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ABSTRACT
Anoptimumdesignof theonshorewind turbine (WT) tower structure is crucial
for achieving an economic, efficient and safe design of the entire onshoreWT
system. In this study, an integrated structural optimisation framework for
onshore WT towers is established through combining a parametric finite
element analysis (FEA) model with a genetic algorithm (GA). The bottom
and top diameters as well as the thickness distribution of the onshore WT
tower are considered as design variables. The mass of the onshore WT
tower is minimised by the structural optimisation framework under multiple
design constraints. The framework has been validated and then applied to
the structural optimisation of a representative 2.0 MW onshore WT tower
presently installed in a wind farm in Middle East. It is demonstrated that the
structural optimisation framework developed in this work can considerably
lower the mass of the tower while fulfilling design requirements.
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1. Introduction

As a renewable and clean energy resource, wind energy is capable of battling both the energy crisis
and global warming. Many countries, such as the UK and China, have made significant efforts in the
development of wind farms to harvest the wind energy. By the end of 2018, the cumulatively
installed capacity of wind turbines (WTs) worldwide reached 591 GW, supplying around 6% of
the global electricity demand (Ohlenforst et al. 2019). Projections have shown that globally installed
wind power capacity will reach 2110 GW by the end of 2030, which reduces the annual emissions of
CO2 by over 3.3 billion tonnes (Fried et al. 2016) and creates around 2.4 million new jobs.

WT tower elevates rotor blades to a specific height for accessing desirable wind shear and sup-
ports the major components of the WT, such as the rotor and the nacelle. The overall performance
and structural responses of the WT can be significantly affected by the tower structural properties,
such as the tower’s natural frequency and stiffness. Inappropriate design of WT towers may lead to
resonance, buckling and inadequate strength to withstand wind-induced loads. Moreover, the cost
of the tower constitutes approximately 14∼20% of the overall capital cost of an onshore WT (Stehly
et al. 2018). Hence, to ensure an economic, efficient and safe design of the entire onshore WT sys-
tem, it is crucial to have an optimum design of the WT tower structure, meeting all design con-
straints (e.g. fatigue, buckling and vibration, etc.) and having a minimum mass (cost).

Two main components are required in a structural optimisation framework of onshore WT
towers, i.e. (1) a structural model for onshore WT towers, which calculates the structural response
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of the tower, e.g. deformations, stress distributions, vibration shapes, etc.; and (2) an optimisation
algorithm, which searches for optimum solutions under multiple design constraints.

There are two main types of structural models for onshore WT towers, i.e. (1) beam model, in
which the tower structure is discretised into beam elements; and (2) finite element analysis (FEA)
model, which constructs the tower structure using 3D brick or shell elements. Because of its com-
putational efficiency, the beam model has been extensively employed for structural modelling of
onshore WT towers (Murtagh, Basu, and Broderick 2004) and blades (Wang et al. 2014). Although
efficient, it is incapable of precisely capturing local structural responses, e.g. stress concentration
effects (Petrini et al. 2010). To accurately predict structural responses, it is necessary to model a
WT tower utilising the 3D FEA, which is capable of providing accurate results and examining
detailed stress distributions. Because of its high fidelity, the 3D FEA model has been increasingly
utilised for structural modelling of WT structures (Martinez-Luengo, Kolios, and Wang 2017;
Wang, Quant, and Kolios 2016b; Kolios et al. 2019). Thus, the 3D FEA model is selected in this
work to capture structural responses of WT towers.

Optimisation algorithms can be roughly classified into three types, i.e. (1) exact algorithms, in
which all possible combination of design variables are evaluated to find the best solution; (2) heur-
istic algorithms, which employ semi-empirical rules to search for near-optimum solutions; and (3)
metaheuristic algorithms, which are intelligently problem-independent algorithms to search for
near-optimum solutions. Exact algorithms are precise, as every possible solution is evaluated. How-
ever, in cases of a large number of design variables, the evaluation of every possible combinations
requires tremendous computational resources, making the exact algorithms extremely time-con-
suming and even infeasible. In comparison to exact algorithms, the heuristic algorithms require
less computational resources. However, their accuracy is greatly dependent on the precision of
semi-empirical rules and they are problem-dependent, which limit their applications to a certain
extent. Metaheuristic algorithms are problem-independent, and they are generally developed on
the basis of the optimisation processes observed in nature, e.g. ant colony optimisation (ACO)
(Angus and Woodward 2009), elephants herding optimisation (Riffi 2020), and genetic algorithm
(GA) (Kramer 2017), etc. Among them, the GA, which finds the optimum solution based on the
process inspired by Darwin’s theory of natural selection, is capable of finding global optima and
handling a large number of design variables, making it the most commonly used metaheuristic
algorithm (Wang, Kolios, et al. 2016; Gentils, Wang, and Kolios 2017; Joshi, Sandhu, and Bansal
2013; Mellit 2008; Kituu et al. 2012). Thus, the GA is chosen to find the optimum solution in
this study.

