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EMCO-based Optimal Layout Design of Hybrid 

Wind-wave Energy Converters Array 

Bo Yang, Jinhang Duan, Yunfeng Yan, Bingqiang Liu, Jianxiang Huang, Lin Jiang, and Rui Han

Abstract—Marine renewable energy, combining wave 
energy converters (WECs) and floating wind turbines 

(FWTs) into hybrid wave-wind energy converters 
(HWWECs), garners significant global interest. HWWECs 

offer potential cost reductions, increased power generation, 
and enhanced system stability. The absorption power of high 

wind energy sites is primarily influenced by the complex 
hydrodynamic interactions among floating bodies, which are 

closely related to the location and wind-wave environment of 
high wind energy sites. To delve into the positive interactions 

among HWWECs, this paper proposes a HWWEC array 
optimization strategy based on the artificial ecosystem opti-

mization-manta ray foraging optimization coordinated op-
timizer (EMCO). In EMCO, the decomposition operator of 
artificial ecosystem optimization (AEO) and the flip-

ping-dipper foraging operator of manta ray foraging opti-
mization coordinated (MRFO) cooperate dynamically to 

effectively balance local exploitation and global exploration. 
To validate the effectiveness of EMCO, experiments were 

conducted in scenarios with 3, 5, 8, and 20 HWWECs, and 
compared with five typical algorithms. Experimental results 

demonstrate the existence of multiple optimal solutions for 
HWWEC arrays. EMCO achieves maximum total absorp-

tion power and exhibits good stability. Notably, EMCO en-
hances the q-factor values of HWWECs across four scales: 

1.0478, 1.0586, 1.0612, and 0.9965, respectively. 

Index Terms—Marine renewable energy, hybrid wind-wave 

energy converter,  layout optimization, coordinating optimizer. 
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NOMENCLATURE 

A. Abbreviations 

AEO artificial ecosystem optimization 

AEP annual energy production 
ART adaptive resonance theory 

CGO chaos game optimization 
FWT floating wind turbine 
GWO grey wolf optimizer 

HBA honey badger algorithm 
HWWEC hybrid wind-wave energy converter 
MRFO manta ray foraging optimization 

MhAs meta-heuristic algorithms 
OWF offshore wind farm 

PTO power take-off 
PV photovoltaic 
RES renewable energy source 

SFC semisubmersible flap combination 
STC spare torus combination 
WEC wave energy converter 

WT wind turbine 

B. Variables  

wheelA  swept area of FWT 

 A  additional mass matrices 

ta  linear weight coefficient 

α  weight coefficient 

w  axial induction factor 

'B  quadratic viscous damping coefficient 

β  weight coefficient 

pto,ΣB  damping block-matrices 

 B  damping coefficient matrices 

dragC  wind drag coefficient 

C  consumer operator 

D  decentralized factor 
FWTF  wave load 

windF  wind load 

waveF  wave load 

ptoF  PTO system load 

w-dragF  wind wheel thrust load 
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excF  wave forces of excitation 

radF  wave forces of radiation 
g  gravitational acceleration 

pto,ΣK  stiffness block-matrices 

FWT,ΣP  absorbed power of FWTs 

WEC,ΣP  absorbed power of WECs 

ΣP  
total absorbed power of a HWWECs 
array 

0P  absorbed power of a single HWWEC 

jP  absorbed power of the jth HWWEC in 

an array 

pP  yaw adjustment parameter 

R  restoring coefficient matrices 

 somersault factor 

wv  effective wind speed 

x  displacement vector 

x  velocity vector 

x  acceleration vector 

 air density 

β  water density 

w  correction coefficient 

w  yaw angle of the WT 

  wave propagation angle 

Ⅰ.   INTRODUCTION 

n the past few decades, environmental issues such as 
global warming and sea-level rise are becoming much 

