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Abstract: The prestressed concrete-steel hybrid (PCSH) wind turbine tower, characterized by re-
placing the lower part of the traditional full-height steel tube wind turbine tower with a prestressed
concrete (PC) segment, provides a potential alterative solution to transport difficulties and risks
associated with traditional steel towers in mountainous areas. This paper proposes an optimization
approach with a parallel updated particle swarm optimization (PUPSO) algorithm which aims at
minimizing the objective function of the levelized cost of energy (LCOE) of the PCSH wind turbine
towers in a life cycle perspective which represents the direct investments, labor costs, machinery costs,
and the maintenance costs. Based on the constraints required by relevant specifications and industry
standards, the geometry of a PCSH wind turbine tower for a2 MW wind turbine is optimized using
the proposed approach. The dimensions of the PCSH wind turbine tower are treated as optimization
variables in the PUPSO algorithm. Results show that the optimized PCSH wind turbine tower can
be an economic alternative for wind farms with lower LCOE requirements. In addition, compared
with the traditional particle swarm optimization (PSO) algorithm and UPSO algorithm, the proposed
PUPSO algorithm can enhance the optimization computation efficiency by about 60-110%.

Keywords: prestressed concrete—steel hybrid (PCSH) wind turbine tower; optimal design; parallel
updated particle swarm optimization (PUPSO) algorithm; wind; earthquake; levelized cost of
energy (LCOE)

1. Introduction

The wind turbine tower, as the structure supporting the wind turbine, represents a
highly significant component of wind turbine systems and accounts for approximately
30% of the overall investment in onshore installations [1]. With the increase in unit power
capacity of wind turbines, the heights of wind turbine towers have increased for the
purpose of capturing wind energy efficiently, as wind profiles are strong and steady at
higher elevations [2—4]. In recent years, wind turbine towers with a height of over 100 m
have been widely employed in practice alongside increasing investment [5]. Many wind
farms have been developed or are under construction in mountainous areas in the mainland
of China after decades of wind farm development in plain areas. The transportation of
segmental steel tubes and long blades to the top of mountains is a challenging task with
risks. Moreover, the construction of temporary transportation roads with large turning
radii in mountains leads to additional investment and environmental destruction [6]. The
traditional steel-tubular wind turbine tower systems are typical soft supporting systems,
and it is hard to meet the stiffness requirements of large capacity wind turbines due to the
limitation of steel-tube diameter transportation.
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In recent years, the prestressed concrete—steel hybrid (PCSH) wind turbine tower
has been proposed to overcome the difficulty of transportation and the limitation of the
structural mechanical behavior of traditional steel tubular towers. Compared with the
full-height steel tubular tower, the PCSH wind turbine tower results in a lower center of
gravity and higher flexural stiffness. The use of concrete leads to a lower sensitivity to
fluctuations in steel prices [2]. Moreover, by replacing parts of the steel tubular segments
with prestressed concrete (PC), the total cost of the PCSH tower system can be decreased
while the design—servicing life of PC is much longer than steel. This leads to reasonable
life-cycle cost savings and decreases in the levelized cost of energy (LCOE) in a life-cycle
perspective. The development of the PCSH wind turbine tower has received great attention
in recent years. Singh [7] investigated concrete construction for wind energy towers and
highlighted the advantages of concrete as the major construction material for wind turbine
towers. Seidel [8] compared a steel and concrete hybrid tower with a steel tower and
concluded that hybrid towers are an effective alternative to traditional steel towers, can be
built at nearly every site, and help overcome transportation issues caused by mountains or
other terrains.

The optimization algorithm plays key roles in realizing the economical results that
withstand the most demanding functional requirements arising during their service life [9].
Hani et al. [10] proposed and tested five different optimization strategies for a 100 kW wind
turbine system considering the natural frequencies as the most representative objective
function. Uys et al. [11] used optimization to calculate the least cost of a steel wind
turbine tower that meets the structural demands and emphasized the influence of ring
stiffeners. Nicholson et al. [12,13] redesigned wind turbine towers with a generalized
reduced gradient (GRG) method and analyzed how individual design variables affected
the objective function of a hybrid wind turbine tower. Employing the genetic algorithm
(GA), Ma et al. [14] optimized a 100 m PC tower system for a 5 MW wind turbine and
discussed the advantages of a PC wind turbine tower. Oest et al. [15] explored three
different state-of-the-art analytical gradient-based optimization approaches to minimize the
mass of a jacket structure for wind turbines considering fatigue and frequency constraints
and provided insight into critical structural and modeling parameters. Adopting GA, Chen
et al. [16] suggested that the optimal height of the concrete segment should be 80.5 m for
one 120 m PCSH wind turbine tower. The safety factors of the tower are improved and
the total construction cost can be reduced by about 20% after optimization. However, the
optimization result is easily stuck at locally optimal values and the material utilization
ratio of the optimization result is comparatively low. Different from the direct investment
or construction cost for a wind turbine system investigated in the above studies, it is more
important to minimize its LCOE in a life-cycle perspective, which is treated as the objective
function for geometry optimization for PCSH wind turbine towers in this study.