This paper develops an integrated structural optimisation framework for onshore WT towers,
with the consideration of multiple design constraints, through combining FEA with GA. Based
on the finite element method, a parametric FEA model of a typical onshore WT tower is established
and then validated accordingly through a case study. After the validation, the parametric FEA
model is combined with GA to develop a structural optimisation framework for onshore WT
towers. The optimisation framework is applied to a representative 2.0 MW onshore WT to reduce
the mass of its 78 m-tall tower structure.

The structure of the paper is as follows. Section 2 illustrates the reference model used in this
study. Section 3 illustrates the wind conditions and design loads. Sections 4 and 5 present the para-
metric FEA model of onshore WT towers and the GA, respectively, which are then integrated to
establish the structural optimisation framework in Section 6. Section 7 presents results and discus-
sion, and Section 8 presents conclusions.

2. Reference model: 2.0 MW onshore WT with a 78 m-height tower

The reference WT model used in this study is a representative 2.0 MW onshore WT, of which
tower height is 78 m. The 2.0 MW onshore WT model is also used in Al-Sanad et al. (2021),
in which the tower structure is optimised through a reliability-based design optimisation
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framework. Table 1 and Figure 1 present the main parameters and the layout of the reference
WT model, respectively.

3. Wind conditions and design loads

3.1. Wind conditions

The WT investigated in this study is currently installed in a wind farm located in Middle East. The
wind speed data at the deployment site were measured, and the measured wind speed distribution
in 2017 is presented in Figure 2. From Figure 2, we can see that the mean annual wind speed is
approximately 8.5 m/s. According to IEC 61400–1 (IEC 2005), this belongs to the II wind class,
and the corresponding 50-year extreme wind speed is 59.5 m/s. The mean annual wind speed
and the 50-year extreme wind speed at this site are summarised in Table 2. Additional information
associated with the wind farm is neglected for confidentiality reasons.

Table 1. Main parameters of the reference WT model (Al-Sanad et al. 2021).

Parameters Value Unit

Rated power 2.0 MW
Diameter of the rotor 97 m
Number of blades 3 –
Rated rotor speed 19 rpm
Rotor and nacelle assembly (RNA) mass 114,000 kg
Diameter of the tower base 4.5 m
Thickness of the tower base 0.032 m
Diameter of the tower top 2.332 m
Thickness of the tower top 0.023 m
Tower height 78 m
Tower mass 199 ton

Figure 1. Layout of the reference WT model (Al-Sanad et al. 2021).

INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 471



3.2. Sources of loading

The loads on the onshore WT tower are induced from three sources (Al-Sanad et al. 2021), i.e. (1)
aerodynamic loading transferred from rotor blades; (2) wind loading acting on the tower itself; and
(3) gravitational loads, which are illustrated in Figure 3.

The loads presented in Figure 3 are detailed below.

3.2.1. Aerodynamic loading transferred from rotor blades
The rotor aerodynamic loading can be transferred to the top of the tower. For instance, the rotor
thrust force under extreme wind condition can be calculated by:

T = 1
2
rV2

e50CTpR
2 (1)

where r is the density of the air having a typical value of 1.225 kg/m3; Ve50 represents the extreme
wind speed in 50-year return period; CT is the thrust coefficient; R is the rotor radius.

3.2.2. Wind loading acting on the towerT
When passing the WT, the wind will exert loads on the tower, which can be expressed as:

Ftower(z) = 1
2
rCdD(z)V(z)

2 (2)

where Ftower(z) is the wind load acting on the tower segment at height z; Cd is the drag coefficient, of

Figure 2. Wind speed distribution measured at the deployment site in 2017 (Al-Sanad et al. 2021).

Table 2. Wind conditions at the deployment site (Al-Sanad et al. 2021).

