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Abstract: The prestressed concrete—steel hybrid (PCSH) support structure, which replaces the lower
part of the traditional support with a concrete segment, is a prospective support structure solution
for ultrahigh wind turbines. Taking a 5.5 MW wind turbine support structure founded on a jacket
substructure with pile foundation as an example, an optimized design of the corresponding PCSH
support structure with pile foundation for offshore wind turbine is conducted considering the
soil-structure interaction (SSI) and the effect of water pressure. The construction cost of the proposed
structure is treated as the objective function and minimized with a parallel modified particle swarm
optimization (PMPSO) algorithm where the physical dimensions of each part of the PCSH wind
turbine support structure are treated as optimization variables. Eleven optimization constraints are
considered under both the serviceability limit state (SLS) and the ultimate limit state (ULS) according
to relevant specifications and industry standards. A penalty function strategy is introduced to make
sure that these constraints are fulfilled. The mechanical behavior and the cost of the optimal PCSH
support structure with pile foundation are analyzed and are compared with those of the original
design with a traditional steel tube tower founded on a jacket substructure. The results show that
the cost and levelized cost of energy (LCOE), a comprehensive evaluation, of the optimized PCSH
support decrease obviously with the PMPSO algorithm, which can provide advanced mechanic
behavior including natural frequency, top deformation, and anti-overturning capacity. Compared
with the PSO algorithm, the PMPSO algorithm has better performance in the procedure of PCSH
support for offshore wind turbine optimization.

Keywords: prestressed concrete-steel hybrid (PCSH) wind turbine support; optimal design; parallel
modified particle swarm optimization (PMPSO) algorithm; pile foundation

1. Introduction

For the past few years, the development of offshore wind power in China has be-
come increasingly attractive because of abundant, steady and strong wind resources and
available spaces for offshore wind turbine installation in the southeast coast to meet the
strong power needs in most electricity-poor developed cities. Traditional steel towers have
been widely employed in offshore wind turbine support structures with various substruc-
tures, such as monopile, jacket, and gravity base foundations [1,2]. Wang [3] presented a
transformed linear Gaussian model for generating equivalent “nonlinear” irregular waves
to assess the mechanical responses of an offshore jacket wind turbine support. Based on
elastic and plastic analyses of monopile foundation, Campione [4] proposed a simplified
approach to calculate the soil-structure interaction (SSI) of offshore wind tower founded
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on a monopile member. Aidibi et al. [5] investigated the stress concentration of the joints
by using analytical calculations and numerical solutions. The results show that the stress
concentration factors from the standards are more conservative than those from the finite
element method. Unfortunately, the most widely used support structures for offshore wind
turbines may not be economical enough for the construction of offshore wind turbines with
huge capacity in deep seas [6].

The concrete structure is an attractive alternative for lower production costs, better
durability, and lower corrosion protection and maintenance costs, especially in salty atmo-
spheres and harsh environments. Tu et al. [7] investigated the nonlinear dynamic response
of the concrete-based structure with infill aggregates for offshore wind turbines. The results
show that the dynamic response of the gravity base foundation under combined wind
and wave loads exhibits similar but less smooth curves to that under the wind loads only.
Velund [8] compared the costs of utilizing concrete foundations against steel monopile
foundations for offshore wind turbines and discovered that the concrete foundation can
greatly reduce the investment of wind turbine support structures. Ma and Yang [9] pro-
posed and investigated a novel hybrid monopile foundation for an offshore wind turbine
tower by replacing the conventional substructure with a steel-concrete hybrid structure.
Lian et al. [10] and Zhai et al. [11] numerically and experimentally studied a suction bucket
foundation with a prestressed concrete (PC) substructure for a 2.5 MW offshore wind
turbine and verified its feasibility, respectively.

Prestressed concrete-steel hybrid (PCSH) wind turbine towers have been an attractive
alternative for onshore wind turbine tower design. Chen et al. [12] investigated the seismic
responses of the PCSH wind turbine tower and indicated that time history analyses should
be a necessary supplement for its seismic design. Huang et al. [13] conducted a sensitivity
analysis to study the relationship between the natural frequency and the dimensions of
PCSH wind turbine towers and optimized a 160 m PCSH wind turbine tower. Li et al. [14]
proposed a two-scale model to explore the global and local mechanical behavior of PCSH
wind turbine tower.

The cost of maintaining, installing, and manufacturing offshore wind turbine support
structures occupies at least 30-50% of the overall capital cost [15]. Several attempts have
been made to find a cost-efficient support structure to make offshore wind energy compete
with other traditional energy resources [16,17]. Optimization of all wind turbine support
structures is critical for the realization of potential cost benefits and safety requirements.
Kaveh and Sabeti [18] optimized jacket support structures for offshore wind turbines
utilizing the colliding bodies optimization algorithm and approximately halved the weight
of the structure. Treating the frequency as the optimal objective, Natarajan et al. [19]
optimized the jacket offshore support structures for 10 MW wind turbines to alleviate
the fatigue damage. Integrating kriging-based heuristic optimization, Mathern et al. [20]
carried out an approach to optimize the wind turbine foundation of a Swedish wind farm
and concluded that the proposed method can provide good-quality designs with an initial
sample size of only 20 designs.