more severe than before, whilst global demand for 
electrical energy is dramatically increasing [1], [2]. 
Nevertheless, traditional fossil fuels, e.g., coal, oil, and 
natural gases are facing ever-increasing depletion [3]. 
Therefore, with the motivation to prevent environmen-
tal degradation and reform energy structure, renewable 
energy sources (RESs) have been widely developed and 
utilized all over the world, e.g., solar, wind, ocean en-

ergies, etc. [4]6]. Marine renewable energy has be-
come a strategic resource to implement technology 
reserves internationally thanks to its great location 
conditions and development potential. At present, ma-
rine renewable energy can be mainly subdivided into 
ocean current energy, offshore wind energy, tidal en-
ergy, ocean thermal energy, and wave energy [7], [8]. 
Among them, offshore wind energy is widely developed 
and utilized, with wind farms scaled up to 1000 MW [9]. 
Compared with onshore wind turbines, offshore wind 
turbines (WTs) can usually receive higher and less 
turbulent wind speeds [10]. Meanwhile, they can pro-
vide stable output power without mechanical noise 
restrictions. Hence, the annual energy production (AEP) 
of offshore wind farms (OWFs) is relatively higher. 
Their electricity production increased from 56 TWh to 

67 TWh in 2018. According to the International Energy 
Agency sustainable development scenario, the power 
generation of OWFs will reach 308 TWh and 606 TWh 
in 2025 and 2030 respectively [11]. Furthermore, ocean 
wave energy is also a crucial resource in the offshore 
environment. It has become a common focus around the 
world due to its high energy density and wide distribu-
tion [12], [13]. Thus far, wave energy conversion 
technology has been not mature enough and still in the 
development stage. However, it has huge development 
potential for contribution to RES harnessing. Specifi-
cally, about 1 TW of power potential can be generated 
by wave energy available along the world’s coasts, 
which might even reach up to 10 TW while the open 
ocean is considered [14], [15]. The power production of 
ocean waves might approximately reach 93 TWh per 
annum [16]. 

Since the natural correlation between sea wind and 

wave, scientific integration of floating wind turbine 
(FWT) and wave energy converter (WEC) can become a 

promising technology. A hybrid wind-wave energy 
converter (HWWEC) can simultaneously capture en-
ergy from wind and wave, which greatly reduces the 

downtime period of OWFs [17]. Especially, the power 
take-off (PTO) can convert wave energy captured by 
WEC and buoy platforms into electrical energy. Af-

terwards, the electricity generated by HWWEC is 
transmitted to the land via submarine cables. Meanwhile, 
the ocean utilization area and installation costs can be 

significantly saved by sharing infrastructure for elec-
trical systems, mooring systems, and other common 

components [18], [19]. In recent years, various 
HWWEC systems have been proposed, upon which the 
most representative and influential HWWEC systems 

are mainly spare torus combination (STC) and semi-
submersible flap combination (SFC) proposed by ma-
rine renewable integrated application platform project 

funded by the European Union [20]22]. Reference [23] 
indicated that a colocated offshore wind-wave farm has 
an increment of 3.4% in the annual energy yield com-

pared with a standalone OWF. In addition, the genera-
tion ability of WECs in offshore hybrid wind-wave 

farms was comprehensively analyzed and evaluated in 
the literature [9]. For the dynamic analysis of HWWEC, 
reference [24] established the wind-wave coupled hy-

drodynamic model and studied the feasibility of 
HWWEC by aero-servo-hydro-elastic simulation tool. 
Besides, many factors can impact the power perfor-

mance and motion response of HWWEC, e.g., WEC 
types, WEC shape, WT types, WT size, and wind-wave 

conditions, etc. Reference [25] proposed HWWEC 
consisting of a monopile-type WT and a heave-type 
WEC, and its hydrodynamic responses were deeply 

researched by numerical simulations. Meanwhile, a 
concept of HWWEC combined with a 5 MW semi-
submersible FWT and a torus-type WEC was innovated 

I 
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in reference [26], where the effect of different WEC 

shapes on motion response and power performance was 
investigated in detail. 