Particle swarm optimization (PSO) has proven to be a powerful method for opti-
mization problems [17]. Adopting PSO, Poitras et al. [18] investigated the optimum floor
configuration by minimizing the total mass or cost while satisfying all design criteria.
Ye et al. [19] conducted a comprehensive investigation on cold-formed steel beam designs
using PSO techniques. Luo et al. [20] proposed a computational approach based on PSO
to obtain the lower bound of the buckling load of shell structures with geometric imper-
fections. Based on a PSO algorithm, Xu et al. [21] optimized the active control strategy
for machinery-equipment-induced structural vibrations. Tsiptsis et al. [22] carried out
structural optimization employing isogeometric tools in PSO for a two-dimensional truss
or a frame tower. Farias et al. [23] introduced a new hybrid algorithm based on PSO and
GA to find optimal fiber orientation of stiffened laminated composite panels to reach their
maximum buckling load. Kaveh and Eslamlou optimized a series of usual-size skeletal
structures by transplanting a harmony search-based mechanism to particle swarm opti-
mization with an aging leader and challengers (HALC-PSO) and multistage particle swarm
optimization (MSPSO) and obtained satisfactory results [24].
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In this paper, in order to enhance the computation efficiency for the geometry opti-
mization of the PCSH wind turbine towers, a parallel updated PSO (PUPSO) method is
proposed to optimally design a PCSH wind turbine tower subjected to both wind and
seismic excitations, considering the constraints of load-carrying capacity, fatigue, stability,
natural frequency, and maximum top displacement. It employs the LCOE as the objective
function. The proposed approach is used to optimally design a 2 MW PCSH wind turbine
tower with a design height of 77.5 m as an alternative to the traditional steel tubular tower.
The optimal result is evaluated by utilization ratio of the tower. Results show that the
PUPSO algorithm efficiently optimizes the PCSH wind turbine towers when compared
with the traditional particle swarm optimization (PSO) algorithm and the LCOE of the
optimized PCSH wind turbine significantly decreases when compared with the benchmark
wind turbine tower. The height of the steel segment of the optimized PUPSO tower is rec-
ommended to be 30% of total height of the PCSH wind turbine tower. Compared with the
original PCSH tower, the increased utilization rates of both PC and steel segments illustrate
the effectiveness of the PUPSO algorithm. Moreover, the fundamental natural frequency of
the optimized PCSH wind turbine tower increases significantly when compared with that
of the original wind turbine tower.

2. Effects of Wind and Earthquake Excitations on Wind Turbine Tower

Under normal operation, wind power generation systems are subjected to wind loads
and are also affected by earthquakes in seismically active areas over their service life.
These effects are of importance to the performance, durability, and safety of wind turbine
towers. In this study, the PCSH wind turbine tower is geometrically optimized with the
consideration of both wind and earthquake loads. The effects of both wind and earthquakes
on the PCSH wind tower system are discussed in the following sections.

2.1. Wind Load Applied to the PCSH Wind Turbine Towers
2.1.1. Aerodynamic Load Determination

Due to differences in wind pressure, the aerodynamic wind load applied on the top
of a wind turbine tower is usually calculated under four different working conditions,
including the annual average wind speed, nominal wind speed, cut-out wind speed, and
extreme wind speed [25]. The aerodynamic load can be determined by the following
equations [26,27]:

F = CppV,*tR? (1)
F, = CppV,*R? @
F; = 04C,pV*tR? (3)
Fy = 0.5CipV,2A (4)
p = 0.00125¢ 0-0001=> (5)

where F; is the wind load under the annual average wind speed, Cp, is the wind energy
utilization coefficient which can take the value of 4/9 for an ideal wind turbine but 0.4
is chosen for the PCSH wind turbine tower in this study, p is the density of air, V; is the
annual average wind speed, R is the impeller radius of the wind turbine, F; is the wind
load applied to the turbine under the nominal wind speed, V;; is the nominal wind speed,
F3 is the wind load under the cut-out wind speed, V. is the cut-out wind speed, F; is the
wind load under the strongest wind speed in 50 years, the drag coefficient C; = 1.6, V, is
the extreme wind speed, A is the projection of the blades in the plane perpendicular to the
direction of the wind, and z is the height.
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2.1.2. Pitching Moment

The pitching moment, Mp, caused by inhomogeneity in the wind speed can be calcu-
lated by the following Equation (6) [13]:

_4p 302 2
P=575"R (Vl V2) ©)
where B is the number of blades and V; and V; are the wind speeds at locations 1 and 2,
respectively, as illustrated in Figure 1.
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Figure 1. Computational locations for Vj and V5.

2.1.3. Deflecting Torque

The deflecting torque on the wind turbine tower is mainly caused by the generator
impeller. The equation for deflecting torque T can be simplified as [27]:

T = 0.230V.27tR%, (7)
where ¢}, is the horizontal distance between the center of the hub and the center of the tower.

2.2. Wind Load Acting on the Tower

According to the load code for the design of building structure GB50009-2012 [28], the
characteristic value of the wind load can be calculated with the following equations:

Wi = Pzpspzwo (8)
Bz =1+2gshoBz\/1+ R} ©)
2
7T X
Rp= | ——"L (10)
f 4/3
\l 601 (1+x3)
30f;
X1 = 11
1 T (11)
B. = kg H pxp2 "’1#(2) (12)
~ 10V/H + 60e—H/60 — 60

0z q (13)
where wy is the basic wind speed at a height of 10 m, B is the wind-induced vibration
factor, ys is the wind load shape coefficient and i, is the wind pressure height coefficient,
gr equals to 2.5, Ijg is the nominal turbulence intensity, B; is background component of
fluctuating wind load, Ry is the resonance component of the fluctuating wind load, {1 is
the damping ratio and is equal to 0.03 in this paper, f; is the first-order natural frequency,
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ky is the surface roughness correction coefficient and is equal to 1.0 in this paper, H is the
height of the tower, py is the horizontal correlation coefficient and equals 1.0 due to the
small width of the windward side of the tower, p, is the vertical correlation coefficient, and
the kg, a1, 1 (z) can be determined according to GB 50009-2012 [28].

