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Abstract
The paper presents a comprehensive, complex, numerical, optimization methodology (computational framework) dedicated for
supporting structures of small-scalewind turbines. The small wind turbine (SWT) supporting structure is one of the key components
determining the cost of such a device. Therefore, the supporting structure optimization will allow cost reduction and, hence, popu-
larization of these devices around the world. The presented methodology is based on the following: single-objective (aggregation-
approach to multi-objective problem) evolutionary algorithm driven optimization, finite-element structural analyses, estimation of
wind energy capture efficiency (coupled aero-servo-elastic numerical simulations), and economic evaluation (based on real meteo-
rological data). Then, the methodology is proposed for a guy-wired mast structure of an arbitrary chosen SWTmodel. The optimi-
zationofchosendesignfeaturesof thestructure isperformedandasa result theoptimalsolutionforgivenassumptions ispresentedand
scaling factor for that case is identified (total mass of the foundations). The successful use of combined numerical methods (genetic
algorithms, FE method analyses, coupled aero-servo-elastic numerical simulations, pre-/post-processing scripts, and economic
evaluationmodels) is the main novelty of this work.
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1 Introduction

The field of eco-energy production has high expectations for
the development and dissemination of small wind turbines

(SWTs). Without the dissemination of SWTs, fulfilling legal
requirements for energy efficiency and energy production
from renewable sources may be difficult [1]. The wide prev-
alence of SWTs and the emergence of so-called prosumers in
the electrical grid (the Smart Grid concept) are among the
most important factors that will change the way power com-
panies deliver service over the next decade [2].

According to the IEC 61400-2 standard, SWTs have a rotor
area and rated power of less than 200 m2 and 50 kW, respec-
tively [3]. Wind power plants in this category are generally
designed for small and individual customers, such as house-
holds, farms, weather stations, and road signalization. The
global number of operating SWTs is increasing at an annual
rate of 8%, and at the end of 2013, the total number of SWTs
worldwide was approximately 870,000 [1].

SWT profitability is a function of turbine efficiency, cost,
and reliability [4]. These features in turn depend on SWT
design and applied technical solutions. A key SWT compo-
nent is the supporting structure. Utility-scale wind turbine
towers are mostly tubular. Although tubular-type towers are
commonly used in SWT installations, guyed lattice masts are
also used. Guy-wired masts are less expensive and lighter than
tubular towers and are capable of providing sufficient support
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for SWTs [5]. The tilt-up poles/towers are very popular since
they are easy to install and offer good accessibility for main-
tenance and repair [5].

The SWT supporting structure is responsible for approxi-
mately 20–25% of the total SWT installation cost [5].
Therefore, optimizing the mast design both in terms of cost
reduction and annual energy production will further promote
the popularization of these devices around the world, with
significant, positive impacts on eco-energy production.

The term optimization refers to the finding of feasible so-
lutions which correspond to extreme values of one or multiple
objectives [6]. However, optimization of the design of wind
turbine is not a straightforward task (the wide variety of pos-
sible parameters as well as the complex characteristics of the
external factors influencing their operation) and often requires
innovative techniques and algorithms [7].

There are many algorithms that can be gradient-based or
heuristic-based that solves single-objective optimization prob-
lems. Besides deterministic search techniques, there are sto-
chastic search algorithms that seek to find the global optimal
solution with more ease [8]. Among them, evolutionary algo-
rithms (EAs) mimic nature’s evolutionary principles and are
now emerging as popular algorithms to solve complex opti-
mization problems [9].

In order to perform the optimization procedure, a compu-
tational framework (or an optimization methodology) is need-
ed to ensure the correct data exchange and efficient commu-
nication between particular modules [10]. The methodology
under consideration should consider all key factors of turbine
operation, such as the coupled aerodynamic-structural re-
sponses of the structure, estimated energy production under
the given conditions, and all real-world restrictions. Therefore,
a multi-objective optimization (MOO), where many objec-
tives are considered, is indispensable [11]. Moreover, the
methodology should be focused on SWTs and allow simple
and robust calculations regardless of the input data. Such as-
sumptions favor simple and proven approaches over sophisti-
cated, niche solutions.

