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a b s t r a c t

Having an optimal design of the wind turbine tower, with a minimum mass (cost) while fulfilling
multiple design constraints, plays an important role in ensuring an economic and safe design of the
wind turbine. During the design of wind turbine towers, partial safety factors (PSFs) are currently
commonly used to account for the uncertainties in the loads and material properties due to its easy
implementation. The values of PSFs given in design standard are generic and are not derived for a
specific design. For a site-specific design of wind turbine towers, the details of the load parameters,
such as the type of distributions and the coefficient of variation, can be obtained through the condition
monitoring system. With these information, the PSFs can be calibrated based on the reliability method,
meeting the target reliability index and avoiding over or under engineering of wind turbine tower
structures. In this work, a parametric finite element analysis model is integrated with a genetic
algorithm to develop a structural optimisation model of wind turbine towers. The optimisation
framework minimises the tower mass under multiple design constraints. The optimisation model has
been applied to a representative 2.0 MW onshore wind turbine tower. PSFs are calibrated on the basis
of reliability. The optimal tower design with calibrated PSFs is compared against the design with un-
calibrated PSFs. Results indicate that the tower design with calibrated PSFs achieves a mass reduction
of 2.9% in comparison to the design with un-calibrated PSFs.

© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Wind power has received increasingly attention over the past
ecade. Many countries, such as China, America and United King-
om, have made significant investments in developing wind
arms. In 2020, 93 GW new installations of wind turbines were
chieved, and the global total wind power capacity has grown to
43 GW as the end of 2020 (Council, 2017).
Wind turbine tower, which is generally made of steel, supports

he rotor and nacelle. It also constitutes around 14% to 20% of
he capital cost of an onshore wind turbine (Stehly et al., 2018).
dditionally, the overall performance of the wind turbine can be
emarkably influenced by the tower structural properties, such as
he tower stiffness and natural frequencies. Hence, it is critical to
chieve an optimal structural design of the wind turbine tower,
n order to make sure the design of the wind turbine system is
afe and economic.
The methods used in the design of wind turbine towers can

e roughly categorised into two types, i.e. (1) partial safety factor

∗ Corresponding author.
E-mail address: lin.wang1@nottingham.ac.uk (L. Wang).
ttps://doi.org/10.1016/j.egyr.2023.01.090
352-4847/© 2023 The Authors. Published by Elsevier Ltd. This is an open access a
c-nd/4.0/).
(PSF) design, where uncertainties in the uncertain variables are
considered by PSFs; and (2) reliability based design, where the
uncertainties are accounted for through stochastic modelling.

By far, the PSF design is still the mostly used design method
for wind turbine towers due to its easy implementation. The PSF
design highly depends on the PSFs, of which values are normally
given by design standards, e.g. IEC 61400-1 (Commission, 2005).
The values of PSFs given in design standard are generic and are
not derived for a specific design. For a site-specific design of
wind turbine towers, the details of the load parameters, such as
the type of distributions and the coefficient of variation, can be
obtained through the condition monitoring system. With these
information, the PSFs can be calibrated based on the reliability
method, meeting the target reliability index and avoiding over or
under engineering of wind turbine tower structures.

Several studies have been performed on the reliability-based
design optimisation (RBDO) of wind turbine components. Hu et al.
(Hu et al., 2016) studied RBDO of a wind turbine blade utilising
surrogate models and a wind load uncertainty model. The optimal
design obtained through RBDO reduces the probability of failure
and minimises the material cost. Li et al. (Hu et al., 2016) devel-
oped a RBDO framework for wind turbine drivetrains to assure
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Fig. 1. Layout of a representative 2.0 MW wind turbine.
he target reliability under gear manufacturing and wind load
ncertainties. The RBDO framework was applied to a 750 kW
ind turbine drivetrain to meet target reliability.
Studies have also been performed on the dynamic response