The lateral static force is applied along the height of the tower as a distributed load.
The force of the tower section at height i owing to the wind can be calculated as [28]:

Fi = kai (14)

where F; is the wind force of the tower section at height i and A; is the wind pressure area
of the section.

2.3. Additional Bending Moment

The additional bending moment, M,, at the top of the wind turbine tower can be
calculated according to Equation (10):

M, = m,ge, (15)

where g is the acceleration of gravity, m, is the weight of the equipment at the top of the
tower, including the blades, nacelle, hub, etc., and e, is the distance between the center of
the equipment and the center of the tower.

2.4. Earthquake Effect

In order to consider the effect of earthquakes on the wind turbine tower, it is reasonable
to model the tower structure as a mass-lumped structure. The natural frequencies are
determined for calculating the earthquake effect on the wind turbine tower [29]. For
the PCSH wind turbine structure, the tower is simplified as a five degrees-of-freedom
(DOF) model with five lumped masses as shown in Figure 2 [30]. The lumped mass
on the top of the wind turbine tower is the largest because of the existence of blades,
nacelle, hub, etc. The other lumped mass is determined by the distributed mass along the
tower. The bending stiffness of the model changes with the height of the tower. Based
on the seismic influence coefficient curve, the earthquake effect can be estimated by the
mode-superposition response spectrum method [31].

QO ms
QO m,
O m,

Figure 2. Simplified tower model.

2.5. Load Combination

Referring to the relevant literatures [28,32,33], the load combinations are given in
Table 1. In this table, WL is the wind load on the tower, DL is the dead load, and EQ is the
effect of an earthquake.
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Table 1. Load combinations.

Load Combinations Load Factors
Ultimate 1 14xDL+14x02x WL+ 13EQ
Ultimate 2 1.0x DL+14 x WL
Service 1 1.0x DL4+0.2x WL+1.0 x EQ
Service 2 1.0x DL+1.0x WL

3. Design Constraints for Optimization of the PCSH Tower

The PCSH wind turbine tower can be modelled as a typical cantilever beam with vari-
able cross sections. The following assumptions are made during the geometry optimization
of the PCSH wind turbine tower in this paper. The bottom of the tower is fixed on the
ground, and a concentrated mass representing the blades, nacelle, hub, and top part of
the tower is attached at the top of the tower while the distributed mass along the tower is
simulated by four lumped masses [30]. The nonlinearity of both PC and steel materials
is not considered. The stress concentration around the door opening and the connection
between the concrete and steel are not considered in the geometry optimization model due
to the fact that a local strengthening measure is adopted around the door opening [16]. The
optimization analysis is only performed in the fore-and-aft direction.

3.1. Constraints on the Steel Tubular Segment
3.1.1. Local Buckling
According to the code for the design of chimneys GB50051-2013 [34], the following
condition should be satisfied in order to avoid local buckling of the steel tubular tower:
N; M

< 16
Ani * Wni = Gert ( )

where M; is the design maximum bending moment of a cross section i, N; is the design
axial tension or pressure associated with M;, A,; is the net cross-sectional area of a cross
section i, and W,,; is the net cross-sectional resistance moment of the cross section. The local
buckling critical stress of the steel segment o,y = 0.4% %, E is the elastic modulus of steel,
k is the regulation factor of local bearing strength, f is the thickness of the segment, and D
is the outer diameter of the segment.

3.1.2. Overall Stability

According to the code for the design of steel structures GB50017-2003 [35], the mono-

lithic stability should fulfill the following requirement:
N; n M;

@Api  Wpi(1—0.8N;/ Ny

] < fr (17)

where Ay, is the gross cross-sectional area of cross section i, Wy, is the gross cross-sectional
resistance moment of cross section i, ¢ is the coefficient of stability of the axial compression
members of level cross section i, f; is the yield strength value of the steel segment, and Ng,
is the Euler critical load.

3.1.3. Load-Carrying Capacity

According to Agbayani [36], the following constraints need to be considered:

feu < ¢cFen (18)
fou < ¢oFon (19)
fTu < 47TPT11 (20)

fvu/(‘PvPvn) +fTu/((PTFTn) S 1 (21)
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and
For fTu/((PTFTn) <0.2:
feu/ (pcFen) <1 (22)
For fTLl/(¢TFTH) > 0.2:
[fcu/(¢chn)}2+[fvu/(¢vFvn) +fTu/(¢TFTn>]2 S 1 (23)

where f., is the compression stress of the steel segment, ¢, = 0.9, F; is the nominal
compressive strength, fy, is the transverse shear of the steel segment, ¢, = 0.9, F,;, is the
nominal shear strength of the steel segment, but F,, should not exceed F,/ V3, fru is the
torsion of the steel segment, ¢1 = 0.9, T}, is the design torsional moment, and Fry, is the
nominal torsional strength of the steel segment.

