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We discuss the robust design optimization (RDO) of the support structures of offshore wind turbines to decrease costs and
variations considering uncertainties. First, an approximate model derived with design of experiment (DOE) methodology
is introduced to replace the time-consuming computational dynamic response analysis of finite element (FE) models for
reducing computational costs. Then, a deterministic optimization (DO) without considering the uncertainties is introduced for
comparison. The results suggest the feasibility and efficiency of the whole framework of the RDO method, which can be a
reference for the design of other offshore support structures.

INTRODUCTION

The support structure is the main body of an integrated offshore
wind turbine. It takes the majority of the total weight and bears
various kinds of loads from the complex marine environment.
With fast development of modern ocean engineering structures,
the generating capacity and quantity of offshore wind turbines are
growing continuously. To keep up with the pace of construction
of larger wind farms in deeper water, support structures will
encounter a major contradiction. On the one hand, minimization of
the structure weight is an effective way to economize demands
because the smaller size of the components can reduce costs in the
manufacturing, transportation, and installation processes (Chew
et al., 2014). On the other hand, the safety of the structure needs
to be guaranteed to avoid catastrophic accidents and extremely
huge maintenance expenses. Additionally, increasing the size of the
structure is a commonly used method. Thus, design optimization
for support structures of offshore wind turbines is proposed here as
a way of gaining the cheapest cost plan without losing a specific
safety requirement.

Modern offshore engineering is paying more and more attention
to the support structures of offshore wind turbines in recent years.
Above all, dynamic analysis with finite element (FE) models of
the structure in the time domain is necessary to gain accurate
responses, because of the tall flexible tower, highly nonlinear loads,
and complex interactions between components. Manenti and Petrini
(2010) built a FE model of a monopile-type support structure
for offshore wind turbines. They used this model to study the
dynamic behaviors with coupled winds and waves. Meanwhile, by
using coupled aero-hydro-servo-elastic simulation to model the
dynamic responses, Chew et al. (2013) optimized a bottom-fixed
offshore wind turbine with jacket-type substructure. Further, they
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ultimately saved up to 55% of the structural mass. However, these
deterministic optimization (DO) studies did not take uncertainties
into consideration. Then, Yang and Zheng (2011) made a reliability
analysis for steel catenary risers considering uncertain factors, and
they used a metamodel, including a Kriging model, in a dynamic
optimization process to save the computational iterative cost.
Furthermore, Yang et al. (2015) presented an integrated optimization
framework using the reliability-based design optimization (RBDO)
method with a three-tripod-type support structure of an offshore
wind turbine. Additionally, they compared the advantages of the
RBDO method with those of the DO method. However, it should
be recognized that the RDO method has not been used for support
structures of offshore wind turbines yet. So, this research needs
to explore a feasible way to design a robust support structure for
reference.

In this study, a framework of robust design optimization (RDO)
(Doltsinis and Kang, 2003) with an approximate model is proposed
for the design of support structures of offshore wind turbines. A
numerical case of a three-tripod-type support structure of a 5 MW
offshore wind turbine is built for formal optimization. The case
separately uses the DO and RDO methods, and the results are
compared for discussion.

THEORY AND METHOD

Robust Design Optimization (RDO) Methodology

The conventional deterministic optimization (DO) method (Tap-
peta et al., 2006) is used to search for a set of design variables that
can minimize the objective and satisfy the constraints at the same
time. It can be expressed as follows:

Ex = 6x11 x21 0 0 0 1 xn7 ∈Rn

min f 4Ex5

s.t. gi4Ex5≥ 01 i = 11 0 0 0 1m

xLj ≤ xj ≤ xUj
1 j = 11 0 0 0 1 n (1)

where Ex is a design variable vector with n dimensions; f 4Ex5 is the
objective function; gi4Ex5 are the equality or inequality constraint
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functions with total number of m; xLj and xUj
are the j-th lower

and upper boundaries, respectively, of the j-th design variable xj .
Compared with the DO method, the RDO method is more

practical because of two advantages:
(1) It takes unavoidable uncertainties of manufacturing errors,

material properties, and so on into consideration.
(2) It takes robustness requirements into consideration. A robust

system requires insensitive responses under the disturbance of
uncertainties.

With all the advantages above, the RDO method can be simply
described as follows:

Ex = 6x11 x21 0 0 0 1 xn7 ∈Rn

min F =w1 ×�2
f +w2 ×�2

f

s.t. P4gi4�4xj51�4xj55≤ 05≤ Pfi
1 i = 11 0 0 0 1m

xLj ≤ xj ≤ xUj
1 j = 11 0 0 0 1 n (2)

where f is the objective function from Eq. 1, �f and �f are the
mean value and standard deviation of f , respectively, and thus
F is a multi-objective function that aims to render f minimized
and robust. w1 and w2 are the weight coefficients of F , which
obey the rules as follows: w1 +w2 = 1. �4xj5 and �4xj5 are the
mean value and standard deviation of the j-th design variable,
respectively; P4gi4�4xj51�4xj55≤ 05 means the failure probability
of the i-th constraint equation; and Pfi

is the i-th maximum
allowable probability of failure.