nalyses of wind turbine structures considering soil–structure
nteraction and earthquake. Michel et al. (Michel et al., 2018)
erformed dynamic analysis of onshore wind turbine founda-
ions considering soil–structure-interaction under seismic load-
ng. Results indicated that the vibration characteristics of the
oundations can be affected by the soil properties. Kiyomiya et al.
Kiyomiya et al., 2002) performed dynamic response analysis of
nshore wind turbines during earthquakes and wind. Results
ndicated that the tower has sufficient seismic capacity when
he tower is design by wind force under extreme wind speed
ondition. Soil–structure-interaction and earthquake are not the
ocus of this paper, and therefore they are not considered in this
ork.
Finite element analysis has been widely used for modelling

ind turbine structures due to it high fidelity (Wang et al., 2016).
enetic algorithm (Mirjalili, 2019), inspired by Darwin’s theory of
atural evolution, is one of mostly used optimisation algorithm
or energy systems and engineering structures (Xu, 2021; Lin
nd Cheng, 2022). In this work, a design optimisation model for
nshore wind turbine towers is established by combining a para-
etric finite element analysis model and genetic algorithm. PSFs
re calibrated on the basis of reliability. The design optimisation
odel was applied to a typical 2.0 MW onshore wind turbine,
ptimising its tower structure. The PSFs are calibrated on the
asis of reliability. The wind turbine tower is optimised with both
alibrated and un-calibrated PSFs.
This paper is arranged into seven sections. Section 2 illus-

rates the reference wind turbine model. The wind conditions and
esign loads are presented in Section 3. Section 4 presents the
ptimisation framework of wind turbine towers. The reliability-
ased calibration of PSFs is illustrated in Section 5. Section 6
resents results and discussion, while Section 7 presents the
onclusions.
2549
Table 1
Specification of a typical 2.0MW wind turbine.
Parameters Value Unit

Rated power production 2.0 MW
Rotor diameter 97 m
Number of blades 3 [–]
Rated rotor speed 19 rpm
Tower height 78 m
Tower bottom thickness 0.032 m
Tower top thickness 0.023 m
Tower bottom diameter 4.5 m
Tower top diameter 2.332 m
Rotor and nacelle assembly (RNA) mass 114,000 kg

2. Reference model – 2.0 MW wind turbine

In this work, a representative onshore wind turbine with a
rated power of 2MW is taken as a case study. The tower was
designed with five different heights, i.e. 78 m, 90 m, 100 m,
104 m and 120 m. In this study, the height of the wind turbine
is assumed to be 78 m. The layout of the wind turbine with a
78m-height tower is depicted in Fig. 1, and its specification are
presented in Table 1.

3. Wind conditions and loads

3.1. Wind conditions

The wind turbine chosen in this work is deployed in an on-
shore wind farm, of which location is in Middle East. The dis-
tribution of the wind speed measured at the site in 2017 is
illustrated in Fig. 2. From Fig. 2 we can observe that the average
annual wind speed is about 8.5 m/s. In accordance to IEC 61400-1
(Commission, 2005), this falls in the category of II wind class and
the associated extreme wind speed in 50-year return period is
59.5 m/s.
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Fig. 2. Distribution of wind speed measured at the site in 2017.
.2. Loads

The loads on the wind turbine tower are mainly induced
rom three sources, i.e. (1) gravity loads; (2) aerodynamic loads
ransferred from rotor blades; (3) wind-induced pressure on the
ower itself.

.2.1. Gravity loads
The RNA weight at the tower top and the weight of the tower

ontribute to the gravity loads, which can cause the compression
n the tower. Therefore, they need to be taken into account when
esigning wind turbine towers.

.2.2. Aerodynamic loads transferred from rotor blades
The rotor aerodynamic loads, such as wind thrust and bending

oments, are transferable to the tower top. For instance, the
otor thrust force T can be computed by:

=
1
2
ρV 2CTπR2 (1)

where ρ and V are the air density and wind speed, respectively;
CT is the thrust coefficient; R is the radius of the rotor.

3.2.3. Wind-induced pressure on the tower itself
When the wind passes the wind turbine tower, it will induce

pressure on the tower. The wind-induced pressure P can be
expressed as:

P =
1
2
ρV (z)2 Cd (2)

where V (z) is the wind velocity at height z; Cd is the drag coeffi-
ient, and its value is 0.7 for circular cross sections as suggested
n Ref. Commission (2005).