3.1.4. Fatigue

The supporting structures for wind turbines are usually subjected to variable am-
plitude stress cycles caused by wind over their service life. As a result, the investiga-
tion of fatigue strength is of considerable significance for the design of wind-turbine-
supporting structures.

According to the code for the design of steel structures GB50017-2017 [35], the allow-
able stress range of fatigue can be calculated by the equation:

1
a0 = (S’ (1)
n
where 7 is the number of stress cycles and C and f can be determined by the code for the
design of steel structures.

The Weibull Distribution function is commonly used to represent the wind speed
frequency distribution. Based on the wind data for a given site, a method for estimating the
wind speed frequency distribution is used [37]. The wind speed over 5.29 x 10% cycles for a
20-year fatigue design life of a wind farm can be synthesized [32]. The stress amplitude of
the steel tubular tower segment can be determined based on the wind turbine tower model,
the probability distribution, and the rain-flow counting method [38]. Fatigue assessment
can be performed according to the amplitude, Miner rule, and code for the design of steel
structures [35]. The equivalent stress range of the variable amplitude fatigue Ao, can be
identified with the following equation:

Jun

B3
anz(:i;fl) ]IB (25)

where )" n; is the life expectancy of the structure expressed in the number of stress cycles
and #; is the number of stress cycles of stress range Ac; during the expected lifespan of the
structure.

A(Te:[

3.2. Constraints on the PC Segments
3.2.1. Load-Carrying Capacity

The minimum concrete compressive stress is set to be larger than zero. According to
the code for design of high-rising structures GB50135-2006 [39] and code for the design
of concrete structures GB50010-2010 [40], the following conditions must be fulfilled for
compressive load-carrying capacity:

0<o:< fe (26)

Vi Ty NPO
24 07f 40, 27
12D T, <07 0055 27)
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where 0, is the concrete stress, f. are the concrete axial compressive load-carrying capacity,
Vi, is the design shear force, T, is the design torsional moment, W; is the torsional section
modulus, f; is the concrete axial tensile load-carrying capacity, Ny is the concrete normal
prestressing force of the cross section, t is the thickness of the segment, and D is the
outer diameter.

3.2.2. Fatigue

According to GB50010-2010 [40], the following constraints for concrete fatigue stress
must be fulfilled:

Lemax < f (28)
Aol < Af), (29)

where chrmax is the maximum concrete compressive stress of a cross section, fcf is the axial
compressive fatigue strength, AO’;J; is the prestressed reinforcement stress amplitude, and

A fpfy is the fatigue stress amplitude limit of prestressed reinforcement.

3.2.3. Geometry Constraint

According to GB50135-2006 [39], the thinnest thickness of the wall t,,;,, (mm) should
fulfill the following Equation (30) and be thicker than 180 mm:

tpin = 100 4+ 0.01D (30)

3.3. Other Constraints
3.3.1. Natural Frequency

To avoid resonance of the PCSH tower caused by the rotation of wind turbine blades,
there should be a 10% safety margin between the natural frequencies of the whole system
and the excitation frequencies of the rotating turbine blades. The value of natural frequen-
cies of the tower system should be away from the blade passing frequency and the blade
rotor frequency [41].

3.3.2. Maximum Top Displacement

To avoid excessive vibration and displacement, the maximum deflection at the top of
the PCSH tower is restricted [10]:

Wmax

LIPS (31)
Wal

Omax 4 (32)
Gal

where W,y is the maximum top deflection, W, is the allowable deflection, 6,4y is the
maximum rotation angle of the top section, and 6,; is the allowable rotation angle of the
top section. According to GB50135-2006 [39], W,;; = H/100 and 6,; = 5°, where H is the
height of the wind turbine tower.

4. PUPSO Approach with the Objective Function of LCOE
4.1. Updated Partial Swarm Optimization (UPSO) Approach

With the development of intelligent optimization algorithms, solving engineering
computing problems by simulating biological behavior is becoming increasingly popular
in a series of practical applications [42]. In this paper, the geometry optimization problem
of PCSH wind turbine towers can be expressed as the following equations:

{ Ztarget = minf (x) = minf( (X1,X2,' T x”)T)

() = [y (), ha(0), -~ n ()] * < 0 (33)
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where x is an N-dimensional vector to represent the particle, Zs ¢t is the optimal target,
f(x) is a function to calculate the total cost of the tower and has been described above, and
c(x) is the vector of constraints functions. Both f(x) and ¢(x) are nonlinear functions.

The particles are operated by the following equations:

k41 _ k k
vyt = w x o540 x % (xq(bgst) — xq)

“+cp X (: X (xg(best) — x§> (34)
Xt = xk 4 ofH

in which v’,; and x’; are the speed and position, respectively, of the gth particle in the kth
loop, w is the inertia weight, ¢; and ¢; are the learning factors of the algorithm, x,(,pesr) is
the position of the optimal point of the gth particle in the cycles from 1st to kth, x ) is
the position of the optimal point of all particles in the periods from 1st to kth, and ¢ is an
uniformly distributed random number within (0, 1).

A penalty term in the fitness valuation process is added to coordinate the movement
of particles within the feasible region and ensure that the wind turbine tower design fulfills
the design constraints.

Because the basic PSO algorithm usually encounters premature convergence issues, it
is first updated in this paper. The updated PSO (UPSO) is carried out as follows.