Item Value Unit

Mean annual wind speed 8.5 m/s
50-year extreme wind speed 59.5 m/s
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which value is 0.7 taken from IEC (2005); D(z) and V(z) are the external diameter of tower section
and the wind velocity at height z, respectively.

The wind velocity changes with the height because of t wind shear. V(z) in Equation (2) is
given by:

V(z) = Vhub
z

zhub

( )a

(3)

where Vhub is the wind speed at the height of the hub centre; z and zhub are the height above
the ground and the height of the hub centre, respectively; a is the wind shear exponent, of
which the typical value is 0.2.

3.2.3. Gravitational loading
The gravitational loads, induced by the weight of the WT tower and the RNA weight at the tower
top, can cause the compressive loads on the WT tower and significantly influence the modal fre-
quencies of the tower. Therefore, they should be considered when designing WT towers.

3.3. Load cases

Twenty-two load cases are defined in IEC 61400–1 (IEC 2005) or the design of onshore WTs. These
load cases cover every possible operational conditions of an onshore WT, e.g. rump up, emergence
stop, normal operation, extreme wind condition, etc. According to the analysis type, these twenty-
two load cases can be roughly categorised into two groups, i.e. fatigue and ultimate strength related.
For simplicity, the fatigue load under normal operation (Schubel and Crossley 2012) and the ulti-
mate load under the extreme wind conditions with a return period of 50 years (Bir and Migliore
2004; Cox and Echtermeyer 2012) are the typical load cases used in the structural design of onshore
WTs.

Figure 3. Loads acting on the onshore WT tower.
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Both fatigue and ultimate load cases are taken into account in this work. The wind fatigue loads
for onshore WTs under normal wind condition are taken into account in the fatigue load case. The
extreme wind loads for onshore WTs in the condition of 50-year extreme wind speed are con-
sidered in the ultimate load case. Tables 3 and 4 present the fatigue and ultimate aerodynamic
loads supplied by the manufacturer of the tower, and these loads are also used in Al-Sanad et al.
(2021). The Damage Equivalent Load (DEL) approach, of which further details can be acquired
in Freebury and Musial (2000), was used to obtain the fatigue loads in Table 3. The load safety fac-
tors for fatigue and ultimate loads are taken as 1.0 and 1.35, respectively, as suggested by IEC
61400–1 (IEC 2005). Table 3 also presents the factored values of ultimate aerodynamic loads.

4. Parametric FEA model of onshore WT towers with shell elements

4.1. Description of the model

A parametric FEA model of onshore WT towers with solid elements has been developed in Al-
Sanad et al. (2021). In this study, in order to save computational time, the WT tower will modelled
using shell elements, which requires less computational resources than the solid elements. A para-
metric FEA model of a typical onshore WT tower with shell elements is developed in this study
using ANSYS, a commonly used multipurpose FEA software. The flowchart of the model is pre-
sented in Figure 4. Each step in the flowchart in Figure 4 is illustrated through the application of
the parametric FEA model to the 2.0MW onshore WT tower.

4.2. Application of the parametric FEA model to the 2.0 MW, 78 m onshore WT tower

4.2.1. Defining parameters
In this step, the design parameters that are required in the FEA modelling of onshore WT towers,
i.e. the tower thicknesses and diameters data, are defined. These parameters should be linked to the
variables of the optimisation problem that will be defined later.

4.2.2. Creating geometric model
The geometric model of the 2.0 MW onshore WT tower is created on the basis of the geometric
dimensions presented in Table 1 of Section 2, and it is illustrated in Figure 5. The outer surface
of the tower is created in the geometric model. In this step, apart from the external characteristics,
additional design considerations are made, such as the division of the tower in sections of common
thickness.

4.2.3. Assigning material properties
The tower is fabricated using standard steel S355 grade, a commonly used material for onshore WT
towers. Table 5 presents the material properties of S335. It should be notice that the tower thickness
data does not cover flanges, paint and bolts. To account for those, the density of the steel is escalated
to a value of 8500 kg/m3, which is 8% higher than the typical value of 7850 kg/m3.

4.2.4. Generating mesh with shell elements
A structured mesh method is used to generate the mesh for the tower. The shell element Shell281,
which is an eight-node element with six degrees of freedom, is used. The details of the shell element

Table 3. Ultimate aerodynamic loads (Al-Sanad et al. 2021).

