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a b s t r a c t

Decommission platforms can be used as the foundation of offshore wind turbines. In order

to reduce the costs of wind power, the joint probability method is applied in the joint

design of marine environmental elements. Based on copulas and univariate maximum

entropy margins, multivariate maximum entropy distributions are constructed. Sample

data of annual maximum significant wave height and corresponding wind speed and

current velocity at Point 2 in Lianyungang Harbour of China is applied to testify the effi-

ciency of trivariate maximum entropy distributions. The marginal fittings of univariate

maximum entropy distributions and the trivariate data fitting based on normal copula fit

the data well. The method of conditional probability can present a joint design of signifi-

cant wave height and corresponding wind speed and current velocity.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

As the global climate change induced by environmental

pollution, the renewable energy especially wind energy has

been widely applied [1,2]. Offshore wind farms do not need

occupy the limited land, and the worldwide electricity gen-

eration of offshorewind power has increased rapidly in recent

years. The pile foundation of offshore wind turbines often

uses the oil platforms for reference, for example, the single-

leg jacket platform foundation with tripod piles and lattice

support with three or four legs are very similar to the offshore

jacket platforms [3]. In order to save costs, the decommission

platforms in the evening of offshore oil industry can be

applied as the foundation of wind turbines [4]. For these

decommission platforms, it is quite conservative to design the

marine environmental elements by considering each one to be

independent.

In fact, marine environmental elements, such as wind,

wave, tide, current, sea ice, and so forth, have comprehensive

effect in offshore platforms. The joint probability method can

greatly reduce the design values and satisfy the protection

requirement. Three kinds of design criteria were proposed for

fixed platforms in accordance with API code [5]: (1) combina-

tion of design values which wind speed, current velocity and

wave height are all chosen under 100 year return periods; (2)

combinations of 100 year returnwave height and concomitant

wind speed and current velocity; (3) combinations of wind

speed, current velocity and wave height which are in accor-

dance with 100 year return platform response (such as base

shear or capsizing moment).

Many multivariate probability models of marine environ-

mental elements were researched to solve the problem about

correlation of random variables. In accordance with asymp-

totic property of multivariate extreme values, multi-

dimensional extreme value distributions were deduced, and
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they are applied extensively in multivariate environmental

extreme designs [6,7]. But they can only be applied in the case

that each element is taken as the block extremes. Copulas are

suitable to describe statistical relations of different probability

margins precisely according with Sklar's theorem, and they

are the bridges between multivariate distributions and uni-

variate margins [8,9]. So these multivariate distributions

combined by copulas are extensively in ocean engineering

design recently.

Based on maximum entropy principle [10], derived a uni-

variate maximum entropy distribution (UMED) function to

account for the surface elevation of nonlinear sea waves. It is

the general type of several long-term distribution curves, such

as Weibull distribution, Pearson type-3 distribution and

normal distribution [11].

Multivariate maximum entropy distributions are con-

structed in this paper by using multivariate copula functions

and UMED margins. Then a case study about wind, wave and

current in Lianyungang Harbour of China is conducted to

verify the efficiency of these distribution models.

Univariate maximum entropy distribution

Based on maximum entropy principle, the probability density

function f(x) of maximum entropy distribution is which sat-

isfies the objective function

maxHðxÞ ¼
Z∞
�∞

fðxÞln fðxÞdx (1)

and constraint conditions8>>>>>><>>>>>>:

Z∞
�∞

fðxÞdx ¼ 1

E½RmðXÞ� ¼
Z∞
�∞

RmðxÞfðxÞdx ¼ Cm; m ¼ 1; 2;/;M

(2)

in which Rm(x) is a continuous function of, M is the number of

these functions, and Cm is a constant value. Then by using

Lagrangian multiplier method and let

L ¼�
Z∞
�∞

fðxÞln fðxÞdxþ ðl0 þ 1Þ
8<:
24 Z∞

�∞

fðxÞdx
35� 1

9=;
þ
XM
m¼1

lm

8<:
24 Z∞

�∞

RmðxÞfðxÞdx
35� Cm

9=;
(3)

we can obtained the expression of f(x):

fðxÞ ¼ exp

(
l0 þ

XM
m¼1

½lmRmðxÞ�
)

(4)

If Rm(x) ¼ xm, and M ¼ 4, we would get the traditional

maximum entropy distribution:

fðxÞ ¼ exp
�
l0 þ l1xþ l2x

2 þ l3x
3 þ l4x

4
�

(5)

Let R1(x) ¼ lnx, R2(x) ¼ xx, l0 ¼ l, l1 ¼ g and l2 ¼ �b, the

probability density function of UMED proposed by Ref. [10] is

derived:

fðxÞ ¼ axg exp
��bxx

�
(6)

in which b, g and x are the parameters, a is the combination of

b, g and x, which can be given by the following expression.

a ¼ xb
gþ1
x

�
G

�
gþ 1
x

���1

(7)

where G($) represents the gamma function defined as:

GðsÞ ¼
Z∞
0

xs�1e�xdx (8)

Replace x in Eq. (6) by (x � a0), then

fðxÞ ¼ aðx� a0Þg exp
h
� bðx� a0Þx

i
(9)

This distribution is called UMED function with four pa-

rameters b, g, x and a0.

Traditional maximum entropy distribution like Eq. (4) can

fit bimodal data sample, and the UMED function is the general

type of several probability distributions widely applied in

marine hydrologic frequency analysis, such as Pearson type-3

distribution, Weibull distribution, even in some special case,

Gumbel distribution and lognormal distribution a symptoti-

cally tends to the UMED function [11].

There are several parameter estimation methods for the

UMED, such asmethod of moment [10], empirical curve fitting

method [12], and maximum likelihood method [11]. The

comparison results show that maximum likelihood method is

much better, so this paper applies it to estimate the unknown

parameters of UMED margins, and its specific procedures are

as follows.

Suppose the sample is x1, x2,…, xn, and x(1)� x(2)�…� x(n)

is its order statistics, then its log-likelihood function l(b, g, x,

a0) is as:

lðb;g; x; a0Þ ¼n

�
ln xþ gþ 1

x
ln b� ln G

�
gþ 1
x

��
þ g

Xn
i¼1

lnðxi � a0Þ � b
Xn
i¼1

ðxi � a0Þx
(10)

The partial derivatives vl
vb
; vl
vg
; vl
vx
and vl

va0
can be given as:

vl
vb

¼
Xn
i¼1

�
1
b
,
gþ 1
x

� ðxi � a0Þx
	

(11a)

vl
vg

¼
Xn
i¼1

8<:ln b

x
�
G0


gþ1
x

�
G


gþ1
x

�,1
x
þ lnðxi � a0Þ

9=; (11b)

vl
vx

¼
Xn
i¼1

8<:1
x
� gþ 1

x2
ln bþ

G0


gþ1
x

�
G


gþ1
x

�,gþ 1

x2
� bðxi � a0Þx lnðxi � a0Þ

9=;
(11c)

vl
va0

¼
Xn
i¼1

� �g

xi � a0
þ xbðxi � a0Þx�1

	
(11d)

Let these partial derivatives all equal zero, then by formula

deformations, we have
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