1. Weight function’s learning factor

The algorithm with a weight function’s learning factor [43] is adopted in this paper to
speed up the computation. Unlike the traditional PSO algorithm, the learning factor and
inertia weight can be calculated as:

W = Wyin + (Wmax — Wyin )exp(—20(m/M)®)
c1 = 0.5w? +w +0.5 (35)
C) = 25— C1

where m is the number of iterations, M is the maximum number of iterations, w is the
inertia weight, w,,;, is the minimum inertia weight, W,y is the maximum inertia weight,
and ¢ and c; are the learning factors.

2. Random perturbation

To avoid premature convergence, a random operator is introduced to the optimization
process in this paper [23]. The fitness variance of particles is defined as the following equation:

n

c=) <fq} fox)’ (36)

i1 N

where f; is the fitness of the gth particle; fsu, is the average value of fitness of particles;
and fy is the normalized scaling factor, which can be calculated by the following equation:

= { ol =

),max(|f — favg|) > 1
1,others ! ¢ (37)

The mutation probability p,, can be calculated by the following equation:

[P <o?
Pm = { 0, others (38)

where  takes the values within [0.1, 0.3] and 07 is set to be 0.15.
For the purpose of mutating the operator x4 ) in the kth loop, random perturbation
is adopted according to the following equation:
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Xom(best) = Xg(best) % (1 + 0577) 39)

where 77 follows a Gaussian distribution, X, (pst) is the position of the optimal point of
all particles in the periods from 1st to kth after mutation, and x, ;) is the position of the
optimal point of all particles in the periods from 1st to kth.

4.2. Objective Function

With the start of bidding in wind power markets, LCOE, as the world’s most com-
monly used index to evaluate the cost of electricity, has been favored by participants
involved in wind power projects. Bruck et al. suggests that LCOE can be used as a basis for
setting appropriate power purchasing agreement terms [44]. Based on the LCOE method,
Myhr et al. studied the influence of deployable operating depth and other factors on
offshore wind power platforms [45]. Khojasteh et al. proposed and optimized a distributed
generation by adding a shroud to the wind turbine and assessed it by LCOE [46]. In this
paper, the LCOE is chosen as the objective function and can be calculated by Equation (40):

yn_ LM E

t=1 3
o (1+4r)
=1 (1)

where I; are the investment expenditures in year ¢t (including financing); M; is the opera-
tions and maintenance expenditures in year ¢; F; is the fuel expenditures in year t; E; is the
electricity generation in year t; r is the discount rate; and # is the life of the system. There
are four types of wind energy resource areas in China and the LCOE of each area needs to
be calculated separately.

Table 2 shows the costs and fees of the wind farm, which are estimated based on official
files and engineering experiences [16]. Management expenses and measure expenses are
33.3% and 15.3% of the total labor and machinery costs, respectively. However, due to
the difficulties of considering extra costs during the project, such as wind curtailment,
transportation, and road construction, these factors are not considered in the optimization.

The geometry of a PCSH wind turbine tower, including the heights of the PC and
steel segments, is optimized in this paper. Figure 3 shows the cost evaluation flow chart
for the PCSH tower. As illustrated in Figure 3, the function of LCOE can be determined
accordingly when the design is completed.

Table 2. The comprehensive cost of LCOE.

Title Item Unit Price
Concrete 600 yuan/m3
Reinforcement 5500 yuan/ton
Prestressing steel strand 14,390 yuan/ton
. Sheeting 50 yuan/ m?
Direct cost Timber support 15 yuan/m?
Metallic pipe 679 yuan/100 m
Flange 40,000 yuan/pcs
Q345 1000 yuan/ton
Reinforcement 1500 yuan/ton
Prest i teel strand 1 t
Labor cost and restressing steel stran 000 yuan/ on2
hanical cost Sheeting 300 yuan/100 m
mechamicat cos Timber support 15 yuan/m?

concrete 60 yuan/ m>
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Table 2. Cont.

Title Item Unit Price
Installed capacity 50 MW
Equipment fee 5200 yuan/kW
Other cost 1200 yuan/kW

80 yuan/kW (Year 1-5)

Annual cost during operation 120 yuan/kW (Year 6-20)

Project condition construction period la
Loan-to-value ratio 80%
Depreciation life 20a
Ratio of remaining value 5%
Length of maturity 15a
Interest rate 4.9%

| Geometry calculation |

| Load combinations calculation |

Local buckling
Overall stability
Load-carrying capacity
Fatigue

Load-carrying capacity
Fatigue
Geometry

Constraints on
the concrete part

Natural frequency
Maximum deformation

Cost Penalty
calculation term
v
LCOE W
calculation [

Figure 3. Flow chart of cost evaluation for the PCSH tower.

When the particle violates the constraint, measures need to be taken to orchestrate
the motion of the particle. As shown in Figure 3, the penalty term is set to 0.5, which
coordinates the movement of particles within the feasible region and cannot be treated
as the ultimate goal of cost calculation. When a constraint violation occurs, the checking
procedure is interrupted directly and the penalty term is employed to evaluate the fitness
value for enhancing the computing efficiency of the optimal algorithm.