Due to the wind shear, the wind velocity varies with the
eight. V (z) in Eq. (2) is calculated by:

(z) = Vhub

(
z

zhub

)α

(3)

where Vhub is the wind velocity at the hub centre height; zhub is
the hub centre; α is the wind shear parameter, having a common
value of 0.2.
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Table 2
Ultimate aerodynamic loads.
Items Value Unit

Fx,u 529 kN
My,u 5,251 kN-m

Table 3
Fatigue aerodynamic loads.
Item Values Unit

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

3.3. Design load cases (DLCs)

In the design standard IEC 61400-1 (Commission, 2005), 22
DLCs are defined for the design of wind turbines, which covers
all potential working conditions of an wind turbine, e.g. start up,
normal operation, emergency stop, normal stop, extreme wind
condition, etc. These DLCs can be roughly classified into two
types, i.e. ultimate and fatigue DLCs. For simplicity, the ultimate
load under extreme wind condition in 50-year return period and
the fatigue load under normal operation are the typical DCLs
utilised in the design of wind turbine structures.

In this work, both ultimate and fatigue DLCs are considered.
The ultimate and fatigue loads supplied by the tower manufac-
turer, which uses NREL FAST code (Jonkman and Buhl, 2005)
for load calculations, are listed in Tables 2 and 3. The Damage
Equivalent Load (DEL) approach, of which details can be obtained
from Ref. Freebury and Musial (2000), was employed to obtain
the fatigue loads in Table 3. It is worth mentioning that (1) the
loads listed in both Tables 2 and 3 are unfactored values without
applying the PSFs; and (2) the subscript u and f in these two
tables denotes ultimate and fatigue loads, respectively.

4. Design optimisation model of wind turbine towers

4.1. Parametric FEA model

A parametric FEA model of onshore wind turbine towers is
developed utilising ANSYS, a well-known finite element software.
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Fig. 3. Geometric model of the tower.

Fig. 4. Structure mesh of the tower.

The geometry, materials, mesh, loads and boundary conditions
in the parametric FEA model are illustrated below through the
application of the FEA model to the 2.0MW wind turbine tower.

4.1.1. Geometry
Based on the dimensional values presented in Table 1 of Sec-

tion 2, a geometric model of the 2.0MW wind turbine tower is
created. Fig. 3 presents the generated geometric model of the
tower.

4.1.2. Materials
The wind turbine tower is made of S355, a low-carbon struc-

tural steel commonly utilised for wind turbine support structures.
This material is assumed to have isotropic elastic behaviour, with
Poisson’s ratio of 0.3, Young’s modulus of 210 GPa and yield
strength of 355 MPa. It should be noted that the tower thickness
data do not include the bolts, flanges and paints. In order to ac-
count for these, the density of S355 is enlarged from 7850 kg/m3

to 8500 kg/m3.

4.1.3. Mesh
A structured mesh method is utilised for creating the mesh

of the wind turbine tower. The shell element Shell281 (ANSYS,
2015), a widely used shell element with 8 nodes and 6 degrees
of freedom, is utilised. The element size in this study is chosen as
0.5 m, which is determined through a mesh independent study.
Fig. 4 depicts the generated structure mesh of the tower.

4.1.4. Loads and boundary conditions
The tower top coordinate system is adopted when applying

the loads. A point mass is added on the tower top with rigid con-
nection to account for the RNA mass. The wind thrust force and
bending moments, which are the aerodynamic loads transferred
from the rotor blades, are applied to the tower top as static loads.
The wind-induced pressure is applied to the outer surface of the
tower for the ultimate load case. Furthermore, tower bottom is
fixed to constrain its movements in all directions.
2551
4.1.5. Solving and post-processing
In this step, the governing equations are solved using finite

element method. The simulation results are then post-processed
utilising the post-processing tools.