In this paper, an offshore PCSH wind turbine support structure with a foundation
composed of four steel piles is first proposed. The lower part of the traditional steel
tube support tower and the substructure of a jacket-type offshore wind turbine platforms
are replaced with PC tube. Then, taking a four-pile jacket-type 5.5 MW offshore wind
turbine support structure with a hub elevation of 102.3 m as an example, the optimal
design of the proposed alternative PCSH support structure with a four-pile foundation is
investigated using a parallel modified particle swarm optimization (PMPSO) algorithm,
where environmental influences, including the wind and wave loads, the seismic effect
and the SSI are considered. The objective is to minimize the construction cost, and the
optimization results for the PCSH support structure are compared with those of the original
design. The results show that the optimal PCSH support structure can fulfill the design
requirements but with a lower construction cost and comprehensive investment when
compared with the original design. In addition, the optimal design results show that the



J. Mar. Sci. Eng. 2024, 12, 826

30f19

steel tube of the optimized PCSH structure is suggested to occupy about 25.8% of the
overall height of the PCSH support structure. Finally, the mechanical behavior of the
optimal PCSH support structure with pile foundation is analyzed and compared with that
of the traditional steel support structure.

2. Concept Description

In this paper, referring to the overall PC offshore wind turbine substructure proposed
by Lian et al. [10], a PC segment is adopted to replace the lower part of the traditional full-
height tapped steel tube tower and the substructure of the offshore wind turbine support
structure to decrease the construction cost of the offshore wind turbine. The proposed
offshore PCSH support structure with a four-pile foundation consists of the PC substructure
and PCSH tower, as illustrated in Figure 1.
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Figure 1. Description of offshore PCSH support.

The lower part of the tower and the substructure are made of PC and the tower” upper
segment is a conventional tapered steel tube tower. Like the PC foundation for offshore
wind turbines [10], the offshore PCSH support can be fabricated onshore and towed to
the designated construction site, and then submerged [21]. Pile foundations are employed
to reduce the weight of the structures when the wind turbine supports are built in soft
clay [22]. Compared with a traditional pure steel tube support structure, the PCSH structure
reasonably results in a cheaper construction investment, lower center of gravity, better
integrity, higher flexural stiffness, lower cost for corrosion protection, and less maintenance,
especially in harsh environments. Therefore, the PCSH structure is a promising alternative
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for the offshore wind turbine support structures. The optimization of the proposed PCSH
support structure with a pile foundation is critical and to be addressed in this study.

3. Numerical Model and Loading Combination
3.1. Mathematical Model

In the mathematical model of the offshore PCSH wind turbine support structure, the
stress distribution near the flange and the door opening are not taken into account. The
model is based on the linear material and small deformation assumption, and only the
fore-aft direction is considered [23].

3.1.1. Five Lumped Mass Model for the Offshore PCSH Wind Turbine Support Structure

In this study, the offshore PCSH wind turbine support structure with pile foundation
is modeled as a five lumped mass model as illustrated in Figure 2 [24]. The ms in Figure 2
is the heaviest due to the existence of Rotor-Nacelle Assembly (RNA) and blades, and the
rest of the lumped mass can be calculated based on the distributed mass of the structure.

ms;
my
m;3
Mean sea m;
level
m;
Sea bed "

Figure 2. Simplified tower model.

According to the five lumped mass model, the natural frequencies of the PCSH support
without considering the effect of water and pile-soil interaction can be obtained by the
following equation:

M- —

’ ;2 =0 (1)

where J and M are the flexibility and mass matrix of the PCSH support structure, respec-
tively, and w is the circular frequency.

3.1.2. Added Mass Method Considering the Dynamic Water Pressure

The added mass method is adopted to consider the influence of dynamic water
pressure on the dynamic characteristics of the PC substructures [25]. For a circular section
of the PCSH structure, the additional mass per unit length of a circular substructure Am;,
can be calculated by the following equations:

Ammigiy = Peon (”D2/4) Peir(d, D) ()

peir(d, D) = [0.0133In(d) — 0.0112]In(D) + 0.0002d + 0.4 3)

where p¢o, is the density of concrete, D is the diameter of the circular section of the structure,
and d is the depth of the water.
The equivalent mass per unit length of the model m can be calculated by the

following formula: N
m = m+ Amyg, 4)
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where m is the mass per unit length of the circular section of the structure.

3.1.3. Interaction between Piles and Soil

The offshore PCSH wind turbine support structure with pile foundation proposed in
this study is for soft soil conditions and it is critical to consider the SSI between the pile
foundation and the soil.

In this section, the piles are considered semi-infinite piles since I = 7.35 > 7, in which
B is the eigenvalues of the piles and [ is the length of the piles. The ground is treated as
a single-layer ground due to the similarity of the soil in the depth range of 1/ [26]. The
group pile effect is not considered because the distance between piles is 5.5 times larger
than the pile diameter. Therefore, the piles of the PCSH structure are considered as a beam
and the soil is assumed to be elastic [27].