Previous reviews of the literature on wind turbine optimi-
zation [12, 13] have focused on the optimization of utility-
scale wind turbines rather than SWTs. In many works, wind
turbine tower optimization for utility-scale wind turbines is
discussed [14–20]. This also applies to wind turbine blade
optimization for utility-scale wind turbines [21–26].

By contrast, the literature of SWTs have focused mainly on
partial, isolated solutions, such as structural blade optimiza-
tion [27–31] or controlling systems optimization [32–34]. In
several papers, the main focus is put on specific design solu-
tions, such as vertical axis wind turbines [35–37]. The few
works that have examined the optimization of the supporting
structures of SWTs [38] have not included an economic eval-
uation in their methodology, and thus there is a significant
possibility that the optimal structural solutions obtained using

these methodologies are counterfeit in terms of overall econ-
omy (manufacturing costs, installation costs, maintenance
costs, etc. [5]).

After careful review of previous researches, it has been
summarized that the literature related to complex optimization
of SWT supporting structures with structural analysis, wind
energy capture efficiency, and economic evaluation is scanty.
Therefore, a computational framework for optimization of
SWT supporting structures has been developed using evolu-
tionary algorithm. The proposed methodology is focused on
cost, effectiveness, flexibility, and reliability aspects.

2 Methodology

The presented methodology relies on a specific combination
of relatively simple and proven technical approaches for solv-
ing specific aspects, such as single-objective evolutionary al-
gorithm driven optimization (aggregation-approach toMOO),
finite-element structural analyses, estimation of wind energy
capture efficiency (coupled aero-servo-elastic numerical sim-
ulations), and economic evaluation (based on meteorological
data). The chosen algorithms are integrated to allow mutual
data exchange (coupled solution) and automatically lead to an
optimal solution after provision of the required input data.

2.1 Optimization strategy

The optimization objective in the presented methodology is to
minimize the payback period (PP) with respect to the comput-
ed mass of the construction and estimated energy production
in a given period. In this case, multi-objective optimization is
transformed to a single-objective optimization (SOO) problem
by using an a priori given scalarization function and a priori
given weights and constraints (aggregation-approach to MOO
in order to find Pareto-optimal solution) [39]. Therefore, the
optimization problem can be formulated as follows:

subject to
min PPj x1 j; x2 j; x3 j;…; xnj

� �
σxj x1 j; x2 j; x3 j;…; xnj

� �
< σx max

bxj x1 j; x2 j; x3 j;…; xnj
� �

> bx min

ð1Þ

where PPj is the PP of variant j [years], xnj are variant j opti-
mization variables, σxj is the variant j stress response, bxj is the
variant j structural buckling response, σx _maxj is the assumed
stress limit, and bx _minj is the assumed buckling limit.

The optimization procedure is performed in repeatable cy-
cles (the optimization loop). In each cycle, a set of individual
components provides a solution for a particular step owning to
mutual data exchange. A schematic overview of the procedure
is presented in Fig. 1.
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2.2 Sampling

Sampling is the first step in the optimization loop. The sam-
pling stage is performed automatically, and as a result, a pop-
ulation of variants is created (sampled). Design variables are
generated for particular beings in the considered generation
based on a given variable’s ranges or juxtapositions (for

discrete values). Sampling is performed using a radial basis
function (RBF) network with Hardy multi-quadrics transfer
function and a “leave one out” topology selection criterion
[40]. The number of variables depends strictly on the adopted
assumptions and constraints related to the supporting structure
topology and ranges from 3 (simple tubular-type tower) to 8
(guyed mast with 3 guy-wire levels).

Fig. 1 Computation strategy

Fig. 2 FE model overview and
statistics for different topology
variants: (a) tubular tower (20
finite elements), (b) guy-wired
mast (23–32 finite elements)

Int J Adv Manuf Technol (2019) 100:2741–2752 2743



At this point, sampling constraints are also applied. For
example, the highest guy-wire level cannot pose a threat of
colliding with the rotor; therefore, the distance between the
guy-wire attachment node and the rotor axis should not be
shorter than the blade length.