Items Unfactored value Factored value (load safety factor = 1.35) Unit

Fx,u 529 714 kN
My, u 5251 7089 kN-m

Note: subscript u denotes ultimate loads.
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Shell281 can be found in ANSYS (2015). A mesh convergence study is performed to determine the
proper mesh size. Six mesh sizes are considered, i.e. 2.5, 2, 1.5, 1, 0.5 and 0.25 m. In this case, the
tower bottom is fixed and the tower top is loaded with a thrust force of 100 kN. The meshing par-
ameters and calculated maximum deformation are presented in Table 6 and Figure 6.

As can be observed from Table 6 and Figure 6, the maximum deformation reaches convergence
at a mesh size of 0.5 m. Further refining the mesh to a size of 0.25 m only yields a relative difference
of 0.8%. Thus, 0.5 m is considered as the proper mesh size. Figure 7 depicts the generated mesh for
the tower, and the total number of elements is 4368.

4.2.5. Applying loads and defining boundary conditions
For static and fatigue analyses the aerodynamic loads presented in Tables 3 and 4 are, respectively,
applied to the top of the WT tower as concentrated loads. The RNA mass is represented by a point
mass at the WT tower top. For the ultimate strength load case, the wind loads induced by the wind
flowing through the WT tower are considered as distributed loads. It should be noticed that the
tower bottom is connected with the foundation in the realistic scenario. However, due to the
lack of foundation data for the wind turbine studied in this work, the foundation is not considered
in this study. For simplicity, the bottom of the tower is fixed to restrict its movement in this study.

4.2.6. Solving and post-processing results
After the geometry, material, mesh and boundary conditions are defined, different types of analyses
(such as buckling and fatigue analyses) can be carried out. The post-processing tools of ANSYS soft-
ware are then used to plot the FEA simulation results, e.g. stress distributions, deformations, modal
shapes, etc.

4.3. Validation of the parametric FEA model with shell elements

To validate the parametric FEA model of onshore WT towers with shell elements that were devel-
oped in the previous steps, a case study is carried out. The NREL 5MWWT (Jonkman et al. 2009),
which is developed by National Renewable Energy Laboratory (NREL) and a representative MW-
scale WT, is taken as an example. Table 7 summarises the geometric and material properties of
NREL 5MW WT tower.

The parametric FEA model developed in this work is applied to the NREL 5MW WT tower to
compute its natural frequencies of the first two side-to-side and fore-aft modes. In this case, the
RNA mass is applied to the top of the tower, and the base of the tower is fixed. The modal analysis
results obtained from the present parametric FEA model with shell elements are compared against
those from the ADAMS software documented in Jonkman and Bir (2010), and the comparison
results are presented in Table 8.

Table 4. Fatigue aerodynamic loads (load safety factor = 1.0) (Al-Sanad et al. 2021).

Item Values Unit

Fx,f 79 kN
My,f 782 kN-m

Note: subscript f denotes fatigue loads.

Figure 4. Flowchart of the parametric FEA model of onshore WT towers with shell elements.
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As can be seen from Table 8, both fore-aft and side-to-side modal frequencies of the NREL 5MW
WT tower predicted from the present FEA model with shell elements show good agreement with
the those reported in Jonkman and Bir (2010), having the maximum percentage difference (1.51%)
occurred at the 2nd side-to-side mode. This indicates that the present FEA model with shell
elements is valid.

5. Genetic algorithm

A GA, which is a widely used search heuristic inspired by Darwin’s theory of natural evolution, is
taken in this work to search for optimum solutions. A population of individuals evolves in the GA
toward better solutions. The evolution in the GA is an iterative process, beginning with an initial
population with individuals that are randomly generated. In every iteration, the GA evaluates
the fitness of each individual. Those individuals having better fitness are stochastically chosen
from the present population. A new generation, which is created through recombining and

Figure 5. Geometric model of the 2.0 MW onshore WT tower.

Table 5. Material properties of S355 steel (Al-Sanad et al. 2021).

Property Value Unit

Density 8500 kg/m3

Poisson’s ratio 0.3 –
Young’s modulus 210 GPa

Table 6. Meshing parameters and calculated maximum deformation.