As shown in Figure 3, the deflection of the structure yr(x) with a hypothetical hori-
zontal force F acting at the top of the tower can be evaluated by the following formula:

yr(x) = yr1(x) + yra(x) (5)

in which the structural deflection caused by the deformation of the bottom of the sub-
structure yr1(x) = Oox + Yo, yr2(x) is the deflection without considering the influence of
interaction between the pile and the soil, and 6y and y are the rotation and deflection at
the bottom of the substructure, respectively.

Figure 3. Deformation of structure with hypothetical horizontal force F acting at the top of the tower.

The horizontal deflection of the pile foundation can be estimated by [28]:

F
y= L e P [(1 + Bh)cos Bz, — Psin Bzy) (6)

where E; and I, are the elastic modulus and inertial moment of the piles, respectively, / is
the height of the force point, and z,, is the depth of the pile.

Therefore, F
bo=y'(zp=0) = m(l + 2ph) 7)

F
yo:y(zpzo):m(lJrﬁh) 8)

Substitute Equations (7) and (8) into Equation (5),

h
el = s (L) + |5 (L) + g hbunn) )
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Therefore, the flexibility matrix § in Equation (1) can be expressed as 5

B = o (1 ) + | s (14 Blg) + hij + i (10)
2E. I3 2E,I,p? Y 2E, I ﬁ U

where h; is the height of the lumped mass i.
According to Equations (4) and (10), Equation (1) for the PCSH support should be
reformulated as the following equation:

1

S| =0 (11)

where & and M are the equivalent flexibility and equivalent mass matrix of the PCSH
support structure, respectively.

3.2. Wave and Current Loads

The wave and current loads should be considered in the structural analysis and
design of the PCSH structure as a type of offshore structure. The wavelength of the
wave is generally greater than 130 m under extreme working conditions, which is larger
than five times the diameter of the substructure. The wave loads can be predicted by
Morison’s equation [29].

df, = prDD|u|udz+prM ”f C;‘dz (12)
where py, is the density of seawater, Cp is the drag coefficient, Cy, is the inertia coefficient,
the velocity of the water u = uy, + U, Uy is the velocity of wave, and u, is the velocity
of current.

In this study, Stokes” second-order wave theory is adopted to simulate the wave profile
based on the suggestion given by the US Navy’s Coastal Engineering Research Centre [30,31]:

H?2
= HwC059 + 7T w (1 + #Z(kd))(:th(kd) cos26 (13)
L cosh [k(z+d 37mH2 cosh[2k(z+d)] _.
P =7 CossinL((lfd) Lsino + 2 COZiIEh4((7(d) lsin 20

where 7 is the surface wave profile, ® is the velocity potential function, Hy, is the wave
height, 6 is the phase of the wave, L is the wavelength, and k is the wave number.

3.3. Aerodynamic Load

The lateral wind loads caused by the wind turbine under normal operational and
extreme-load cases are considered. The aerodynamic load under normal operational and
extreme-load cases can be determined by [32]:

F, = C.CppV,>nR* (14)
E, = 0.5CipV.2A (15)
p = 0.00125¢~0-0001z; (16)

where F, is the wind load under normal operational case, C. is the aerodynamic load
correction factor, C is the wind energy utilization coefficient, p is the air density, V}, is the
wind speed under normal operational case, R is the impeller radius, F; is the wind load
under the extreme-load case, C; is the drag coefficient, V, is the 50-year extreme 3s gust
extreme wind speed, A is the projected area of the blade, and z. is the elevation of the
wind turbine.
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The moment including the pitching moment Mp and deflecting torque T can be
calculated by the following equations [32]:

_4p 32 2
Mp = —brR (v2-v3) (17)
T = 0.230V.27tR?ey (18)

where B is the number of blades, ¢, is the vertical distance between the wheel center and
the tower center, and V; and V; are the wind speeds at 2/3 of the impeller radius above
and below the hub center, respectively.

The wind load acting upon the tower can be determined by following equations [33]:

Fi = kai (19)

Wy = Bzpspzwo (20)

where F; is the wind load on the tower section i, A; is the wind area, wy is the basic wind
pressure, 3, is the wind vibration coefficient, and ys and y, are the wind load shape
coefficient and wind pressure height coefficient, respectively, which can be determined by
GB 50009-2012 [33].

3.4. Earthquake Effect

The earthquake effect has a significant influence on the structural safety of the offshore
PCSH wind turbine support. Severe seismic occurrences are rare and it is reasonable to
separately consider earthquake loads from other loads for offshore structures [34]. In this
papet, the seismic loads are treated as static loads determined by the mode-superposition
response spectrum method [35].

3.5. Permanent Load

The permanent loads, including the vertical force and moment, are caused by the weight
of the wind power generation system, such as the substructure, the tower, the RNA and the
blades, and can be obtained by the density and dimension of each part of the system.