2.3 Pre-processing

In the second phase, a finite element (FE) model creation
procedure is performed automatically using simple scripts
and macros for commercially available software [41]. The
operations in this stage are based on the variables sampled in
the previous step.

First, the model topology is established as a set of curves in
virtual 3D space representing supporting structure pipes and
potential wires. After subsequent geometric discretization, a
relatively simple FEmesh is developed. Discretization of each
model is based on 2-node 1D elements formulated as general
beams (the mast pipe) as well as potential 2-node 1D elements
formulated as rods (guy-wires) (Fig. 2). The use of rod ele-
ments for guy-wires is a valid option since the optimization
parameters determine only the tensile stress in these elements.
Finally, the cross-sectional profiles and other properties are
defined for those FE models.

At this stage, boundary conditions and loads are applied
automatically according to the model assumptions for a

Fig. 3 Small wind turbine model overview (CAD)

Table 1 Optimization variables
set in the example (starting values
italicized)

Description Name Type Values

Mast height [mm] hpj Discrete 4000; 6000; 8000; 10,000; 12,000; 14,000; 16,000; 18,000;
20,000; 22,000; 24,000; 26,000; 28,000; 30,000

The mast pipe
diameter1 [mm]

dpj Discrete 51, 54, 57, 60.3, 63.5, 70, 73, 76.1, 82.5, 88.9, 101.6, 108, 114.3,
127, 133

Number of guy-wires
in one level [−]

ngwj Discrete 3, 4

Number of guy-wire
levels [−]

nlj Discrete 1, 2, 3

1st guy-wire level
node [−]

m1j Discrete 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20

2nd guy-wire level
node [−]

m2j Discrete 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20

3rd guy-wire level
node [−]

m3j Discrete 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20

Guy-wire diameter2

[mm]
dgwj Discrete 1.8, 2, 2.5, 3, 3.6, 4, 4.5, 5, 5.5, 6, 7, 8

1 Seamless Steel Pipes and Tubes DIN2448
2 Steel Ropes 6×7-NFC (1570 MPa) EN 12385-4
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chosen design solution. For example, the mast has a joint
connection (free rotation in two degrees of freedom
(DOFs)), whereas the tubular tower has a fixed connection
with the foundation. A potential guy-wire pre-tension is also
implemented as a displacement function of the chosen nodes.

The turbine nacelle weight is implemented in the model as
a dimensionless mass element at the top of the mast. The
whole model is subjected to the gravitational load. The wind
drag force acting on the mast pipe applied in every node is
calculated using the following drag equation:

Fd j ¼ Cd

ρa∙v j2∙dp j∙l j
2

ð2Þ

where Fdj is the wind drag force per node for variant j, Cd

denotes the drag coefficient for cylinder, ρa is the air density,
vj is the extreme wind speed for variant j according to the IEC
61400-2 standard, and dpj is the mast pipe diameter for variant
j; and

l j ¼
hp j
ne

ð3Þ

where lj is the node-to-node distance for variant j, hpj is the
mast height for variant j, and ne is a number of FEs for the
mast pipe (Fig. 2).

2.4 Coupled aero-servo-elastic numerical simulations

The aerodynamic load resulting from SWT operation is ob-
tained using coupled non-linear numerical simulations in the
time domain based on a combination of different models, in-
cluding aerodynamics, elastic deformation, servo-dynamics,
power generation, and control systems [42]. The software is
a set of various mathematical models that, due to mutual data
exchange (loose and tight coupling schemes) between mod-
ules, obtain a solution of the problem in the form of the dy-
namic response of the system [43]. The algorithm is derived
from theory and fundamental laws of physics, with appropri-
ate simplifications and assumptions, and is then enhanced
with analytical and numerical solutions as well as experimen-
tal data [42]. The wind turbine models in the chosen software
are characterized by 24 DOFs. The calculations can therefore

Fig. 4 Randomly selected turbine
mast family variants generated by
the algorithm (uniform scale and
perspective)