4.3. Optimization Variables

In this paper, the influence of geometric dimensions is considered to achieve a more
economical design in the form of LCOE. The independent variables are shown in Figure 4
and their ranges are listed in Table 3. The ranges of the variables are set according to
engineering and design experience. The thickness of each steel segment is assumed to
be constant along the height direction. The range of the thickness of the steel section
can be narrowed down with increasing design experience and determined in the cost
estimate function to reduce the optimization variables and to accelerate the optimization
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computation. Based on the assumption that the length of each steel section is basically the
same, the number of flanges is determined by the length and stress condition of the steel
tower. For the PC segments, the thickness and diameter of the bottom cross section should
not be smaller than the upper cross section of the segment.

T

t .
¢ D cb D s]b

(a) PC segment (b) Steel segment
Figure 4. Design parameters of the tower.

Table 3. Variables and their ranges.

Variable Range
Length of the j steel section H} (mm) 500-70,000
Thickness of the j* steel section , (mm) 10-25
) ot . i 2686 (j=1)
Outer diameter of the top end of the j* steel section Dy, i1,
. Dsb (f > D
Outer diameter of the bottom end of the j* steel section Déb > Dﬁt
Steel segments 1-3
Length of the concrete section H, 7500-77,000
Thickness of the top end of the concrete part t.; (mm) 180-500
Thickness of the bottom end of the concrete part f, (mm) tc¢-500
Outer diameter of the top end of the concrete part D¢y (mm) -
Outer diameter of the bottom end of the concrete part D, (mm) > Dyt
Area of prestressed reinforcement (mm?) 31,150-62,300

Apart from the aforementioned variables, there are some known dependent variables.
The total length of the tower is 77.5 m. Therefore, the length of the steel segment determines
the length of the concrete segments. The length of each steel section is the longitudinal
dimension of the whole steel segment divided by the number of steel segments. The
diameter of the steel tubular segment at the top of the tower is determined by the design of
the nacelle and hub. Hence, their values are constant during the optimization. To simplify
the problem and construction process, it is assumed that the generatrix of every section of
the tower is a straight-line segment rather than a curved segment to easily determine the
dimension of the tower at any height.

4.4. Flow Chart of PUPSO Algorithm

The above mentioned UPSO algorithm is carried out in a sequential form and the
optimization process is usually time-consuming when the speed and position of a large
number of particles are updated. In this study, further efforts are made to improve the
computational efficiency by proposing a parallel UPSO (PUPSO) approach, where the
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computing body is divided into several concurrent tasks on the basis of different particles
when evaluating the objective function. The flow chart of the PUPSO algorithm is shown

in Figure 5.

| Import the parameters |

Initialize the position and
velocity of the particle

Send the particles swarm to

the evaluation of objective [«

function in the parallel process
~

_________________ AR P S S
| Parallel process 1|
| | Fitness value evaluation I | Fitness value evaluation | I Fitness value evaluation | I
: v v v |
Update individual extreme Update individual extreme Update individual extreme| |
I of each particle of each particle of each particle |
. - - -—- - - _—— " —— o
Check whether all particles
No have been evaluated
No

I Operator mutation I
Yes v

| Update global extremum |

—>| Update the new speed and position |

Check whether the
stop-criteria are met

Figure 5. Flow chart of the proposed PUPSO.

The PUPSO algorithm starts by reading the initial conditions of the PCSH tower
model, including the number of particles, the optimization parameters, and the termination
condition. The termination condition for this implementation is the maximum number
of iterations. Then, the particle swarm is generated randomly in the range mentioned in
Section 4.3 and sent into the fitness value function. Based on the fitness value function, the
fitness value of every particle can be determined and fed back to the PUPSO algorithm.
Based on the returned values, the parameters are modified as described in Section 4.1.
Then, new particles are generated according to the modified parameters and sent to the
next loop. The optimal solution is then obtained after a number of cycles.

5. Optimization for PCSH Wind Turbine Tower
5.1. Design Parameters

It is assumed that the wind farm is built in a mountainous area, and site information
and the parameters of the wind turbine studied in this paper are listed in Table 4 [25,47]. In
the PCSH wind turbine tower, the upper steel part of the tower is made of Q345 steel and
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the lower PC part is made of C50 concrete. The height of the wind turbine tower is 77.5 m.
The material properties are determined by GB 50010-2010.

Table 4. Parameters of the wind turbine.

Wind Turbine Parameters Value
Generator model XE93-2000
Rated power 2 MW
Rotor diameter 93.4m
Nacelle and hub weight 80t
Distance from gravitational center of the nacelle and hub to the center of tower 3000 mm
Weight of blades 48.5t
Distance from gravitational center of the blades to the center of tower 4864 mm
IEC wind zone IECIIA
Annual average wind speed 75m/s
Cut-in wind speed 3m/s
Nominal wind speed 11m/s
Cut-out wind speed 25m/s
Extreme wind speed 52.5m/s
Rotational speed 23 rpm
Maximum turbulence intensity 0.18

The parameters used in the PUPSO approach are listed in Table 5.

Table 5. Parameters of the PUPSO approach.

Parameter Value
Winax 0.9
Winin 0.4

M 50
N 30
Penalty term 0.5
4 0.3

5.2. Optimization Results for the PCSH Wind Turbine Tower
5.2.1. LCOE Optimization

The relationship between the LCOE under the category IV wind energy resource area
and the number of iterations is illustrated in Figure 6. According to Figure 6, by the use of
the proposed PUPSO optimization approach, the LCOE of the PCSH tower defined above
decreases clearly with the iteration of the approach and the minimization of the objective
function is realized when the number of the iteration reaches 31. The LCOE decreases
sharply in the first iterations because the algorithm in this paper strengthens the searching
space diffusion and heightens the weight of particle optimization in the early stage and
the weight of global optimum in the later iterations. The LCOE also drops fast in the early
stage of the PSO optimization. However, the optimal result of PSO is inferior to that of the
PUPSO algorithm proposed in this paper after the process is iterated four times.