3.6. Load Combination

Referring to relevant studies [9,33,35,36], two sets of load combinations, including
ultimate limit state (ULS) and serviceability limit state (SLS), are adopted to assess the
feasibility of the offshore PCSH support structure and to optimize the design of the pro-
posed structure. In the SLS with a normal operational case and an extreme-load case,
the effect of wave and current loads with a 50-year return period, and the effect of an
earthquake are considered, a load factor of 1.0 for all load categories is used. In the ULS,
a load factor of 1.0, 1.35, 1.35 and 1.4 is employed for permanent, seismic, wave and wind
actions, respectively.

4. Parallel Modified Particle Swarm Optimization (PMPSO) Approach
4.1. Independent Optimization Variables

The definition and ranges of independent variables for the optimization of the pro-
posed offshore PCSH support structure with a pile foundation are presented in Figure 4
and Table 1. In the design of the offshore wind turbine tower, wave loading is one of the
most important factors that threaten the safety of offshore infrastructures. According to
Equation (12), a reduction in the diameter of the substructure can effectively reduce the
wave load acting on the substructure. As shown in Figure 4c, a second-order Bézier curve
is adopted to describe the dimension of the substructure. The Bézier curve is obtained by
taking the top and bottom outer vertices of the normal section of the substructure as the
starting and ending points of the curve, respectively, and selecting a third point that is not
co-linear with the two points. Meanwhile, since Morison’s equation is only applicable to
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thin piles where the ratio of the pile diameter to the wave’s wavelength is less than 0.2, it is
necessary to constrain the maximum radius D, of the substructure.

(o)

1, m'H Dy | Lo} Dy | Ll D,
t

(a) Steel segment (b) PC segment (c) Substructure
Figure 4. Design parameters of the offshore PCSH support structure.

Table 1. Variables and their ranges.

Variable Range
H; (mm) 2000-100,000
Area of prestressed reinforcement (mm?2) 20,000-100,000
tst (mm) 10-50
tsb (mm) tst-SO
Dg; (mm) 4050
Dy, (mm) D4-15,000
ter (mm) 180-800
tep (mm) t+-800
D.; (mm) D;,-35,000
t;+ (mm) t5-800
t,p (Mmm) t,+-800
D,;, (mm) D,+-35,000
Horizontal ordinate of the third point of the Bézier curve x; (mm) —25,000-0
Longitudinal ordinate of the third point of the Bézier curve y; (mm) Dy—Dyy
Length of the piles (m) 70-100

4.2. Parallel Modified Particle Swarm Optimization (PMPSO) Algorithm

The particle swarm optimization (PSO) algorithm is an effective and widely used
approach in structural optimal design. The structural optimization problem of PCSH
support structure can be shown as follows:

{nget = minf(x) = minf ((x1,x2, -, x4)7)

N 21
hc(x) = [hcl (x)/ hc2(x)/' e /hcn(x)]T <0 @D

where x is the vector in # dimensions that stand for the particle, Ztarget is the optimization
target, hic(x) is the vector of constraint functions to present the safety of the structure, and
f(x) is a function to estimate the construction cost of the support, which can be calculated
by the following formula:

F(x) = Veon (%) peon (%) + Voar (%) Prar (%) + Vpre (%) Ppre (%) + Viteet () Psteet (%) + Vipite () P pite (x) (22)

where Veon (%), Viar(%), Vpre(%), Vstee1(x), Vpire(x) are the volume of concrete, steel bar,
prestressed tendon, steel tower and pile, respectively; and peon (X), Ppar(X), Ppre(X), Psteer (X),
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ppile(x) are the comprehensive unit price of concrete, steel bar, prestressed tendon, steel
tower and pile, respectively.

Penalty function is adopted to transfer the constrained optimization problem to the
unconstrained optimization problem. The fitness function g(x) can be presented as in the
following equation:

g(x) = f(x) + p(x) (23)

where p(x) is the penalty function and it is designed to be as follows:

p(x) = ) it (hai(x)) (24)

where 1 is Relu function, and «; is the parameters that coordinate the value of the constraint
function k. (x) when the constraint is violated.
The speed and position of the particles of PSO are operated by the following formula:

k+1 _ k k _ Lk
vy =wXvgto XEX (xq(best) xg)

+ep X &% (xg(best) — x’,;) (25)
k+1 _ ok | okt
X =X+,

where v’,; and x’,; are the speed and position of the gth particle in the kth iteration, respec-
tively, ¢y and c; are the learning factors, w is the inertia weight, x;(,p.st) is the personal
best of the gth particle, Xy, is the global best of the swarm, and ¢ is a random variable
uniformly distributed in (0, 1).