Table 2 Structure constants used
in the example Description Name Type Value

Foundation safety factor xfund Constant 2 [−]
Allowable bearing value of soil1 σbws Constant 0.025 [MPa]

Mast pipe foundation (plate) height to width ratio xfp Constant 0.25 [−]
Optimal angle of the highest level of guy-wires φgw Constant 60 [°]

Guy-wire optimal stress2 σgw Constant 0.1 Rm = 157 [MPa]

Approximate Young’s modulus of guy-wires2 Egw Constant 96 [GPa]

The rope compactness factor2 fgw Constant 0.38 [−]
Young’s modulus of mast pipes Ep Constant 210 [GPa]

Poisson ratio of mast pipes νp Constant 0.33 [−]
Density of mast pipes ρp Constant 7850 [kg/m3]

Density of guy-wires2 ρgw Constant 4376 [kg/m3]

Density of reinforced concrete ρc Constant 2500 [kg/m3]

1 CE-632 Foundation Analysis and Design: Ultimate Bearing Capacity
2 A. Noble & Son LTD., Wire rope & strand, section 02
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be performed almost in real time on modern PCs, making
them suitable for the presented optimization methodology.

An induction method is used to determine the aerodynamic
forces in discrete beam elements (BEM) at a given time step,
taking into account the wind profile, current location, and
velocity of the turbine blades [44]. The dynamically stalled
flow field (Beddoes-Leishman), blade tip-loss correction
(Prandtl model), and tower drag and downwind shadow
models are also included.

2.5 FE analyses

Subsequently, a set of static FE analyses is performed to de-
termine the key responses of the structure variants, e.g., max-
imal stresses in particular components and the minimal buck-
ling factor of the mast. The loads acting on the mast structure
come from turbine operation (the results obtained in the pre-
vious step), wind drag force, and gravitational load. These
three aspects are sufficient for adequate structural analyses
of the SWT supporting structure. The most unfavorable load
direction (according to the guy-wire tension) is assumed since
it is reasonable to seek the structural response under the most
unfavorable conditions to ensure safety issues.

FE simulations of design variants are performed using com-
mercially available FE software [41]. The relatively simple FE
mesh based on 2-node beam elements and 2-node rod elements
permits accurate calculation of bending and buckling issues in
the mast pipe as well as the tension in the guy-wires while
maintaining an extremely limited number of calculated DOFs,
resulting in very fast computation. All analyses are performed
in terms of linear static calculations using a standard FE ap-
proach [45]. Linear buckling analyses are defined as eigenvalue
problem and are performed using the following approach [41]:

K½ � þ λ KD½ �ð Þ ϕf g ¼ 0 ð4Þ

where K is the stiffness matrix, KD is the differential stiffness
matrix, λ denotes an arbitrary multiplier for the applied load,
and ϕ corresponds to each distinct eigenvector (buckled shape).

2.6 Economic evaluation

The energy produced by an SWT equipped with a particular
mast height is estimated based on given wind data. The pro-
vided data set can be defined either as the Weibull distribution
parameters α and k or as a set of wind speed measurements
with a rate of at least 1 h (preferably even 10 min) and cover-
ing a period of at least 1 year [46, 47].

In the presented methodology, the meteorological data
concerning wind speed are modified as a function of the mast
height (of specific variant j) using the wind shear power law:

vi j hp j
� �

¼
hp j
href

� �α

vi ð5Þ

where vij(hpj) is the wind speed for sample i as a function of
the mast height for mast variant j, hpj is the mast height of
variant j, href is the reference height, α is a terrain-dependent
parameter, and vi denotes the wind speed for sample i at the
reference height (either given or generated based on the
Weibull parameters).