FE Model and Approximate Model for Support Structures

The three-tripod-type support structure of the 5 MW offshore
wind turbine that is going to be optimized is presented here in
Fig. 1. The goal of optimization is to minimize the total weight
(or volume) and enhance the structural robustness against the
uncertainties in order to obtain lower and steadier costs. Thus,
some of the sizes of the structural components will be taken as
design variables. The entire structure is seen as a multibody flexible
system with a huge height, so the responses of maximum bending
stiffness of the structure and displacement at the tower top will be
considered as constraints.

Considering the fast-changing ocean environment (Vorpahl et al.,
2012), the highly nonlinear loads (such as wind turbine force at

Fig. 1 Sketch of the three-tripod-type support structure for the
offshore wind turbine

Fig. 2 Finite element (FE) model of tripod support structure

the tower top, wind forces at the tower body, wave and current
forces under the water surface, and so on), and the numerous
structural components, the finite element (FE) model (seen in
Fig. 2) combined with dynamic analysis in the time domain is
built here to obtain accurate structural responses. Historically, wind
turbines were analyzed with 10 min load cases to ensure sampling
enough variability from the stationary loading process, but current
standards for offshore wind turbines have recognized the need for
better estimates and recommend at least 60 min of simulation time
per load case, i.e., 6 × 10 min or 1 × 60 min in IEC (2009). Thus,
one total run of such analysis will take at least one hour, which is
obviously a time-consuming task.

The iterative process of optimization and reliability analysis
using the Monte Carlo method will call for tens of thousands of
such runs, so it is necessary to shorten the time of every single run.
That is what our approximate (meta-) model does.

Approximate model technology uses regression analysis to
simulate and simplify the functional relationships between the inputs
(such as design variables Ex) and the outputs (such as responses),
while still retaining a relatively high accuracy (Muskulus and
Schafhirt, 2014). The Kriging model (Kaymaz, 2005) is one such
approximate model and can be described as follows:

ŷ4x5= f T 4x5�+Z4x5 (3)

where x is the input; ŷ4x5 is the output; f T 4x5 is a polynomial
function of x, which provides a global approximation; and � is the
vector of regression coefficient. Z4x5 is a random process that has
the following properties:

E6Z4x57= 0

E6Z4x5Z4�57= �2R4�1�1x5 (4)

where �2 is the variance of Z4x5; R4�1�1x5 is the covariance
function between points x and �; � is the parameter of the
correlation model; and Z4x5 introduced here provides a local
approximation of simulation to modify the local errors. Also, it is
obvious that the Kriging model is most accurate at x = 0, which
can be seen from Eq. 4.

NUMERICAL CASE OF THE SUPPORT STRUCTURE
OF THE OFFSHORE WIND TURBINE

As mentioned before, the support structure of the offshore wind
turbine is so complex that FE technology is used here again for
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Item Value

Cm 1.74
Cd 1.01
Water depth 24 m
Wave height 9.75 m
Wave cycle 10.01 s
Wave length 200.41 m
Current speed 1.25 m/s

Table 1 Ocean conditions with 100-years-return period in Atlantic
Region 2; Cm, inertia coefficient; Cd , drag coefficient

building the model, which can be seen in Fig. 2, with the following
simplification: ignore large-deformation, power-control effects from
the turbine and vibrations to the support structure.

Dynamic Analysis

The loads performing on the support structure can be divided into
three main kinds: wave and current forces, wind turbine working
forces, and wind forces on the tower body. Other kinds of loads,
such as seismic forces, typhoons, sea-ice forces, and so on, are not
within our consideration. Due to the severe and rapidly changing
sea environment, these loads are considerably stochastic and highly
nonlinear.

Wave and current forces are calculated by Airy wave theory.
The ocean conditions with 100-years-return period in Atlantic
Region 2 (ABS, 2011) are presented in Table 1. Wind turbine
working forces are calculated by General Dynamic Wake theory
(Krothapalli et al., 1998) with the National Renewable Energy
Laboratory (NREL) 5 MW wind turbine model installed at the top
of the tower, referring to Fig. 3 (Tu and Vorpahl, 2014). Wind
force distribution on the tower body is calculated according to
approximate formulas in IEC specifications (IEC, 2009).

The selected responses are the maximum bending stress of the
structure 4M5, the displacement at the top of tower 4U5 and the
whole volume of the structure 4V 5. The extreme load cases and
safety factors are all according to IEC 61400-3 (IEC, 2009). In
order to gain the M , we first calculate all the bending stresses of
the whole structural elements, and then choose the largest one. The
former two responses are taken as probabilistic constraints, and the
last response is seen as the objective.