Inspired by Liu et al. [37], the parallel modified particle swarm optimization (PMPSO)
algorithm is utilized to perform the constrained design optimization problem to minimize
the cost of the offshore PCSH structure by operating the inertia weight and particle updating
strategy. The inertia weight of the PMPSO can be estimated by the following formula:

{w(k> = 1(k) Wyin + (Wmax — Wi )k /K
r(k+1) =4r(t)(1 —r(k)) (26)
r(0) = rand
where K is the maximum number of iterations, the minimum inertia weight w,,;,, equals
0.4, and the maximum inertia weight wj,x equals 0.9.
In each cycle, two distinct personal best particles are stochastically selected from the
swarm, out of which the superior one is evaluated as a candidate personal best solution

x’&bes p to achieve the stochastic learning, which can enhance the ability of the algorithm to
avoid premature. Then, the better one, by comparing x”; (best) with x’é(bes 5 by their fitness
value, will be adopted as the final stochastic personal best x’é .
q(best)
k ; k k
xC(best) = argmzn{g (xu(best))'g(xb(best)) } (27)
k k
k _ XC(best) g<xC(hest)) < g(xq(best)) 28
xSq(best) - k (28)
X others
q(best)

wherea # b € {1,2,3,...,Q}, Q is the number of particles.
The speed and position of the particles of PMPSO are continuously operated by the
following formulas:

v’;“ = w(k)vz + a1 (xlé(best) - xl;) +0bh® (xllt’f(b“t) a x’;) *)
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k k+1 k
e _ w(k)xg + (1 —w(k))ost + X ooty Pg > rand 0)
9 k k41
Xy + vy others
k
exp(g(x
— 4
exp(552, 8(xh))
k k k k
xM(best) = mean{xl(best)'xZ(best)’ T ’xQ(best)} (32)
Shown in the following equations, the global worst particle xg(wors " will be substituted
in every cycle to improve the diversity of the population.
k k k k
xg(worst) = urgmax{g(xl(best) )' g(xz(best) )’ ter g(xQ(best)) } (33)
k k k k
XN(worst) — xg(best) + rand- (xa(best) B xb(best)) (34)
k k k
Xk _ xN(worst)’ g(xN(worst)) < g(xg(worst)) (35)
g(worst) xk others
g(worst)”

4.3. Design Constraints for the Optimization

Referring to GB 50135-2006: Code for Design of High-Rising Structures [38], GB 50010-
2010: Code for Design of Concrete Structures [39], GB 50011-2010: Code for Seismic Design
of Buildings [35], GB50009-2012: Load Code for the Design of Building Structures [33],
GB 50051-2013: Code for Design of Chimneys [40], GB 50017-2017: Code for Design of
Steel Structure [41], JTS 167-2018: Design Code for Wharf Structures [42], ASCE/AWEA
RP2011 [43], DNV-OS-J101 [44] and other relevant studies [45,46], in the optimization for
the offshore PCSH support structures, a total of eleven design constraints, illustrated in
Figure 5, are parallelly used to ensure the safety of the structure under both SLS and ULS by
MATLAB R2016b to enhance the computing speed since the calculations between different
particles are independent of each other [24].

| Geometry calculation I

| Load combinations calculation |

Local buckling
Overall stability
Strength
Fatigue

Constraints on the
steel section

Constraints on the
PC section

Load-carrying capacity
Fatigue

Load-carrying capacity
Deformation
Fatigue

Constraints on the
foundation

Natural frequency
Top deformation

| LCOE calculation ]

A 4

@ Penalty Term

Figure 5. Flow chart of fitness evaluation for the offshore PCSH support with pile foundation.
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The geometry constraints, including the minimum thickness of the steel and PC part,
and the dimension requirements listed in Table 1, are restricted by generating the particles in
a certain range. The outer diameter at the bottom of the substructure is constrained to ensure
that that the structural dimensions are within the range where Morison’s equation applies.

5. Optimization Results
5.1. Design Parameters of the Offshore PCSH Support Structure

To testify the effectiveness of the optimization approach for the proposed PCSH wind
turbine support with a pile foundation, a four-pile jacket-type 5.5 MW offshore wind
turbine support structure with a hub elevation of 102.3 m is taken as an example. As an
alternative of the example, a 5.5 MW offshore PCSH wind turbine support is designed
and optimized based on the PMPSO algorithm. The parameters of the traditional four-pile
jacket-type support structure and the wind farm are listed in Table 2. The cost of the
original design is USD 2.72 million [47]. The material properties of concrete and steel
determined by GB 50010-2010 are listed in Table 3 [39]. The elastic behavior of the soil
is mainly considered, and its parameters are shown in Table 4. The optimal procedure is
performed by MATLAB R2016b.

Table 2. Parameters of the wind turbine and wind farm.

Wind Turbine Parameter Value
Rated power (kW) 5500
Designed wind zone class IECIB
Cut-in wind speed (m/s) 3
Rated wind speed (m/s) 10
Cut-out wind speed (m/s) 25
Extreme wind speed (m/s) 52.5
Designed lifetime (year) 25
Rotor diameter (m) 158
Swept area (m?) 19,607
Wind turbine (t) 443
Rated rotational speed (rpm) 14
Capacity factor 0.5
Water depth (m) 25
Wavelength (m) 168.9
Wave height (m) 10.03
Wave period (s) 12.2

Table 3. Material properties of the offshore PCSH support.