The power output is calculated using the following formula:

E j ¼ ∑n
i¼1

1

2
Aρaη vij

� �
v3ijt Pr >

1

2
Aρaη vij

� �
vi j

3

Prt Pr ≤
1

2
Aρaη vij

� �
vi j

3

8><
>: ð6Þ

where Ej is the estimated total energy generated throughout the
test period for variant j, n is the number of samples (either given
or generated based on the Weibull parameters), t is the sample

Table 3 Optimization constraints
used in the example Description Name Type Values

Maximal stress in the mast pipe σp _max Constraint < 70 [MPa]

Maximal stress in guy-wires σgw _max Constraint < 240 [MPa]

Minimal buckling factor of the mast pipe xp _min Constraint > 2 [−]

Table 4 Cost evaluation
constants used in the example Name Symbol Type Value

Energy cost1 ce Constant 0.6 [€/kWh]

Mast share of the final price of the SWT2 ps Constant 0.2 [−]
Assumed pipe cost cp Constant 2 [€/kg]

Assumed guy-wire cost cgw Constant 20 [€/kg]

Assumed foundations cost cf Constant 0.5 [€/kg]

1 Energy prices in the EU. Eurostat 92/2015–27 May 2015
2ABB SACE, Wind power plants, Technical Application Papers No 13., 2011
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duration, vij(hpj) denotes the wind speed for sample i as a func-
tion of the mast height for mast variant j, A is the swept area of
the turbine model, ρa is the air density, η(vij(hpj)) denotes the
wind turbine efficiency at a given tip-speed ratio (TSR), and Pr
is the turbine’s rated power.

2.7 Post-processing

In the post-processing phase, the key responses of the struc-
ture are extracted from the FE analysis results, including the
maximal equivalent stress (von Mises) in the mast/tower pipe,
maximal tension stress in the guy-wires, minimal buckling
factor of the mast/tower pipe, and maximal forces in the foun-
dations. These results are compared with the defined con-
straints to determine the suitability of each variant (e.g., max-
imal allowable stress or minimal buckling factor).

At this stage, the masses of specific components are also
calculated: mast/tubular tower pipe mass, guy-wire mass, and
the total mass of foundations for the mast variant.

Finally, the PP, which is the single-objective optimization
function, is calculated for each variant (Eq. 7) based on the
obtained responses and assumed cost evaluation constants.

PPj ¼
mp j∙cp þ mgw j∙cgw þ mf j∙c f

ps∙E j∙ce
ð7Þ

where PPj is the PP of variant j [years], mpj is the computed
mass of the mast pipe for variant j, mgwj is the computed mass
of guy-wires for variant j, mfj is the computed mass of foun-
dations for variant j, Ej is the estimated energy production
(1 year span) for variant j, and cp, cgw, cf, ps, ce are given
cost-estimation constants (Table 4).

2.8 Optimization algorithm

The direct simulation-based single-objective optimization is
performed using an evolutionary algorithm [48–51].
Evolutionary algorithms can include processes such as evalua-
tion (objective functions, constraints, and constraint violation
of each individual in the parent population), selection per-
formed using the tournament operator (to identify individuals
with high fitness and form a mating pool), crossover (the main
exploration operator of genetic search; randomly selected par-
ents mate to create children, and these children share the attri-
butes of their parents and thus may be better or worse individ-
uals), mutation (to induce random changes in individuals), and
elitism (the process of artificially saving the best individuals)
[52]. Because the application of a genetic algorithm is based on
probabilistic searching, gradient information is not required,
and thus computationally expensive sensitivity analysis steps
can be avoided. In general, genetic algorithms are more robust
and present better global behavior than mathematical program-
ming methods [53]. Furthermore, genetic algorithms are global
optimization techniques that avoid many of the shortcomings
of local search techniques on difficult search spaces (which
may result in local optima). The power of this approach is
derived largely from its ability to efficiently exploit this vast
amount of accumulated knowledge using relatively simple se-
lection mechanisms. A genetic algorithm is a probabilistic op-
timization method; that is, an inferior solution (that may help
evolve the correct design variables of the structure) may also
have a non-zero probability of participating in the search pro-
cess [49]. Genetic algorithms exhibit impressive efficiency in
practice, although classic gradient search techniques are more
efficient for problems satisfying tight constraints [54].

The number of generations is adopted as an optimization
criterion.When the defined value is reached, the methodology
loop (Fig. 1) is broken, and the results are provided.