Parameter Sensitivity Analysis

The support structure of the offshore wind turbine in Fig. 2 is
made up of many components. Optimization of all the sizes of
every component will be a costly and unrealistic task. Sensitivity

Fig. 3 Model of NREL 5 MW wind turbine

Initial Upper and lower
Par. Description value (m) bounds (m)

T1 Wall thickness of center 0007 60005100097
column underwater

T2 Wall thickness of 0007 60004100107
top bracing

T3 Wall thickness of 0005 60003100077
middle bracing

T4 Wall thickness of 0002 60001100037
bottom bracing

T5 Wall thickness of leg 0002 60001100037
D1 Bracing diameter 108 610312037
D2 Leg diameter 201 610612067

Table 2 Parameters awaiting selection as design variables

Fig. 4 Pareto plot of the parameters of the support structure

analysis of the parameters with the help of DOE technology can
find out those variables that make the greatest contributions to the
variation of responses. By keeping these main geometric parameters
as design variables and ignoring the secondary parameters, the
efficiency of the optimization will be greatly improved.

Table 2 shows the initial values and the lower and upper bounds
of parameters awaiting selection.

After analysis by the optimization of Latin hypercubes (OLH)
design method (Stocki, 2005), the sensitivities of these parameters
to the responses can be seen in Fig. 4. In this Pareto plot, the
y-axis represents the contribution (sensitivity) of each parameter to
the responses. The more sensitive one parameter is, the higher the
value of contribution one parameter will get; parameters with the
fewest contributions will be deleted from the design variables for
reducing the optimization costs. So, as shown by the plot, four
parameters are considered to be the main design variables for
optimization. They are T1, T5, D1, and D2.

Robust Design Optimization (RDO) of the Support Structure of
the Offshore Wind Turbine

The flowchart of the RDO method is presented in Fig. 5. Here
we use dynamic loads (wind, turbine, wave, and current forces
within 60 seconds) for response analysis via FE model. Before
optimum iterative procedure, sensitivity analysis of parameters is
introduced to improve the efficiency of iteration.

The RDO problem for the support structure of the offshore
wind turbine with final design variables T1, T5, D1, and D2 can be
described as follows:

min F =
w1

s1
�2

V +
w2

s2
�2
V
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Fig. 5 Flowchart of DO/RDO method for the support structure of
the offshore wind turbine

s.t. P4gU 4T11 T51D11D21E1�5≤ 05≤ Pf 1

P4gM 4T11 T51D11D21E1�5≤ 05≤ Pf 2

T L
1 ≤ T1 ≤ T U

1 3 T L
5 ≤ T5 ≤ T U

5

DL
1 ≤D1 ≤DU

1 3 DL
2 ≤D2 ≤DU

2 (5)

where E is Young’s modulus; � is the density of steel; w1 and
w2 are the weight coefficients; s1 and s2 are the scale factors;
gU 4T11 T51D11D21E1�5 and gM 4T11 T51D11D21E1�5 are, respec-
tively, the constraints functions for U and M ; and Pf 1 and Pf 2 are
the given possibilities of failure.

In the model of the support structure of the offshore wind turbine,
w1 and w2 are all specified as 0.5, and s1 and s2 are all defined
as 1. To gain a high reliability, Pf 1 and Pf 2 are all specified as
0.02. The constraints functions are that U and M should not be
lower than 1.4 meters and 315 MPa, respectively.

The considered uncertainties in the design are given in Table 3.
The cross-validation charts of the displacement at tower top,
the maximum bending stress, and the volume are presented
in Fig. 6.

The accuracy assessment of the Kriging model is shown in
Table 4, whereas the root-mean-square error (RMSE) is followed
in Eq. 6:

RMSE =

√

∑n
i=1 4yi − ŷi5

2

n
(6)

where yi is the i-th accurate value of response calculated using the
FE model; ŷi is the i-th predicted value of response calculated using
the Kriging model; and n is the total number of the sampling points.

Upper and
Distribution lower Initial Coefficient of

Par. type bounds (m) value variation

T1 Normal 60005100097 0.07 m 0.03
T5 Normal 60001100037 0.02 m 0.03
D1 Normal 610312037 1.8 m 0.03
D2 Normal 610612067 2.1 m 0.03
� Normal 7850 kg/m3 0.05
E Normal 201 × 1011 N/m2 0.05

Table 3 Uncertainties in the RDO of the support structure of the
offshore wind turbine

Fig. 6 Cross validation for displacement at tower top (top), the
maximum bending stress (middle), and structural volume (bottom)

Here the number of sampling points used for the construction of
the model and the validation are respectively 200 and 150 in the
design space. It can be seen that the approximate model is precise
enough to replace the FE model.