. Elastic . 3 . , . Compressive Tensile
Material Modulus (MPa) Density (kg/m?) Poisson’s Ratio Strength (MPa) Strength (MPa)
C60 36,000 2500 0.2 27.5 2.04
Q345 206,000 7850 0.28 295 -
HRB 400 200,000 7850 0.3 360 -
Strand 195,000 7850 0.3 1320 -
DH36 200,000 7850 0.3 355 -
Table 4. Material properties of the different soil layers used in analysis.
Effective Subgrade Angle of . Lateral .
Type of Soil Unit Weight Depth (m) Reaction Friction C‘:ﬂle;l)on Frictional Co[ejfpf:;ftent
(kKN/m?) (kN/m?) (deg.) Resistance (kPa)
Cobhesive soil 8.9 41.9 8800 28 2 30 0.65
Medium sand 9.9 64.2 33,600 38 2 85 0.54
Gravelly sand 10.8 92.3 40,400 38 2 120 0.77
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5.2. Optimization Results and the Comparison of the Mathematical Behavior
5.2.1. Algorithm Comparison

In this experimentation, the PSO algorithm is chosen to assess the performance of
PMPSO. The PSO and PMPSO algorithms are independently run 30 times. Shown in Table 5,
three indicators, average value (Avg), standard deviation (Std), and minimum (Min), are
adopted to compare the performance of the PMPSO with that of the PSO. According to
Table 5, the overall performance of the PMPSO is better than that of the PSO.

Table 5. Comparison of the optimal results between PSO and PMPSO.

PSO PMPSO
Avg 1.89 1.75
Std 0.0084 0.0032
Min 1.75 1.64

The relationships between the object function and the number of iterations of the
PSO and PMPSO algorithms with the best optimal result are employed in Figure 6. The
initial population of the particles in both the PSO and PMPSO are randomly generated
at the beginning of the optimization. The cost of the PCSH support structure decreases
sharply at the early phase of optimal procedure, and then gradually converges. The deter-
mined cost values with the PSO and PMPSO algorithms in the last optimization iterations
are USD 1.75 and 1.64 million, respectively, which is lower than the original design of
USD 2.72 million. It means that the cost of the optimized PCSH support structure with
a pile foundation can be effectively reduced when compared with that of the traditional
design. From Figure 6, it can be seen that the cost of the optimized PCSH support structure
decreases fast even in the first iterations when PMPSO is employed. Moreover, the final
optimal result with the PSO algorithm performs worse than that with the PMPSO algo-
rithm, and the convergence performance of the PMPSO approach is superior to that of the
PSO approach.

2.3
= . —=— PMPSO
SE21 e
=) \
a b +—PSO
g "
=10 | e
8 \
= 1.7 F %
A ODO0000000000m)
1.5 1 1 1 1
0 10 20 30 40 50

Number of iterations

Figure 6. Convergence curve of PSO and PMPSO.

5.2.2. Optimization Result

The corresponding dimensions of the support structure optimized by the PSO and
PMPSO algorithms are presented and compared in Table 6. According to Table 6, the
steel section occupied about 21.5% and 25.8% of the overall height of the offshore support
structure optimized by the PSO and PMPSO algorithms, respectively. Considering the
maintenance cost and electricity generation, the levelized cost of energy, LCOE, a pivotal
metric in the economic assessment of wind power generation system, is adopted to assess
the comprehensive investment of the offshore PCSH support structure [48]. The LCOE of
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the original design is 0.0771 USD/kWh. The LCOE of the results optimized by PSO and
PMPSO are 0.0684 and 0.0680 USD/kWh, respectively. The proposed PCSH wind turbine
support structure can reduce the comprehensive cost obviously.

Table 6. Optimized parts’ dimensions of the offshore PCSH support structure with PSO and PMPSO.

Variable PSO PMPSO
tst (mm) 26 16
tsp (Mm) 33 22
H; (mm) 27,500 33,000
D¢t (mm) 4050 4050
Dy, (mm) 5934 6311
tet (mm) 200 220
tep (mm) 200 230
H; (mm) 58,830 53,330
D¢t (mm) 5934 7340
D, (mm) 11,200 8500
tz+ (mm) 200 250
t,p (Mmm) 200 300
H, (mm) 41,500 41,500
D¢ (mm) 11,200 11,000
D,;, (mm) 35,350 35,350
Xp 27,133 20,000
Yp 8362 10,000
Prestressed reinforcement area (mmz) 37,800 59,850
Pile length (m) 94 87
Pile diameter (mm) 24 24
LCOE (US dollar/kWh) 0.0684 0.0680

5.2.3. Materials’” Utilization Ratio

To investigate the efficiency of the offshore PCSH support tower optimized with the
PMPSO algorithm, the materials” utilization ratio of each part of the structure is analyzed,
which is the ratio of the calculated value to the maximum permitted values under loading.
The maximum material utilization ratios of the design of the offshore PCSH support
structure optimized by the PSO and PMPSO algorithms are listed in Table 7. The utilization
ratio for each constraint along the height of the structure optimized by the PMPSO is shown
in Figure 7.