3 Exemplary use case

The presented methodology is used to find the optimal
supporting structure for an arbitrarily chosen SWT.
Additionally, a guyed mast structure is chosen to narrow down
the search space for the sake of clarity. Moreover, a mast
structure is more representative to illustrate the efficiency of
the methodology since it is a relatively more complex struc-
ture than a tubular tower.

Table 5 Aerodynamic model
constants used in the example Name Symbol Type Value

Air density ρa Constant 1.2 [kg/m3]

Drag coefficient for cylinder Cd Constant 0.45 [−]
Terrain dependent parameter (wind share) α Constant 0.16 [−]

Table 6 Algorithm parameters used in the example

Name Value

Starting population size 250 [−]
Number of generations (termination criterion) 30 [−]
Mutation distribution 100 [−]
Mutation probability 0.125 [−]
Crossover distribution 10 [−]
Crossover probability 1 [−]
Tournament size 2 [−]
No of elites 2 [−]
Max repeat optimum/generations 0.001 [−]
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3.1 Adopted SWT model

A model of an SWT with a classic three-bladed rotor and a
horizontal axis of rotation is adopted for the performed compu-
tations (Fig. 3). The physical dimensions and operating param-
eters of the model are also listed in Fig. 3. The turbine rotor
operates in the upwind configuration. The blade geometry is
based on the S835, S833, and S834 family of airfoils [55], with
a variable chord length and a twist angle. These airfoils are
quiet, thick, and natural-laminar-flow and are therefore suitable
for SWTs. The generator model has the operating characteris-
tics of a classic synchronous generator equipped with perma-
nent magnets and a variable angular speed [56].

3.2 Input data and adopted parameters

All data presented below are chosen arbitrarily to demonstrate
the application of the methodology and should not be consid-
ered representative in terms of real design studies on SWT.

Considering the guyed mast structure, there are a total of 8
variables (Table 1). Standardized seamless steel pipes are cho-
sen as a possible material for the mast pipe, and single-layer
round-strand ropes are selected as the guy-wires (also from the
standard). The sampling variables therefore have discrete
values [57]. The guy-wire foundations are predicted to have
a mass sufficient to withstand the load without placement
underground.

Considering the number of variables and their quantities,
there are nearly 58million possible configurations in this case.
It is doubtful that all possible configurations could be calcu-
lated to choose the optimal solution. An overview of the ran-
domly selected turbine mast variants sampled according to the
data from Table 1 is presented in Fig. 4.

The juxtaposition of structural constants and their arbitrari-
ly chosen values are presented in Table 2. In the presented
example, the mast pipe and guy-wire material models are
based on Hooke’s theory of elasticity.

The adopted optimization constraints (Table 3) in-
clude the maximal stress values of the mast pipe and

Fig. 5 Population quantity
distribution

Fig. 6 Optimized function
(payback period, PP) and its
standard deviation during the
procedure
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guy-wires as well as the minimal value of the buckling
factor provided by the mast structure (as a multiple of
the critical buckling force).

The assumed cost evaluation constants are listed in Table 4.
The constants used in the aero-servo-elastic numerical sim-

ulations are listed in Table 5.
The meteorological data used in the example is obtained

using the Weather Research and Forecasting (WRF) model

[58]. The model is run for each day and for each main
synoptic term. Two grids with spatial resolutions of
36 km and 12 km are used. The forecast modeling time
is set to 24 h with a 1-h data-sampling rate. The data
used in the study cover a period of 1 year (January 01,
2013 to December 31, 2013). Meteorological data are
picked for a random location in Poland with typical rural
wind speed conditions.

Fig. 7 Statistic summary for the
chosen generations

Fig. 8 Optimal solution model
appearance
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The single-objective optimization problem in this example
can be expressed as follows:

subject to

min PP j hpj; dpj; ngwj; nlj;m1 j;m2 j;m3 j; dgwj
� �

σpj hpj; dpj; ngwj; nlj;m1 j;m2 j;m3 j; dgwj
� �

< σp max

σgwj hpj; dpj; ngwj; nlj;m1 j;m2 j;m3 j; dgwj
� �

< σgw max

xpj hpj; dpj; ngwj; nlj;m1 j;m2 j;m3 j; dgwj
� �

> xp min

ð8Þ

The optimization algorithm parameters are presented in
Table 6.