Mesh size (m) Maximum deformation (m) Diff (%) Number of elements

2.5 0.197 46.5 144
2.0 0.135 7.4 336
1.5 0.125 2.5 648
1.0 0.122 2.2 1248
0.5 0.120 0.8 4368
0.25 0.119 – 18,720

476 S. AL-SANAD ET AL.



mutating the genome of each individual, then proceeds to the next iteration. The optimisation pro-
cess of GA commonly terminates when either the maximum number of generations has been gen-
erated or a satisfactory fitness level has been reached by the present population. Further information
on GA can be obtained in Kramer (2017).

The optimum solution is searched in the GA using the following procedure:

Figure 6. Meshing parameters and calculated maximum deformation.

Figure 7. FEA Mesh of the 2MW WT tower with shell elements.
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(1) Defining objectives, variables and constraints: in this step, the optimisation objectives, design
variables and design constraints involved in the optimisation problem are defined;

(2) Generating initial population: the initial population (candidate solutions) is created randomly
across the search space in this step;

(3) Producing a new population: in this step, a new population is produced through mutation and
crossover operators;

(4) Updating design points: the design points in the new population are updated in this step;
(5) Validating convergence: if the convergence criteria are met, the optimisation converges; other-

wise, the optimisation process move on to the next step;
(6) validating stopping criterion: when the maximum number of iterations is reached, the optim-

isation process terminates; otherwise, it goes back to Step 3 to create a new population.

Steps 3 through 6 in the GA are repeated sequentially until the stopping criterion has been met or
the optimisation has converged. Figure 8 presents the flowchart of the GA.

6. Structural optimisation framework for onshore WT towers

6.1. Objective function

The mass reduction of an onshore WT tower corresponds to the reduction of material cost and
hence achieving economic and profitable operation of onshore WTs, while maintaining safety
requirements. In this study, the minimisation of mass of the onshore WT tower, mt , is taken as
the objective function, Fobj. This can be expressed as:

Fobj = min(mt) (4)

6.2. Design variables

The schematic of the tower structures is presented in Figure 9. It should be noticed that the length
and number of the tower segments can be varied according to different assembly and manufactur-
ing requirements. In this study, the tower structure is divided into six 13 m-length segments, as
depicted in Figure 9. The tower diameter is assumed to be linearly increased from the top to the
bottom. For this optimisation problem, the thickness of each tower segment as well as the bottom
and top diameters of the tower are chosen as design variables. Therefore, eight design variables in

Table 7. Geometric and material properties of the NREL 5MW WT tower (Jonkman et al. 2009).

Item Value Unit

Tower base diameter 6 m
Tower top diameter 3.87 m
Tower base thickness 0.0351 m
Tower top thickness 0.0247 m
Density 8500 kg/m3

Shear modulus 80.8 GPa
Young’s modulus 210 GPa
RNA mass 350,000 kg

Table 8. Modal analysis results of the NREL 5MW WT tower.

Modal frequencies Present FEA model with shell elements ADAMS (Jonkman and Bir 2010) % Diff

1st side-to-side (Hz) 0.3173 0.3188 0.47
1st fore-aft (Hz) 0.3202 0.3218 0.49
2nd side-to-side (Hz) 1.8542 1.8820 1.48
2nd fore-aft (Hz) 2.2054 2.2391 1.51
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Figure 8. Flowchart of GA.

Figure 9. Schematic of tower structure and associated variables.
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total are defined, which can be expressed as:

X = [x1 x2 · · · xn]T , n = 8 (5)

where x1 and x2 are the diameters of the tower top and tower bottom, respectively; x3 to x8 are the
thicknesses of 1st to 6th tower segment, respectively.

6.3. Design constraints

6.3.1. Ultimate strength constraint
For ultimate limit state, the von-Mises stress s should stand below the allowable stress sallow. This
constraint can be expressed as:

s ≤ sallow (6)

The allowable stress sallow can be calculated by:

sallow = sy/gm (7)

where sy is the yield strength, with a typical value of 355 MPa for steel S355; gm is the material
safety factor, with a value of 1.1 suggested by IEC 61400–1 (IEC 2005). Thus, the allowable stress
sallow in this case is 323 MPa.

6.3.2. Maximum tower top rotation constraint
To ensure the overall stability of the onshore WT tower structure and avoid the anomalies caused
by large deflections, the maximum tower top rotation umax should stand below the allowable
rotation sallow. This constraint can be expressed as:

umax ≤ uallow (8)

In this study, the value of the allowable tower top rotation sallow is 5◦, taken from Nicholson
(2011).