150 Robust Requirements and Design Optimization for Offshore Wind Turbine Structure Utilizing Approximate Model Technology

Displacement Maximum Structural
Responses at tower top bending stress volume

RMSE 0.30681% 0.4803% 0.02745%

Table 4 Accuracy assessment of the Kriging model

Initial RDO
Par. values DO Solution Solution

T1 (m) 7 × 10−2 50093 × 10−2 5 × 10−2

T5 (m) 2 × 10−2 10600 × 10−2 3 × 10−2

D1 (m) 1.8 10300 1.569
D2 (m) 2.1 20431 2.210
�V 52.687 41.278 45.225
�V – 2.322 1.602
�U – 1.386 1.311
�U – 10462 × 10−2 10256 × 10−2

Failure probability of U – ≈ 32% 00001%
�M (MPa) – 275.447 182.187
�M (MPa) – 15.905 25.905
Failure probability of M – ≈ 5% 0001%
Iteration steps – 91 7850

Table 5 DO and RDO solutions for the support structure of the
offshore wind turbine

RESULTS AND REMARKS

The results of RDO and DO are summarized in Table 5. It can
be seen that the initial value of the volume of the support structure
is cut down by 21.65% with the DO method and by 14.16% with
the RDO method.

The simulation results of volume of DO and RDO are achieved
by using the Monte Carlo method with 50,000 samples. After
transforming the non-normal data into normal data (Tang and Than,
1999) and fitting these data into curves, the probability density
functions of U , M , and V are shown instructively in Fig. 7 for
comparison. In terms of the objective V , the probability density
function (PDF) of the RDO method is sharper than that of the
DO method, which means that the value is more insensitive to
the design variables. Although the RDO method sacrifices partial
performance of volume by obtaining a relatively more conservative
mean value, this design point is preferable to the initial point and
is close to the DO one. In the aspect of the constraints U and M ,
the RDO method pushes the mean values away from the boundary
to keep the structure more reliable. It should be noted, however,
that the standard deviation of M with the RDO method is greater
than that with the DO method. All described above supports the
advantages of the RDO method mentioned in the Introduction.

Figure 8 shows the iterative histories of tripod-type support
structure volume in DO and RDO. For DO, only the exterior
penalty (EP) algorithm (Joghataie and Takalloozadeh, 2009) is
used, because of its simplicity. For RDO, a combination of the
EP algorithm and adaptive simulated annealing (ASA) algorithm
is used. Figure 8 shows that the EP algorithm is calculated for a
general sense of optimized direction in the first 1,000 iteration
steps. The ASA algorithm works in global design space, as is
seen from the degree of dispersion in the rest of the nearly 6,000
iteration steps. The computational expense of RDO is obviously
much greater (nearly eight times) than that of DO in this case.
Thus, decreasing the time of each step is really important in RDO.

Fig. 7 Probability density function (PDF) of V (top), U (middle),
and M (bottom)

CONCLUSIONS

A practical methodology concerning uncertainties and minimizing
the objective sensitivity with RDO is proposed in this study. The
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Fig. 8 Steps of DO (upper) and RDO (lower) iterative histories

support structure of an offshore wind turbine is the main body to
bear the loads of winds, waves, and currents with its huge tower
and legs. The key problem is to balance safety and costs under the
uncertainty of its components’ parameters. Also, the sensitivity of
the objective volume should be minimized to control costs within a
small fluctuation. Then a tripod-type support structure of offshore
wind turbines is modeled for optimization. Design of experiment
(DOE) technology is used here to generate sampling data, from
which responses are calculated by dynamic analysis in the time
domain with a finite element (FE) model. Sensitivity analysis helps
to measure the contributions of design variables to the responses
and decreases the number of design variables in the optimization
process. To improve the computational efficiency, an approximation
model based on these sampling data is introduced for optimum
iterative and reliability procedures instead of the FE model. With
the comparison of DO and RDO, the conclusions can be as follows:

(1) The failure probability of deterministic constraints cannot be
accepted if appropriate safety factors are not introduced. Although
the objective of RDO is a little more conservative than that of DO,
its reliability is higher and satisfies the given value. Thus, the RDO
method improves the safety of the structure.

(2) The standard deviation of the objective is less in RDO
than in DO, which means the costs of the support structure are

more stable under the disturbance of uncertain factors after RDO.
Additionally, with the selection of weight coefficients, a flexible
scheme between optimality and robustness can be achieved.

(3) The approximate model that replaces the FE model in the
numerical case cuts down the computational costs considerably and
remains high in accuracy. Therefore, the approximation technology
can promote the efficiency of the optimization procedure when
solving complex systems and excitations.

All the conclusions mentioned above prove that the proposed
RDO is a valid and universal method to be extended for more
general behaviors of other types of large offshore structures
considering uncertainties.
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