficient of Drag (CD)

The experimental results for the coefficient of drag is presented below in Table 7 which states that the
maximum and minimum values of CD and the corresponding experiment number are CDmax

= 0.10066
for experiment number 6 and CDmin

= 0.02601 for experiment number 7. For experiment 7, the set of
parameters influencing the response is NACA 4712 aerofoil (level 3) which is kept at 4 degrees angle of
attack (level 2) at an inlet Mach number of 0.0087 (level 1) and corresponding Reynolds number taken as
100000 (level 3).

By considering smaller is better for CD, Figure 10 depicts the impact of aerofoil type, Reynolds number,
Mach number, and AOA on CD mean along with SNR main effect plot for CD. Table 8 depicts that the
major impact on CD is due to the Mach number followed by the type of aerofoil, angle of attack, and least
influence by the Reynolds number.

4.1.3 Power Coefficient (Cp)

It is one of the significant aerodynamic parameters for a wind turbine. For the same, it has to be optimized
to a greater extent to provide the maximum value of efficiency.

For finding the power coefficient of a wind turbine, the following empirical formula is used, which is
expressed as follows [26]:
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Figure 10: (a) Effect of Aerofoil, Re, M and AOA on mean CD, (b) Signal to Noise effect plot for CD and (c)
Plot for interaction of aerofoil, M, Re and AOA.

Cpmax = 0.593[
λB0.67

1.48 + (B0.67 − 0.04)λ+ 0.0025λ2
− 1.92λ2CD

1 + 2λBCL
] (16)

Where,

λ - Tip speed ratio

B - Blade number

CD and CL is coefficient of drag and lift respectively.

For analysis purposes, we have considered the value for TSR = 5 and B = 3. For CP which supposes
to be the maximum for a wind turbine, we have considered “larger is better”. The results obtained are
demonstrated in Table 9. In an experiment run 7, it can be observed that the set of parameters influencing
the response is NACA 4712 aerofoil (level 3) which is kept at a 4-degree angle of attack (level 2) at an inlet
Mach number of 0.0087 (level 1) and corresponding Reynolds number taken as 100000 (level 3).

Figure 11 comprises various graphs for CP depicting the signal-to-noise graph, interaction plot and
main effects plot and Table 10 depicts the most influencing parameter for CP is the Aerofoil followed by
Mach number, Reynolds number, and the least influencing parameter is the angle of attack.
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Figure 11: (a) Effect of Aerofoil, Re, M and AOA on mean CP (b) Signal/Noise ratio effect plot and (c) Plot for
aerofoil, M, Re and AOA interaction.

4.2 Multi response Grey- Based Taguchi Method

[27] had stated that for GRA (grey relational analysis) first step is normalizing the results (output) obtained
from the experimentation of simulation and GRA has 0 as a minimum value and 1 as the maximum value.

The response value normalization has concluded by considering the lift coefficient and power coefficient
as “higher is better” and the drag coefficient as “lower is better”. It can be obtained by considering the
following equation. Equation 3 is used for lower is better whereas for higher is better Equation (18) is
taken into consideration.

Xij =
xmax − xij
xmax −Xmin

Lower is better (17)

Xij =
xij − xmin
xmax −Xmin

Higher is better (18)

Where
Xij – normalized value for ith experiment for jth performance
xmax – value for maximum response
xmin – value for minimum response
xij – response value for ith experiment for jth performance
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Table 11 comprises the values of GRA along with normalized values of CL, CD and CP also consisting
of GRG (grey relational grade) which can be evaluated by using Equation (20) along the ranking of various
parameters.

Followed by the normalized values, grey relational coefficient (ξij) is evaluated by taking β as 0.5 in
Equation 19.

ξij =
miniminj | X0

i −Xij | +βmaximaxj | X0
i −Xij |

| X0
i −Xij | +βmaximaxj | X0

i −Xij |
(19)

Where,
ξij - Grey relational coefficient
X0
i - Ideal normalized value

Xij - Response value for ith experiment for jth performance

Γ =
1

n

n∑
i

wiξij (20)

Where, wi is the factor of weighting

In the present work, the multi-response Grey based approach is taken into consideration which is used
to solve the practical problems within the limited set of data and gives us the normalized values and GRC
i.e; grey relational coefficient. GRC helps us to determine the ranking of all the factor combinations i.e;
(Aerofoil, Mach number, Reynolds number and angle of attack). Here we are considering the multiple
responses for the optimization process of output by considering input factors/parameters. On the other
hand, the single response considers only single output parameter for optimization purposes.

From Table 11, an inference can be drawn that for experimental run 7, the overall rank for all the
combined responses is rank 1 with Grey relational grade (GRG) of 0.9074 for the corresponding factors as
NACA4712 aerofoil kept at 4 degrees AOA and Mach number 0.0087 for Reynolds number of 100000 and
the least ranking i.e; rank 9 was there for the experimental run 6 with GRG of 0.3333.
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In comparison with other methods like RSM, regression analysis, ANOVA analysis, etc.. Taguchi
approach for experimental designing has supremacy in various aspects like cost reduction, quality improve-
ment, ability to optimize various factors simultaneously along with the extraction of more information
through minimum experimental runs, for example, a process having 8 variables each with 3 levels, would
require 6561 i.e; 38 experimental runs. But by implementing Taguchi approach to this, it would require
only 18 experimental runs to get the most optimal result or less than 0.3% of 6561 runs which come to be
19.683. Moreover, this method of DOE is very simple but powerful tool that can be applicable in almost
all engineering fields.

5 Conclusions
This research paper presents the implementation of Taguchi method for designing a robust horizontal-axis
wind turbine. Designing and simulation were done using Q-blade software. A Design of Experiment method
namely Taguchi approach with L-9 orthogonal array mapping was utilized for studying the effect and
influence of individual parameters like Reynolds number, aerofoil type, angle of attack, and Mach number
on the aerodynamic performance of a wind turbine. Both single and multi-response Taguchi approaches
are utilized in the present work.

From the wind turbine designing and simulation software the results obtained are: The maximum lift
coefficient obtained is 0.9491 in an experiment run 8 for an input Mach number of 0.0146 when NACA4712
aerofoil was kept at 6 degrees angle of attack at Re of 50000 and on the other hand, the minimum drag
coefficient value obtained was 0.02601 for an experiment run 7, for the NACA4712 aerofoil which was
placed at 4-degree angle of attack when the input Mach number was 0.0087 with 100000 Re. The inferences
are drawn from the obtained signal/noise response for various aerodynamic parameters of wind turbine are:

a) For the coefficient of lift the most and least influenced parameters are Mach number and angle
of attack respectively, whereas Reynolds number and aerofoil type are the second and third most
influenced variables respectively,

b) Similarly, for drag coefficient, Mach number and Reynolds number are the most and the least
influenced parameters, and

c) Aerofoil type followed by Mach number is the prime influenced parameter, whereas the angle of
attack is the least one for the power coefficient.

By considering the plot for main effects, the major influencing individual parameters that affect the
wind turbine performance are NACA 4712 Aerofoil at (L3), input Mach number of 0.0146 at (L2), and Re
of 100000 for all the three coefficients of lift, drag and power, whereas the AOA of 2 degrees is for both
drag and power coefficient respectively. And for lift coefficient, the most influenced AOA is 6 degrees.
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