The LCOE of four types of wind energy resource areas are presented in Table 6.
Compared with the LCOE of the original wind turbine tower, the LCOE of the optimized
wind turbine tower reduced by about 4% due to the reduction in construction costs.
Theoretically, if the LCOE is higher than the electricity price, the project is not economically
feasible. Therefore, the optimized PCSH wind turbine tower can increase profits and make
it economically possible to build wind farms in areas with lower electricity prices.



Appl. Sci. 2021, 11, 8683

15 of 21
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Figure 6. Optimization of costs of PCSH wind tower as a function of iteration number.

Table 6. LCOE measurement.

Category Equivalent Available Electricity Price in LCOE for the Benchmark LCOE for the Optimized
Duration (h) 2019 (Yuan/kWh) PCSH Tower (Yuan/kWh) PCSH Tower (Yuan/kWh)

I 2850 0.34 0.3613 0.3474

II 2600 0.39 0.3874 0.3722

I 2500 0.43 0.3993 0.3835

v 2000 0.52 0.4769 0.4571

The optimization rates, that is, the ratio of the difference of variables before and after
optimization to the value before optimization, using the PUPSO are shown in Figure 7. It
can be seen that the variables illustrated in the figure are less than zero, which means the
variables are smaller than they were before the optimization. As the number of iterations
increases, the variable tends to decrease.

00 —=a— Steel segment number
Height of steel segment
04 —e— Thickness of the top end of the concrete part
—o— Thickness of the bottom end of the concrete part
02 —a— Area of prestressed reinforcement
2 —a— Outer diameter of the top end of the concrete part
% 0 —x— Outer diameter of the bottom end of the concrete part
E | Badioeesssssssasssssner
Boa [ AR TR s bt a b e
a
o
-0.4
-0.6
[
-0.8 L . L L L
0 10 20 30 40 50

Number of iterations

Figure 7. The optimization ratio of variables.

60

The comparison of corresponding dimensions for the PCSH wind turbine tower is
listed in Table 7. Compared with the original design, the height of the upper steel segment
is greatly reduced to 22 m and approximately 30% of the total height of the PCSH tower
while the steel segment number is 1. The thickness of the tower, including the steel segment
and concrete segment, is also reduced, which decreases the material consumption of the
PCSH tower.
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Table 7. PCSH tower dimension before and after optimization.
Tower Variable Before Optimization After Optimization
Segment 3 1
tl (mm) 14 10
D}, (mm) 2686 2686
D/, (mm) 3485 3296
H! (mm) 21,500 22,000
tg (mm) 18 -
Steel tube segment Dizt (mm) 3485 _
D ! (mm) 4046 -
HZ (mm) 20,000 -
t? (mm) 20 -
Dg’t (mm) 4046 -
D % (mm) 4400 -
H; (mm) 20,000 -
fop (Mm) 500 270
tep (Mm) 500 285
H, (mm) 16,000 55,500
D¢t (mm) 4878 3549
PC segment D, (mm) 6900 5800
Prestressed duct number 36 36
Prestressed reinforcement 851 x 7 (d = 15.2 mm) 751 x 7 (d = 12.7 mm)
Prestressed reinforcement area (mm?) 40,320 24,872

5.2.2. Utilization Ratio Comparison

In order to evaluate the utilization of both concrete and steel material of the optimized
PCSH wind turbine tower and the effectiveness of the approach, the material utilization
ratio as the ratio of the actual to maximum allowable performance values is determined.
Figure 8 shows the maximum constraint activity of all cases for the optimized design.
According to Figure 8, it can be seen that all utilization rates are less than one but greater
than zero and local buckling for the steel section and fatigue damage for the concrete
section are prominent. Therefore, no constraint was violated and the safety of the structure
is ensured. The utilization rate at the upper part of the steel segment is less than that at the
lower part of the steel segment due to the fact that D}, is not optimized and is determined
by the wind turbine and that the thickness of the steel section is constant along the height
direction. The maximum utilization rate of the concrete segment is close to one along with
the height, which means that the optimal result is close to the global optimal solution.

The maximum utilization ratio of the PCSH tower before and after optimization
are listed in Table 8. According to Table 8, the utilization ratio of steel and concrete has
been enhanced significantly. That both maximum utilization ratios of prestressing bars
are close to one means the prestressing bars are fully used. The change of prestressed
reinforcement is mainly due to the change of structural internal forces caused by the change
of structural dimensions. The maximum utilization ratio for the load-carrying capacity of
the PC segment at windward side is below zero, which means that the windward side of the
tower is compressed rather than tensioned under the impact of prestress. The maximum
utilization rate of the optimized PCSH wind turbine tower is close to one, which illustrated
the effectiveness of the PUPSO algorithm.
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Figure 8. The utilization ratio for constraints along the tower.