Moreover, partial HWWECs are generally installed 
on the sea in the form of arrays or farms to realize large 
electricity production and grid integration. However, 
unlike photovoltaic (PV) arrays, there are sophisticated 
interactions among floaters in HWWECs array, which 
might be constructive or destructive to the total ab-
sorbed power [27], [28]. These interactions rely on the 
distances and orientations among floaters [29], [30]. In 
fact, from the analysis of WECs arrays’ power charac-
teristics [31]34], the absorbed power of HWWECs 
array might be much higher than that generated by the 
same number of dividual HWWECs, which is strongly 
relevant to the layout of HWWECs array. Therefore, it 
is crucial to adequately exploit the constructive inter-
action of floaters in HWWECs array for improving its 
energy conversion rate. 

Needless to say, optimization of HWWECs array 
layout is a tricky problem because of the complex 
wind-wave environments and interactions in HWWECs 
farm. So far, various methods have been put forward to 
realize the optimization of WECs array layout, e.g., 
machine learning methods, mathematical methods, and 
meta-heuristic algorithms (MhAs) [13]. Nevertheless, 
to authors’ best understanding and knowledge, the issue 
layout optimization of HWWECs array has been rarely 
studied in the present work. Inspiringly, a novel concept 
of HWWEC is proposed in this paper. As shown in Fig. 1, 

it consists of FWT (Vestas V27225 kW WT [35]), 
three-tether WEC [31], PTO and mooring systems. 
FWT is flexible, it can be disassembled and moved to a 
suitable location, so as to capture offshore wind energy. 
And wave energy can be captured by WEC and floating 
platform from many directions. By using cable and 
pulley mechanism, the WEC can work in high effi-
ciency by capturing wave energy in both surge and 
heave mode even though there is changing water level. 
Then, the electricity generated by HWWEC is trans-
ported by submarine cables to onshore converter sta-
tions. As mentioned above, MhAs are widely utilized in 
many optimizations working with the strong nonlinear-
ity. However, the model of HWWEC array contains 
many complex modules, e.g., sea state simulation and 
hydrodynamic interaction module between buoys, etc. 
Most algorithms with complex mechanisms are not 
suitable for solving such optimization problems due to 
the computational cost. Therefore, it is urgent to find a 
method with a strong optimization ability and a simple 
mechanism to optimize the layout of HWWEC array. 
Based on the inspiration of artificial ecosystem opti-
mization (AEO) [36] and manta ray foraging optimiza-
tion (MRFO) [37], a novel AEO-MRFO coordinating 
optimizer (EMCO) is developed for layout optimization 
of HWWECs array in this work. EMCO has great ex-
perimental performance, simple structure, strong opti-
mization ability, etc., which is a better scheme in vari-
ous layout optimization methods of WEC array. The 

performances of EMCO are mainly assessed by two 
evaluation criteria including total absorbed power 
and  for HWWECs farm. The key contributions 

of this paper can be summarized as follows: 

1) A novel HWWEC consisting of a Vestas V27225 kW 
WT and a three-tether WEC is originally proposed to 
capture energy from the wind and wave as much as pos-

sible. Meanwhile, the hydrodynamic model of HWWECs 
array is established. 

2) In order to improve the placement of HWWEC in a 
wind-wave farm and maximize the absorbed power of 
HWWECs array, a novel coordinating optimizer named 
EMCO is proposed for layout optimization of HWWECs 
array. 

3) Practical and specific performances of HWWECs 
array optimized by EMCO are comprehensively evalu-
ated under four scenarios, e.g., 3-HWWEC, 5-HWWEC, 
8-HWWEC, and 20-HWWEC farms, via a thorough 
comparison with that of five typical MhAs, i.e., AEO, 
MRFO, grey wolf optimizer (GWO), chaos game opti-
mization (CGO) and honey badger algorithm (HBA). 

The rest of this work is structured as follows. 