6.3.3. Fatigue constraint
For structures subject to considerable cyclic loads, the fatigue is a particularly important phenom-
enon. During the operation of aWT, each rotation of the rotor blades can lead to stress variations in
the tower structure. Besides, the availability of the WT indicates whether the rotor is under oper-
ation. The design life number of cycles Nlife can be computed based on the rated rotor speed nrated
and the availability ha (98.5%) on the selected site. For instance, assuming the service life time of the
tower is 20 years, the design life number of cycles Nlife can be calculated by:

Nlife = ha × nrated × (20 [year]× 365[day/year]× 24[hour/day]× 60[min/hour]) (9)

Following the DEL approach employed in this study, the computational cost is reduced to an
equivalent load case in which an equivalent S-N curve is utilised to derive the number of cycles
to failure NDEL. An appropriate S-N curve of intercept A = 13.93 and slope m = 4 suggested by
LaNier (2005) is taken in this study. The design life number of cycles Nlife, which is derived
from Equation (9), can be then utilised in the S-N curve to obtain the design fatigue stress range
s f , design. The FEA simulations are used to compute the maximum fatigue stress range s f , max on
the tower structure. The design fatigue stress range s f , design divided by the maximum fatigue stress
range s f , max yields the minimum fatigue safety ratio fsr, min, which should not exceed the allowable
fatigue safety ratio fsr, allow. This constraint can be expressed as:

fsr,min ≥ fsr, allow (10)
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The allowable fatigue safety ratio equals to one time the material safety factor for fatigue
gm,f . As suggested by IEC 61400–1 (IEC 2005), the material safety factor for fatigue, gm,f ,
should not be less than 1.1. In this study, 1.1 is taken for gm,f , and therefore fsr, allow equals
to 1.1.

6.3.4. Vibration constraint
When the 1st mode natural frequency of the WT tower, f1st , is close to the rotating rotor induced
frequency f1P and the blade-passing frequency f3P, resonance occurs, leading to significant vibration.
To avoid the resonance-induced vibration, f1st needs to be sufficiently separated from f1Pf3P. The
soft-stiff structural design, in which f1st is designed to sit between the f1P and f3P frequencies, is pre-
sently the most economical design for WT towers. Considering tolerance of+5% (Lloyd and Ham-
burg 2010), this constraint can be expressed as:

f1P+5% ≤ f1st ≤ f3P−5% (11)

The cut-in and rated rotor speeds of the considered 2.0 MW WT are equal to 9 and 19 rpm,
respectively. Therefore, the vibration constraint can be expressed as:

0.333Hz ≤ f1st ≤ 0.429Hz (12)

6.3.5. Buckling constraint
Thin-walled structures, such as WT towers, are prone to experience buckling failure. The critical
load divided by the currently applied load gives the buckling load multiplier Lm, which should
stand above the allowable load multiplier Lm,allow to avoid the buckling failure. This constraint
can be expressed as:

Lm ≥ Lm, allow (13)

The allowable load multiplier Lm,allow used in this study is equal to 1.4, taken from DNV GL
(2016).

6.3.6. Design variable constraint
In order to ensure a realistic and feasible WT tower design, each design variable is restricted to
change within a predefined range through the following constraint:

xLi ≤ xi ≤ xUi i = 1, 2, · · · , 8 (14)

where xLi and xUi are the lower and upper bounds of the design variables, respectively.
The resultant loads on the WT tower bottom are normally greater than those on the tower top,

and therefore larger diameter is required at the tower bottom to resist the greater resultant loads. To
ensure the tower bottom diameter is greater than the tower top diameter, the following constraint is
used:

x2 − x1 ≥ 0 (15)

Additionally, the thickness of the WT tower normally increases from the tower top to the tower
bottom. In order to ensure this, the following constraint is added:

xi − xi−1 ≥ 0 i = 4, 5, · · · , 8 (16)

The bounds of constraint conditions and design variables utilised in the structural optimisation
of onshore WT towers are summarised in Table 9.
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6.4. Parameters setting in the GA

The GA illustrated in Section 5 is employed to find optimum solutions in the optimisation problem.
The major parameters utilised in the GA are summarised in Table 10 and are further explained in
this section.

. Type of initial sampling

The initial samples (i.e. the initial population) are created using a constrained sampling algor-
ithm, ensuring the satisfaction of Equations (14)–(16).