5.2.3. Fundamental Natural Frequency Comparison

The rotating speed of the rotor in the rated power is 23 rpm. Therefore, the correspond-
ing rotational frequency is 0.38 Hz and the blade passing frequency is 1.15 Hz. The natural
frequency of the different tower is listed in Table 9. The fundamental natural frequency
of the original wind turbine tower is 0.45 Hz and the natural frequency of the optimized
PCSH wind turbine tower is 0.56 Hz. The natural frequency of the PCSH tower is higher
than that of the original tower. Moreover, the natural frequency of the proposed PCSH
wind turbine tower has a safety margin of 0.18 Hz away from the rotational frequency and
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0.59 Hz away from the blade passing frequency, which means a better dynamic behavior
compared with the original design.

Table 8. The maximum utilization ratio of PCSH tower before and after optimization.

Tower Maximum Utilization Ratio Before Optimization After Optimization
Local buckling 0.45 0.84
Overall stability 0.40 0.52
Compressive load-carrying capacity 0.53 0.76
Steel segment Shear load-carrying capacity 0.15 0.37
Torsion load-carrying capacity 0.00075 0.0013
Combined load-carrying capacity 0.29 0.67
Fatigue 0.41 0.52
Load-carrying capacity of windward side 0.064 0.34
Load-carrying capacity of leeward side 0.48 0.25
Combined load-carrying capacity 0.091 0.45
PC segment Fatigue of windward side 0.56 0.94
Fatigue of leeward side 0.21 0.48
Fatigue of prestressing bar 0.93 0.91

Table 9. Natural frequency comparison of different tower.

Tower Frequency (Hz)
Before optimization 0.45
After optimization 0.56

5.2.4. Weight Comparison

The weight of the wind turbine tower before and after optimization are listed in
Table 10. Due to the reduction in the proportion of steel sections, the consumption of
steel is reduced by about 82% and the weight of PC segment is increased by about 56%.
The optimized design greatly reduces the steel consumption of the tower. The weight of
the structure is increased by about 27%, which strengthens the anti-overturning capacity
of the structure.

Table 10. Weight comparison of different tower.

Weight Before Optimization After Optimization
Steel segment (t) 90 16
PC segment (t) 338 528
Total (t) 428 544

5.2.5. Computation Efficiency Comparison

To verify the effectiveness of the proposed PUPSO algorithm for the optimization of
the PCSH wind turbine tower, the comparison of computational times at different number
of cycles between the PUPSO approach and the UPSO computation is shown in Table 11.
When the cycle was 5, the computation time was saved by 49% and 38%, respectively.
When the cycle was 10, the computation time was saved by 47% and 51%, respectively. It
can be seen that by the use of the proposed PUPSO approach, the optimization computation
efficiency was clearly enhanced.

Table 11. Comparison of computational time with two computing method.

. . PUPSO
Cycle Number PSO Computation (s) UPSO Computation (s) Computation (s)
5 55,074 44,912 27,845

10 99,352 107,553 52,427
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The comparison of computational time for PSO, UPSO, and PUPSO is shown in
Table 12. The proposed PUPSO algorithm has better optimization abilities compared with
the PSO and UPSO. As shown in Table 12, the computation time of the proposed PUPSO
can be saved by 51% and 53% when compared with the PSO and UPSO, respectively.
In conclusion, compared with the PSO and UPSO algorithm, the PUPSO algorithm can
improve the optimization efficiency by 60-110%. The reason for the large difference in
calculation efficiency is that computing time will be saved when a constraint violation
occurs as the checking procedure is interrupted directly and employs the penalty term, as
shown in Figure 3. Not only does the approach speed up the calculation efficiency but it
also avoids premature convergence as much as possible.

Table 12. Comparison of computational time with three computing methods.

PSO Computation (s) UPSO Computation (s) PUPSO Computation (s)
432,759 451,480 212,801

6. Conclusions

Based on the PUPSO algorithm, a geometry optimization approach for PCSH wind
turbine towers has been proposed in this paper. During the optimization procedure, several
working conditions, including wind and earthquakes as well as combinations of these
factors, are considered. The LCOE of the PCSH tower is treated as the objective function
and the geometry variables for the optimization of the PCSH tower include the dimensions
of the PC and steel segments of the PCSH wind turbine tower. Based on this analysis, a
geometrically optimal result was obtained, and the following findings can be made:

1.  The proposed PUPSO algorithm performs better when compared with the traditional
PSO algorithm and the UPSO. The computation time is greatly reduced by using
parallel algorithms. Fulfilling the design constraints of relevant specifications and
industry standards, the PUPSO algorithm provides an optimal design for the PCSH
wind turbine towers with considerably improved computational efficiency.

2. The levelized cost of energy (LCOE) of the PCSH wind turbine tower in a life cycle
perspective is considered as the objective function as an alternative to the direct
investment. The LCOE of the optimized PCSH wind turbine clearly decreases when
compared with the benchmark tower and increases the material utilization rate of the
tower. The optimized PCSH wind turbine tower can be an economic alternative for
wind farms with lower LCOE requirements. The height of the steel segment of the
optimized PUPSO tower is recommended to be 30% of the total height of the PCSH
wind turbine tower.

3.  The optimized tower can provide better dynamic behavior to avoid the resonance
caused by wind turbine excitation.

4. The optimization results for PCSH wind turbine towers provide valuable references
in practice for PCSH wind turbine tower design in mountainous areas. This paper,
based on a linear hypothesis and limited deformation, has been conducted as the
preliminary optimization. Because of the nonlinearity present in prestressed concrete
towers, nonlinear calculations should be investigated in the future.
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