HWWECs array model is established in Section Ⅱ. 
Section Ⅲ and Section Ⅳ introduce the design of 
EMCO and the optimization of HWWECs array based 

on EMCO, in which the principle, framework, and ex-
ecution process of EMCO are provided, respectively. In 

Section Ⅴ, case studies and statistical analysis are car-
ried out. Finally, the main conclusions and future de-
velopments are drawn in Section Ⅵ. 

 

Fig. 1.  A conceptual illustration of the HWWECs array. 

Ⅱ.   HYBRID WIND-WAVE ENERGY CONVERTER ARRAY 

MODELLING 

A. Dynamics Analysis 

1) Floating Wind Turbine System 
Considering the FWT as a particle, the total external 

loads acting on the FWT are mainly the aerodynamic 
load transmitted by the WT, wave load, and the load of 
mooring systems and PTO [24], [38]. Besides, there are 
two loads in aerodynamic load: wind wheel thrust 

w-drag,iF and wind drag w-dragF . And aerodynamic load of 

WT wind ( )F i can be calculated by the blade element the-

ory [39], [40]. Therefore, the motion of FWT can be 
described as: 
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where wind,iF , 
wave,iF , and pto,iF  are acting on FWT loads 

by wind, wave, and PTO system; 
exc,iF  and 

rad,iF  are the 

wave forces of excitation and radiation; dragA is the or-

thographic projection area above the waterplane of the 
tower and platform in the direction of incoming flow; 

U
 is the upwind speed of the distant flow;  is the 

air density; dragC is the wind drag coefficient; FWTP is the 

power absorbed by WT from ocean wind energy; wheelA  

is the swept area of WT; w is the axial induction factor; 

w  is the correction coefficient; w is the yaw angle of 

the WT; pP  is the yaw adjustment parameter; and wv  is 

the effective wind speed. 
2) Wave Energy Converter System 

Using the same method, two loads including wave 

load and PTO system load can be acting on the WEC. 

The hydrodynamic interactions among buoys are crucial 

elements in WEC performance. Based on the linear 

wave theory and potential flow theory, the dynamics 

equation of WEC can be described as follows [31]: 

WEC WEC

WEC exc,Σ pto,Σ

Σ pto,Σ

* * *
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where M stands for the mass matrix; WECx̂  is the gen-

eralized acceleration vector of WECs; the symbol 

“ * ”means the conjugate transpose; WEC ( )A and 

Σ ( )B denote the added mass matrices and damping 

coefficient matrices, which express hydrodynamic in-

teractions of buoys; WECP is the power absorbed by 

WEC from ocean wave energy; pto,ΣK and pto,ΣB repre-

sent the stiffness and damping block matrices of PTO 
systems, respectively. 
3) Hybrid Wind-wave Energy Converter System 

Firstly, Vestas V27225 kW WT [35] and three-tether 
WEC [31] are chosen as the FWT system and WEC sys-
tem of HWWEC respectively in this work. Meanwhile, the 
hydrodynamic performances of HWWECs can be simu-

lated in the frequency domain by WAMIT, e.g., excitation 
force, added mass, wave-wind coupling terms, etc. At last, 
in order to simplify the interaction between HWWECs, 
just three dominant external forces which act on 
HWWECs are considered in this paper. The total external 
loads of HWWEC mainly include the load transmitted by 
WT, the wave load, and the load of the PTO acting on 
HWWEC by tethers. According to the linear potential flow 
theory [24], [41], the frequency domain equation of 
HWWEC’s motion is given by 

 2

HWWEC

Σ

( ) ( )

( ) ( ) ( ) ( )

M

i B R F

  

    

  

 

A X

X X
           (3) 

Σ wind wave pto ( ) ( ) ( ) ( )F F F F              (4) 

where Σ  ( )F  is the external force; HWWECM is the struc-

tural mass of HWWEC; ( )A and ( )X  are the addi-

tional mass matrices and displacement vectors in the 
frequency domain; B and R are the damping coefficient 

and restoring coefficient; wind ( )F  , wave ( )F   and 

pto ( )F   are the acting on HWWEC loads by wind, wave, 

and PTO system, respectively. 
In order to further analyze the nonlinear effects be-

tween the HWWECs in the time domain, equation (3) 
can be extended as [24], [41]. 