. Number of initial samples

The number of initial samples NIni, also known as initial population size, is an important par-
ameter that affects the ability of the GA to search an optimum solution in the search space. Its mini-
mum value needs to be no less than ten times the number of design variables. In this study, in order
to enlarge the probability of achieving a better solution, the number of initial samples NIni is set to
100, which is 12.5 times the number of design variables.

. Number of samples per iteration

The convergence speed of the optimisation can be affected by the number of samples per iter-
ation NPerIter, for which an empirical value of 40 is used in this work.

. Maximum number of iterations

The iteration of GA terminates when the maximum number of iterations NMaxIter is reached.
This number (30 in this study) together with the number of initial samples NIni and number of
samples per iteration NPerIter yields the maximum number of evaluations NMaxEval, which can be

Table 9. Bounds of constraint conditions and design variables.

Item Lower bound Upper bound Unit Definition

s – 323 MPa von-Mises stress
umax – 5 Degree Maximum tower top rotation
fsr,min 1.1 – – Fatigue safety ratio
f1st 0.333 0.429 Hz Tower first natural frequency
Lm 1.4 – – Buckling load multiplier
x1 1.5 4 m Tower top diameter
x2 3.5 5.5 m Tower bottom diameter
x3 � x8 0.015 0.045 m Thickness of tower segments

Table 10. Major parameters utilised in the GA.

Item Value

Type of initial sampling Constrained sampling
Number of initial samples NIni 100
Number of samples per iteration NPerIter 40
Maximum number of iteration NMaxIter 30
Mutation probability 0.01
Crossover probability 0.82
Maximum allowable Pareto percentage (%) 70
Convergence stability percentage (%) 2
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expressed:

NMaxEval = NIni + NPerIter × (NMaxIter − 1) (17)

. Mutation probability

The mutation probability, which determines how many chromosomes should be mutated in each
generation, has a value in the range between 0 and 1. This probability should be set low. When the
value of the mutation probability is equal to 1, the search in the GA will turn into a primitive random
search. In this study, a typical value of 0.01 (Perez, Chung, and Behdinan 2000) used for this probability.

. Crossover probability

The crossover probability, of which value lies between 0 and 1, determines the number of times
that a crossover occurs for chromosomes in each generation. If the value of the crossover prob-
ability is equal to 1, it means that all offspring are made by crossover. If it is equal to 0, then the
new generation of individuals are copied exactly from their parents (i.e. older population), except
those created from the process of the mutation. In this study, A typical value of 0.82 (Gandomkar,
Vakilian, and Ehsan 2005) is used for this probability.

. Maximum allowable Pareto percentage

The number of desired Pareto points divided by the number of samples per iteration gives the
Pareto percentage, which here stands as the convergence criterion. When the Pareto percentage
researches the maximum allowable value (70% in this study), the optimisation converges.

6.4.1. Convergence stability percentage
The convergence criterion is derived on the basis of mean, standard deviation andmaximum spread
of the output parameters. When this criterion value reaches 2.0%, the optimisation is deemed as
converged in this study.

6.5. Flowchart of optimisation framework

Figure 10 depicts the flowchart of the structural optimisation framework for onshore WT towers,
which combines the parametric FEA model (illustrated in Section 4) with the GA (illustrated in
Section 5).

7. Results and discussion

7.1. Evolution of WT tower mass

Figure 11 presents the evolutionary history of the WT tower mass. From Figure 11, we can see that
the mass of theWT tower reduces gradually with the evolution, reaching the best design with a mass
of 172 tons after 520 evaluations. An outcome of 13.5% of mass saving, corresponding to an absol-
ute mass reduction of 27 tons, is achieved in the optimal design when compared to the initial design
with a mass of 199 tons.

7.2. Design constraints

Figures 12–16 present the history of maximum von-Mises stress, maximum tower top rotation, fati-
gue safety ratio, 1st mode natural frequency and buckling load multiplier of the WT tower,
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Figure 10. Flowchart of structural optimisation framework for onshore WT towers.

Figure 11. History of WT tower mass.
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respectively. To facilitate the illustration, the associated allowable values (i.e. lower or upper
bounds) are included in these figures as well. From Figures 12–16, we can see that the design is pre-
dominantly driven by the fatigue safety ratio, which appears to be the most saturated design
constraint.