4.2. Design objective

In order to achieve a profitable and economic operation of
wind turbines, it is important to reduce the materials cost of
the wind turbine tower through mass reduction while satisfying
design constraints. The objective function Fobj in this study is set
to the minimisation of the tower mass mt . This can be expressed
as:

Fobj = min (mt) (4)

4.3. Design variables

Fig. 5 depicts the schematic of the tower structure. From Fig. 5,
we can observe that the tower structure consists of six segments
with a length of 13 m. It is assumed that the tower diameter is
linearly increased from the tower top to the tower bottom. In
this study, eight design variables are defined, including the tower
bottom and top diameters as well as the thickness of each tower
segment. The design variables can be expressed as:

X = [x1 x2 · · · xn]T , n = 8 (5)

where x1 is the tower top diameter; x2 is the tower bottom di-
ameter; x3tox8 are the thicknesses of first to sixth tower segment,
respectively.

4.4. Design constraints

4.4.1. Maximum tower top rotation constraint
Large deflections may introduce significant uncertainties and

affect the overall stability of the wind turbine tower structure,
and therefore it should be avoided. When designing the wind
turbine tower structure, the maximum tower top rotation θmax
needs not to exceed the allowable rotation θallow. This constraint
can be written as:

θmax ≤ θallow (6)

The allowable tower top rotation θallow in this study is 5◦, taken
from Ref. Nicholson (2011).

4.4.2. Buckling constraint
Wind turbine towers are normally thin-walled structures,

which are prone to experience buckling failure. To stay away from
the buckling failure, the buckling load multiplier Lm, which is the
ratio of the critical load to the applied load, needs to stand above
the minimum allowable load multiplier Lm,allow. This constraint is
written as:

Lm ≥ Lm,allow (7)

The allowable load multiplier Lm,allow in this work is taken as
1.4 (DNV, 2016).

4.4.3. Fatigue constraint
Wind turbine towers experience remarkable cyclic loads. Ev-

ery rotor rotation during the operation of a wind turbine causes
the variations of the stress in the tower structure. Whether the
rotor is rotating or not can be indicated by the availability of the
wind turbine. With the rated rotor speed nrated and the availability
η (98.5%) on the site, the design life number of cycles N can be
a life
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Fig. 5. Schematic of tower structure.
hen computed. For a wind turbine tower with a service life time
f 20 years, Nlife can be expressed as:

life = ηa × nrated × (20 [year] × 365[day/year]

×24[hour/day] × 60[min /hour]) (8)

With the DEL approach employed in this study, the compu-
tational cost is lowered to an equivalent load case, in which the
number of cycles to failure NDEL is derived through an equivalent
–N curve. In this study, the S–N curve with an intercept A of
3.93 and a slope m of 4 is taken, as suggested by Ref. Lanier
2005). The design fatigue stress range of σf ,design can be obtained
sing the S–N curve and the design life number of cycles Nlife,
hich is computed using Eq. (8). The maximum fatigue stress
ange σf ,max within the tower structure can be calculated using
the FEA simulations. The minimum fatigue safety ratio fsr,min,
which is the ratio of the design fatigue stress range σf ,design to
the maximum fatigue stress range σf ,max, should stand above
the allowable fatigue safety ratio fsr,allow. This constraint can be
expressed as:

fsr,min ≥ fsr,allow (9)

The allowable fatigue safety ratio is equal to one times the
materials safety factor for fatigue strength γm,f . According to IEC
61400-1 (Commission, 2005), the material safety factor fatigue
strength needs not be less than 1.1. γm,f in this study is taken
as 1.1, and therefore fsr,allow is equal to 1.1.

4.4.4. Ultimate strength constraint
The von-Mises stress σ should stay below the allowable stress

σallow, in order to ensure the structural integrity of the tower
under ultimate limit state. This constraint is written as:

σ ≤ σallow (10)

The allowable stress σallow is given by:

σallow = σy/γm (11)

where σy is the yield strength, γm is the material safety factor.