4 Results and discussion

The full calculation run (30 generations) has a wall time of
approximately 4 h on a standard desktop PC. Time-
consumption analyses reveal that most of the computation
time is spent on file reading and writing operations; therefore,
the procedure performance could be significantly improved by
using a solid-state drive memory device instead of a hard disk
drive.

The total population of the optimization procedure is 3837
and exhibits an irregular, declining character (Fig. 5) because
repeated optimum solutions are excluded from the population
count in following generations.

Generally, a stable optimization trend can be observed. The
mean value of the optimization function (PP) for each gener-
ation tends to an optimum (Fig. 6). Considering the standard
deviation of the optimization function, stabilization is
achieved after approximately five generations, with relatively
low values of this parameter thereafter (Fig. 6). These obser-
vations indicate that the optimization procedure is successful
or trapped in a local optimum.

A statistic summary for the chosen generations is presented
in Fig. 7.

Optimal solution variables are presented in Fig. 8, and op-
timal solution key responses are presented in Table 7.

The obtained optimal variables do not include any of the
boundary values (mast height, mast pipe diameter, guy-wire
diameter), and thus it can be assumed that the presumed var-
iable ranges are correct and do not interfere with the optimi-
zation procedure.

The maximal stress in the mast pipe and the maximal stress
in the guy-wires constraints are well-exploited, whereas the
buckling factor of the mast pipe is significantly higher than the
assumed minimum. Based on the mass properties of the opti-
mal variant, the main scaling factor for the PP is the total mass
of the foundations. This outcome is a direct result of the as-
sumptions made, especially the prediction that the guy-wire
foundations have sufficient mass to withstand the load without
requiring placement underground.

5 Conclusion

The presented numerical methodology allows optimization of
chosen design features of small-scale wind turbines
supporting structures. Design features and parameters of the
structure are expressed as optimization variables (mast height,
mast pipe dimensions, guy-wire topology and diameter).
Therefore, it is possible to determine key factors (scaling fac-
tors) for particular design case. In the presented example, the
scaling factor is the total mass of the foundations.

Optimization process takes into account data from different
fields of engineering as well as economic aspects of SWT
operation. Specifically, the proposed methodology consists
of the following: coupled aero-elastic analysis, finite element
analysis, and economical evaluation based on mast geometry
and reliable weather condition data, simultaneously.
Therefore, the obtained optimal solution can be described as
more a real-world solution, not a partial solution (e.g., in terms
of structural excellence and omitting cost realities).

It is shown that a reasonable computation time and result
accuracy can be obtained even for a relatively complicated
case (guy-wired masts), thus affirming the choice of modeling
simplifications and assumptions.

Table 7 Optimal variant key
responses Description Name Type Value

Maximal stress in the mast pipe σpo Response 66.7 [MPa]

Maximal stress in guy-wires σgwo Response 227 [MPa]

Buckling factor of the mast pipe xpo Response 3.45 [−]
Mass of the mast pipe mpo Response 52.4 [kg] (approx. 104 [€])

Mass of guy-wires mgwo Response 0.86 [kg] (approx. 17 [€])

Total mass of foundations mfo Response 887 [kg] (approx. 443 [€])

Estimated total energy generated throughout the test period Eo Response 2194 [kW]

Payback period (PP) PPo Response 2.15 [years]
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The described procedure could be easily adopted to differ-
ent design solutions and a wide range of assumptions and
simplifications and hence represents a valuable tool that sup-
ports the design process of SWTs.

The scope of future work is to validate the methodology in
comparison with a real-world object. The authors have already
established a research stand equipped with SWT and sensor
equipment and now they are gathering the first sets of data.
This approach will allow the identification of potential meth-
odology problems and calibration. The authors will continue
subsequently with repeated experiments with statistics on con-
fidence intervals or box plots for greater insight. Ultimately,
the authors wish to propose a user application for SWT design
and operation planning.
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