The material utilization ratio of the steel tube segment is shown in Figure 7a. It can be
seen that a turning point at the elevation of about 96 m of the structure appears because
the bending moment caused by the eccentricity of the RNA is opposite to that generated
by wind loads. The material utilization ratio of the PC segment of the tower and the
substructure for load-carrying capacity and fatigue is presented in Figure 7b,c, respectively.
The utilization ratio of the load-carrying capacity of the leeward-side is close to one in
Figure 7b, which means that the concrete was fully utilized. In Figure 7c, the utilization
ratio of the substructure decreases rapidly at the lower part of the substructure, whose
diameter increases greatly as shown in Figure 4c. A turning point at the height of about
10 m of the substructure can be seen in Figure 7c because the water load has a significant
influence on the substructure. The material utilization ratios of the windward load-carrying
capacity are larger than zero for both designs, which shows that the whole PC section,
including the PC segment of the tower and the substructure, is under pressure.

From Table 7, the material utilization ratios of all constraints for the design optimized
by the PSO and PMPSO are less than one but greater than zero. The PCSH support
structure fulfills the relevant requirements. In the design optimized by PMPSO, the local
buckling for the steel tube, the load-carrying capacity and the fatigue for the PC tube of the
tower and the substructure are prominent because the three constraints have the largest
maximum utilization ratio of all constraints in their respective segment. The maximum
material utilization ratio of each segment is close to one, which validates the efficiency of
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the PMPSO algorithm. However, in the design optimized by PSO, the maximum material
utilization ratios are overall stability, the load-carrying capacity of prestressed tendon of
PC, and the substructure segment. In addition, most of the utilization ratios of the design
optimized by PSO are less than that of the design optimized by PMPSO. This is mainly
caused by the premature convergence of the basic PSO algorithm.

105
100
95 | —=&— Opverall stability
@ 9 Local buckling
% —a— Load-carrying capacity
:_:) 85 —»— Fatigue
80 F
75 F
70 1 1 - 1
0 0.2 4 0.6 0.8 1
Utilization ratio
(a) Steel segment
56
—=— Windward-side concrete load-carrying capacity
46 Leeward-side concrete load-carrying capacity
g —a— Prestressed tendon load-carrying capacity
< 36 . . .
.%0 —»— Windward-side fatigue of concrete
T . .
26 Leeward-side fatigue of concrete
—o— Prestressed tendon fatigue
1 6 L L L h . . .
—e— Combined load-carrying capacit
02 04 06 08 1 HYIng capacty
Utilization ratio
(b) PC segment
25
—#— Windward-side concrete load-carrying capacity
Leeward-side concrete load-carrying capacity
g —a— Prestressed tendon load-carrying capacity
%D —»— Windward-side fatigue of concrete
= Leeward-side fatigue of concrete
: —o— Prestressed tendon fatigue
. —e— Combined load-carrying capacity
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(c) Substructure

Figure 7. The utilization ratio of the offshore PCSH support structure optimized by the PMPSO.
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Table 7. Maximum utilization ratio comparison of the PSO and PMPSO.

Design Maximum Utilization Ratio PSO PMPSO
Overall stability 0.41 0.64
Steel segment Local buckling 0.37 0.93
Load-carrying capacity 0.51 0.85
Fatigue 0.18 0.28
Windward-side concrete load-carrying capacity 0.47 0.62
Leeward-side concrete load-carrying capacity 0.83 0.96
Prestressed tendon load-carrying capacity 0.66 0.66
PC segment Combined load-carrying capacity 0.09 0.08
Windward-side fatigue of concrete 0.69 0.91
Leeward-side fatigue of concrete 0.84 0.97
Prestressed tendon fatigue 0.13 0.15
Windward-side concrete load-carrying capacity 0.27 0.46
Leeward-side concrete load-carrying capacity 0.57 0.91
Prestressed tendon load-carrying capacity 0.65 0.67
Substructure segment Combined load-carrying capacity 0.05 0.08
Windward-side fatigue of concrete 0.33 0.68
Leeward-side fatigue of concrete 0.57 0.92
Prestressed tendon fatigue 0.11 0.17

5.2.4. Comparison of the First Natural Frequency of Different Support Structures

The rated rotational speed of the wind turbine is 14 rpm. The first natural frequency
is required to be in the ‘soft-stiff’ range between 0.245 Hz (1P) and 0.48 Hz (3P). The first
natural frequencies of the original tower and the PCSH towers optimized by PSO and
PMPSO are 0.31 Hz, 0.45 Hz and 0.39 Hz, respectively. It can be seen that the first natural
frequencies of the three different designs are within the allowable range. Compared with
the original support structure, the PCSH support structures have higher natural frequencies
and larger safety margins. Compared with the original support structure and the PCSH
support structure optimized by PSO, the design optimized by the PMPSO algorithm has
the largest safety margin to avoid the resonance due to the excitation of the wind turbine.

5.2.5. Comparison of the Maximum Top Deformation of Different Support Structures

The maximum deformations on the top of the original design and the optimized
structure with PSO and PMPSO are provided in Table 8.

Table 8. Maximum deformation comparison of different supports.

Design Top Displacement (mm) Top Rotation (deg)
Original 953 1.09

PSO 408 0.50
PMPSO 622 0.74

From Table 8§, it can be observed that the maximum displacement and rotation at the
top of the supports for all of the three designs are less than H/100 and 5 deg, respectively.
The displacements and rotations on the top of the offshore PCSH wind turbine support
structures are smaller than those of the original design. The design optimized by the PSO
algorithm has the smallest maximum displacement and rotation. The reason is that the
lower PC part of the PCSH support structure optimized by the PSO is higher than that
of the PCSH support structure optimized by the PMPSO, and a higher PC segment has
higher stiffness.