4.4.5. Vibration constraint
To avoid the occurrence of resonance-induced vibration, the

first natural frequency of the wind turbine tower, f1st , should
be adequately separated from the f1P and f3P , which are the
rotating rotor induced frequency and blade-passing frequency,
respectively. The soft–stiff structural design is normally used for
wind turbine towers. In this design, the first natural frequency of
the wind turbine tower sits between the f and f frequencies.
1P 3P

2552
In this study, f1st is designed to avoid both f1P and f3P frequen-
cies with a tolerance of ±5% (Lloyd and Hamburg, 2010). This
constraint is written as:

f1P+5% ≤ f1st ≤ f3P−5% (12)

For the chosen 2.0 MW wind turbine, it has a cut-in and rated
rotor speeds of 9rpm and 19rpm, respectively. Thus, the vibration
constraint can be rewritten as:

0.333 Hz ≤ f1st ≤ 0.429Hz (13)

4.4.6. Design variable constraint
To achieve a feasible and realistic wind turbine tower design,

each design variable is restricted to vary within a range. This
constraint can be expressed as:

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

where xLi and xUi are the lower and upper bound of the design
variables xi.

The tower bottom generally requires a larger diameter than
the tower top, as it needs to resist larger resultant loads. In this
study, the tower bottom diameter is constrained to be greater
than the tower top diameter. This constraint can be expressed
as:

x2 − x1 ≥ 0 (15)

Moreover, the thickness of the wind turbine tower generally
decreases from the tower bottom to the tower top. To ensure this,
the following constraint is applied:

xi − xi−1 ≥ 0i = 4, 5, . . . , 8 (16)

4.5. GA and parameters setting in GA

GA is a well-known optimisation algorithm inspired by ob-
serving the natural selection process. It is capable of dealing
with a large amount of design variables and obtaining global
optima, and it has been widely used for optimisation of wind
turbine structures (Pourrajabian et al., 2021; Lee and Shin, 2021).
Therefore, GA is chosen in this study to find optimal solutions.
In the GA, a population of individuals (also referred as candidate
solutions) evolves toward better solutions. The properties of each
individual, such as genotype and chromosomes, can be mutated
and altered. The evolution in the GA starts with an initial pop-
ulation, in which individuals are produced randomly. With the
help of mutation and crossover operators, new generation can
be created. When either the maximum number of iterations have
been produced or a satisfactory fitness level has been achieved by
the present population, the GA optimisation process terminates.
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Fig. 6. Flow diagram of optimisation framework for wind turbine towers.
Table 4
Main GA parameters.
Item Value

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

Further information on the GA can be obtained in Ref. Kramer
(2017).

Table 4 presents the main parameters of the GA used in this
tudy.

.6. Flow diagram of the optimisation framework

The flow diagram of the optimisation framework for wind
urbine tower, which integrates the parametric FEA model and
he GA, is illustrated in Fig. 6.

. Reliability-based calibration of PSFs

The PSFs utilised in the design of wind turbine towers can be
alibrated on a probabilistic basis. The purpose of a reliability-
ased calibration is to determine a set of calibrated PSFs, ensuring
he reliability level obtained by using the calibrated PSFs for
esign is as close as possible to a specified target reliability level.
he implementation of reliability-based calibration is presented
elow through case studies.
The limit state function can be expressed as:

≥ E (17)
d d

2553
where the subscript d designates design values, Ed is the design
load effect, Rd is the resistance.

For an independent input variable x with an arbitrary distri-
bution F (x), the design value xd is given by (EN, 2002):

xd = F−1 (Φ (−αβ)) (18)

where α is the sensitivity factor.
In case of normal distribution, the design value xd is given by

(EN, 2002):

xd = µ − αβσ (19)

where µ and σ are the mean and standard deviation of the
stochastic variable x, respectively.

The target safety level for structural design of wind turbine
towers to the normal safety class is generally a probability of fail-
ure of 10−4, according to DNV-OS-J101 (DNV, 2014). The typical
value of 3.71, which corresponds to 10−4 probability of failure,
is generally chosen as the target reliability index βt . The design
value xd meeting the target reliability index is then given by:

xd = µ − αβtσ (20)

Having obtained the design values, the associated PSFs can be
then obtained by:

γm =
xm,c

xm,d
(21)

γ f =
xf ,d
xf ,c

(22)

where γm is the material PSFs; xm,c and xm,d are the charac-
teristic and design values of a material property, respectively; γ f
is the PSF of a load parameter; xf ,d and xf ,c are the design and
characteristic values of a load parameter, respectively.
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Table 5
Stochastic parameters.
Variable Distribution type COV