7.3. Design variables

The optimal value of the design variables is summarised in Table 11. From Table 11, we can see that
the optimal value of all design variables satisfies design variable constraints defined in Equations
(14)–(16).

7.4. Structural results of the optimal design

The deformation, von-Mises stress distribution, buckling and modal frequencies analysis results of
the optimal design are illustrated and discussed below.

7.4.1. Deformation
Figure 17 depicts the deformations of the optimal WT tower under the ultimate load case. From
Figure 17, we can see that the maximum deformation is around 1.53 m, occurring at the top of
the tower. The maximum tower top rotation is 2.51◦, which stands below the allowable value of
5◦. This indicates that it is unlikely for the optimal tower design to experience large tower top rotation.

7.4.2. von-Mises stress distribution
Figure 18 presents the von-Mises stress distributions of the optimal WT tower under the ultimate
load case. From Figure 18, we can see that the maximum von-Mises stress is around 224 MPa,
which is 30.6% smaller than the allowable value of 323 MPa. This means that the optimal tower
design is safe under ultimate limit state.

Figure 12. History of maximum von-Mises stress within the WT tower structure for ultimate load case.
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7.4.3. Buckling
Figure 19 presents the buckling analysis results of the optimal WT tower. From Figure 19, we can
see that the buckling load multiplier is around 8.18, which is well above the minimum acceptable
value of 1.4. This indicates that it is unlikely for the optimal tower design to suffer from buckling
failure.

Figure 13. History of maximum tower top rotation for ultimate load case.

Figure 14. History of fatigue safety ratio for fatigue load case.
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7.4.4. Modal frequencies and shapes
Figure 20 depicts the 1st mode modal shape and natural frequency of the optimal WT tower. From
Figure 20, we can see that the 1st mode natural frequency is around 0.356 Hz, which lies between
the desired range of 0.333 and 0.429 Hz. This indicates that the optimal WT tower design is unlikely
to suffer from resonance-induced vibration.

Figure 15. History of 1st mode natural frequency of the WT tower.

Figure 16. History of buckling load multiplier for ultimate load case.
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Table 11. Optimal value of design variables.

Design variable Optimal value (m) Definition of variable

x1 2.158 Tower top diameter
x2 4.297 Tower bottom diameter

0.032 Segment 1 thickness
x4 0.029 Segment 2 thickness
x5 0.026 Segment 3 thickness
x6 0.023 Segment 4 thickness
x7 0.020 Segment 5 thickness
x8 0.017 Segment 6 thickness

Figure 17. Deformation of optimal WT tower.

Figure 18. von-Mises stress distributions of the optimal WT tower.

488 S. AL-SANAD ET AL.



7. Conclusions

By integrating a parametric finite element analysis (FEA) model with a genetic algorithm (GA), a
structural optimisation framework for onshore wind turbine (WT) towers considering multiple
design constraints has been developed in this work. The onshore WT tower mass is minimised
by the structural optimisation framework with multiple constraint conditions, i.e. ultimate strength,
tower top rotation, vibration, buckling, fatigue and design variable constraints. The bottom and top
diameters of the tower as well as the thicknesses of tower segments are chosen as the design vari-
ables. The structural optimisation framework developed in this work has been made an application

Figure 19. Buckling mode shape of optimal WT tower.

Figure 20. 1st mode modal shape and natural frequency of the optimal WT tower.

INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 489



to a representative 2.0 MW onshore WT tower. From the present study, the following main con-
clusions can be obtained:

. The modal analysis results from the present FEA model of WT towers with shell elements show
good agreement with the values documented in the literature, having a maximum percentage
difference of 1.51%. This proves the validity of the present FEA model with shell elements.

. In comparison to the initial tower design, the optimal tower design achieves a mass reduction of
13.5%, which indicates that the mass of the onshoreWT tower can be considerably reduced while
fulfilling design constraints, leading to a more cost-effective structure.

. The tower design in the present case is predominantly driven by the fatigue safety ratio, which
appears to be the most saturated design constraint.

. The structural optimisation framework for onshore WT towers can effectively and accurately
determine the optimal diameters and thickness distributions of onshore WT towers, and has
the potential to considerably improves structural design of onshore WT towers.

Moreover, the optimisation framework developed in this work is generic in nature, and it is
applicable to a number of relevant problems, optimising engineering structures and systems subject
to multiple design constraints.
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