5.2.6. Comparison of Weight of Different Support Structures

The comparison of the weights of the three wind turbine support structures is shown
in Table 9. The consumption of steel of the design optimized by PSO and PMPSO is,
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respectively, reduced by about 76.3% and 81.0%, which greatly reduced the cost of the
structure. The weight of the optimized PCSH structure with a foundation is increased by
about 51.8% and 40.7%, which strengthens the anti-overturning capacity of the PCSH wind
turbine support structure.

Table 9. Weight comparison of different supports.

Steel Section of Concrete Section

Design the Tower () of the Tower (t) Substructure (t) Foundation (t) Total (t)
Original 426 - 815 711 1952
PSO 101 815 1296 751 2963
PMPSO 81 701 1240 724 2746
5.2.7. Comparison of Pile Foundation Parameters of Different Support Structures
The comparison of the parameters of the pile foundation of the different support
structures is provided in Table 10. Compared with the four-pile jacket-type offshore wind
turbine support structure, the maximum compressive load increased by about 16.20%
and 3.44% for the design optimized by the PSO and PMPSO algorithm, respectively, and
the maximum pullout load acting on the piles decreased by about 19.24% and 31.82%,
respectively, because of the heavier weight of the PCSH support structures and larger wave
load on the substructure.
Table 10. Pile foundation comparison.
Design Original PSO PMPSO
Embedded depth (m) 75 79 76
Compressive carrying capacity (kN) 22,322 24,072 22,760
Pullout carrying capacity (kN) 22,175 23,926 22,613
Maximum compressive load under ULS (kN) 20,613 23,953 21,323
Maximum pullout load under ULS (kN) 13,555 10,947 9242
Maximum deflection (mm) 14.20 99.36 89.29
Maximum rotation (deg) 0.0406 0.1490 0.1318

The maximum deflections and rotations at the top of the piles are smaller than 0.1 m
and 0.5 deg, respectively, indicating that the piles are structurally sound in terms of
both displacement and rotation [44]. Compared with the original design, the maximum
deflection and rotation at the top of the piles increased by 85.16 mm and 75.09 mm for
the design optimized by the PMPSO algorithm and about 0.1084 deg and 0.0912 deg for
the design optimized by the PSO algorithm. This is due to the alteration in the form of
the structure, resulting in an increase in the wave forces on the structure. Therefore, the
embedded length of the piles has been, respectively, extended by 4 m and 1 m to support the
structure for the PSO and PMPSO optimized designs. However, considering that concrete
structures are less expensive than steel structures, the total cost of the optimized structure
is still lower than that of the original structure.

5.2.8. Comparison of Computational Efficiency for Optimization

The computing time for the optimization design of the offshore PCSH support struc-
tures with a pile foundation using PSO and PMPSO is 12,254 s and 4997 s, respectively. The
computing time of the PMPSO can be reduced by 59.22% when compared with that of the
PSO after reaching the maximum number of iterations.

6. Conclusions

This paper presented a PCSH support structure for offshore wind turbines that consists
of a PCSH tower, a PC substructure, and a pile foundation, and a PMPSO algorithm
was adopted to optimize the design of the proposed PCSH support tower with the pile
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foundation used for the soft soil layer. The cost was considered as the optimization objective
function under eleven optimization constraints. A 5.5 MW wind turbine supported by a
steel tube and conventional jacket foundation was used as a reference model for comparison.
The SSI and the effect of water pressure and earthquake were considered. The offshore
PCSH wind turbine support structure with a pile foundation was modeled as a multi-
degree-of-freedom system. A geometrically optimal result for the offshore PCSH support
tower with the PMPSO algorithm was obtained and compared with that of the four-pile
jacket-type offshore wind turbine support structure and the optimized results with PSO.
Based on this study, the following conclusions can be made:

1. The cost of the optimized PCSH wind turbine support structure obviously decreases
when compared with the original design, showing it is a cost-efficient alternative for
traditional offshore wind support structures for lower cost requirements.

2. The height of the steel tube is recommended to occupy about 25.8% of the overall
height of the PCSH support structure for offshore wind turbine.

3. Compared with the four-pile jacket-type offshore wind turbine support structure, the
optimized offshore PCSH support structure can provide better mechanic behavior,
including the first natural frequency, top deformation, and anti-overturning capacity.

4. The PMPSO algorithm provides better performance compared to the PSO algorithm.
Fulfilling the design constraints, the PMPSO algorithm provides a more affordable
primary optimal design for the PCSH support structures for offshore wind turbines
with a pile foundation with considerably improved computational efficiency.

In this study, the PCSH support structure is assumed as a linear structure with small
deformation. Further studies are desired for the optimization of the PCSH support structure
with numerical and experimental analysis when the material’s nonlinearity, geometric
nonlinearity, construction time and adaptability to site-specific conditions are considered.
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