Wind pressure Normal 0.1
Thrust load Normal 0.1
Bending moment Normal 0.1
Yield strength of steel Lognormal 0.05
Fatigue strength Lognormal 0.05

6. Results and discussion

6.1. Calibrated PSFs

The reliability-based calibration approach presented in Sec-
ion 5 is applied to calibrate the PSFs of stochastic parameters
nvolved in the wind turbine tower design. Five stochastic pa-
ameters (i.e. wind thrust, wind bending moment, wind pressure,
teel yield strength and fatigue strength), which are key pa-
ameters and sufficient to describe the structural characteristics
f the tower, are chosen in this study for illustration purpose.
ccording to EUROCODE (EN, 2002), lognormal distributions have
een usually utilised for material and structural resistance param-
ters, while normal distributions have been utilised for variable
ctions for simplicity. Therefore, in this example, the resistance
arameters (steel yield strength and fatigue strength) are as-
umed to have a lognormal distribution, and the variable actions
wind pressure, thrust load and bending moment) are assumed to
ave a normal distribution. In this work, the COV (coefficient of
ariation) of steel yield strength and fatigue strength are assumed
o be 0.05. The COV of wind pressure, thrust load and bending
oment are simply assumed to be 0.1. In practice, the COVs
f material properties can be obtained through experimental
esting, and the COVs of loads can be measured through load mea-
urement instruments. There is a lack of measured data for the
MW wind turbine used in this study. Therefore, assumed values
f COVs are used in the case study. The stochastic parameters
nvolved in this example are presented in Table 5.

In this example, the PSFs are calibrated to meet the target
eliability index of βt = 3.71, which corresponds to a probability
of failure of 10−4. Table 6 presents the calibrated PSFs. From
Table 6 we can observe that the calibrated PSFs are lower than
the PSFs given the design standards.

Two examples are presented below to illustrate the details of
deriving PSFs.

6.1.1. Example A: Load variable having a normal distribution
In this example, the PSF for a load variable F having a normal

distribution is derived. According to EUROCODE (EN, 2002), the
characteristic value Fk for a variable action (e.g. wind thrust and
bending moment, etc.) is generally taken as its mean µF :

Fk = µF (23)

The design value Fd for a load variable F having normal distri-
bution is given by (EN, 2002):

Fd = µF − αFβσF (24)

where subscript F denotes load variable, µF and σF are the mean
and standard deviation of load variable F , respectively; αF is the
sensitivity factor of load variable F , β is the target reliability
index.

The coefficient of variation VF is defined as:

VF = σF/µF (25)

With the help of Eq. (25), Eq. (24) can be rewritten as:

F = µ 1 − α βV (26)
d F ( F F )

2554
Fig. 7. Variation of γF with reliability index β and coefficient of variation VF .
(load variable F having a normal distribution)

The PSF for load variable, γF , is given as design value Fd divided
by characteristic value Fk, i.e.:

γF =
Fd
Fk

=
µF (1 − αFβVF )

µF
= 1 − αFβVF (27)

According to ISO 2394 standard (ISO 2014. ISO 2394, 1998), the
ensitivity factor α for resistance parameter and load parameter
re 0.8 and −0.7, respectively.
Considering the load variable F in this example, the sensitivity

actor α is chosen as −0.7. Then Eq. (27) can be rewritten as:

F = 1 + 0.7βVF (28)

Fig. 7 presents variation of the PSF γF with the reliability index
for chosen values of the COV VF = 0.05, 0.10, 0.15 and 0.20.

rom Fig. 7 we can observe that (1) achieving lower reliability
ndex requires lower PSF; and (2) higher coefficient of variation
eans higher uncertainties in load and therefore requires higher
SFs to take account of uncertainties.

.1.2. Example B: Resistance variable having a lognormal distribu-
ion

In this example, we aim to derive the PSF for a resistance
ariable R (strength) having lognormal distribution. The charac-

teristic value Rk and the design value Rd for resistance variable R
having lognormal distribution are defined as (Leonardo da Vinci
Pilot Project CZ/02/B/F/PP-134007, 2005):

Rk = µR exp (−1.645VR) (29)

Rd = µR exp (−αRβVR) (30)

where subscript R denotes resistance variable.
The PSF for resistance variable, γR, is given as characteristic

value Rk divided by design value Rd, i.e.:

γR =
Rk

Rd
=

exp (−1.645VR)

exp(−αRβVR)
(31)

The sensitivity factor for resistance variable R α is chosen as
0.8. Then Eq. (31) can be rewritten as:

γR =
exp (−1.645VR)

exp(−0.8βVR)
(32)

Fig. 8 presents variation of the PSF γR with the reliability index
β for chosen values of the COV V = 0.05, 0.10, 0.15 and 0.20.
R
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Table 6
Calibrated PSFs.
Item PSFs given in IEC

Standard
(Commission, 2005)

Calibrated PSFs Note

γ f 1 1.35 1.26 PSF for wind pressure under ultimate load case
γ f 2 1.35 1.26 PSF for wind thrust load under ultimate load case
γ f 3 1.35 1.26 PSF for wind bending load under ultimate load case
γm,f 1.1 1.07 PSF for fatigue strength
γm 1.1 1.07 PSF for yield strength of steel
Table 7
Comparison of tower design with un-calibrated and calibrated PSFs.
Item Optimal design with

un-calibrated PSFs
Optimal design with
calibrated PSFs

Tower top diameter [m] 2.158 2.153
Tower bottom diameter [m] 4.297 4.227
Thickness of first segment [m] 0.0320 0.0319
Thickness of second segment [m] 0.0294 0.0283
Thickness of third segment [m] 0.0261 0.0247
Thickness of fourth segment [m] 0.0227 0.0224
Thickness of fifth segment [m] 0.0200 0.0199
Thickness of sixth segment [m] 0.0169 0.0168
Tower mass [ton] 172 167
Fig. 8. Variation of PSF γR with reliability index β and variation VR .
resistance variable R having a lognormal distribution).

rom Fig. 8 we can observe similar trends as we observed in
xample A, i.e. (1) achieving lower reliability index requires lower
SF; and (2) higher coefficient of variation means higher uncer-
ainties in material properties and therefore requires higher PSFs
o take account of uncertainties.

.2. Tower design with un-calibrated and calibrated PSFs

The structural optimisation model presented in Section 4 is
sed to determine the diameters and thicknesses of the tower.
wo design case study with two set of PSFs are considered,
.e. Case (A) design with un-calibrated PSFs; and Case (B) design
ith calibrated safety factors for a target reliability index of 3.71.
he comparison of the design with un-calibrated and calibrated
SFs are presented in Table 7 and Fig. 9. From Table 7 and Fig. 9
e can observe that the design with calibrated PSFs achieves a
ass reduction of 2.9% in comparison to the design with un-
alibrated PSFs. This indicates that reliability-based calibration of
SFs are useful to optimise the tower structure, meeting target
eliability index.
2555
7. Conclusions

In this study, design optimisation of onshore wind turbine
towers considering reliability-based calibration safety factors is
performed. Through integrating a parametric finite element anal-
ysis (FEA) model and a genetic algorithm (GA), a structural op-
timisation model is developed. The model minimises the tower
mass under six design constraints, i.e. maximum tower top ro-
tation, buckling, fatigue, ultimate strength, vibration and design
variable constraints. Partial safety factors (PSFs) are calibrated
on the basis of reliability. The structural optimisation model was
applied to a 2.0 MW onshore wind turbine tower. Design case
studies are presented with two set of PSFs, i.e. (1) un-calibrated
PSFs; and (2) calibrated PSFs for a target reliability index of 3.71.
The conclusions drawn from this work are as follows:

(1) The material and load PSFs can be calibrated to meet the
target reliability index;

(2) achieving lower reliability index needs lower PSF;
(3) higher coefficient of variation implies higher uncertainties

in load and material parameters and therefore requires higher
PSFs to account for uncertainties;

(4) the tower design with calibrated PSFs achieved a 2.9% mass
reduction when compared to the design with un-calibrated PSFs,
which indicates that reliability-based calibration of PSFs is useful
to optimise the tower structure, meeting the target reliability
index.
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Fig. 9. Comparison of tower design with un-calibrated and calibrated PSFs: (a) tower mass, (b) tower diameter.
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