 HWWEC

0

( ) ( ) '

( ) ( )d ( ) ( , , )
t

M A x t B x x

t x Rx t f t x x



  

  

   k
         (5) 

where ( )A   is the added mass at infinite frequency; x , 

x , and x are the displacement, velocity, and accelera-
tion in the time domain respectively; 'B  is the quad-

ratic viscous damping coefficient; and ( )k is the ve-

locity impulse function matrix. 

B. Performance Index 

Assume N  is the total number of HWWECs in an 
array. After determining the wave and wind conditions, 
i.e., wave frequency, wave height, wind speed, and 
direction. In the frequency domain, the total power 
absorbed by a completed HWWECs array from ocean 
wind-wave can be calculated by  

Σ WEC,Σ FWT,ΣP P P                           (6) 

To evaluate the optimization quality of HWWECs 
array and compare the optimization effects among dif-
ferent HWWECs arrays,  is referred to as the 

specific parameter to evaluate the performance of 
HWWECs array in this paper, which can be defined as 

Σ

0

P
q

NP
                                       (7) 

where N is the number of the HWWECs; 0P is the 

power absorbed of wind-wave energy captured by 
HWWEC when working alone. 

The is initially used to evaluate the perfor-

mance of WECs array and it can be greater than 1 in 
theory, which indicates a WEC in the array can absorb 
more energy than an individual device [42]44]. 
The  shows the ratio of the absorbed power of 
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the HWWECs array compared to the absorbed power of 
the same number HWWECs in isolation. 

Ⅲ.   DESIGN OF EMCO 

A. Primal AEO 

For AEO, the producer 1( )x t updates its position 

through the decomposer position ( )nx t  in the current 

population and a random vector rx within the search 

range [31], as follows: 

t

1

max

1
t

a r
t

 
  
 

                             (8) 

b b b( )r i i iU L L  x r                         (9) 

1( 1) (1 ) ( )n rx t a x t a    x                (10) 

where ta is a linear weight coefficient; maxt is the 

maximum number of iterations; 1r is a random parame-

ter [0, 1]; r is a random vector that follows a uniform 

distribution in [0, 1]; b

iL and b

iU  are the lower and upper 

limits of the searching domain; and n  is the population 

size. 

If consumer ( )ix t is an herbivore, only the energy of 

the producer can flow to the herbivore, which yields 

 1( 1) ( ) ( ) ( )i i ix t x t C x t x t                (11) 

where C  is the consumer operator of AEO. 

If a consumer ( )ix t  is a carnivorous animal, it can 

prey on other consumers with higher energy levels, as: 

( 1) ( ) ( ) ( )i i i jx t x t C x t x t                  (12) 

where 2,3, ,i n ; j  is a random integer in  2,  1i  . 

If a consumer ( )ix t is selected as an omnivore, it 

updates its position based on the position of the pro-

ducer and other consumers with higher energy levels, 
gives 
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2
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                (1 ) ( ) ( )

i i i

i j

x t x t C r x t x t

r x t x t

    

   

         (13) 

where 2r is a random number uniformly distributed 

within  0,  1 . 

The AEO decomposition operator mechanism makes 

each individual ( )ix t  in the population scatter around 

the current best solution (decomposer), as follows: 

 ( 1) ( ) ( ) ( )i n n ix t x t D x t hx t           (14) 

3D  u                                     (15) 

3 randi([1, 2]) 1r                        (16) 

32 1h r                                   (17) 

where D is the decentralized factor; u is a random 

vector or random number subject to standard normal 

distribution; 3r is a random number uniformly distrib-

uted within  0,  1 ; and randi([1, 2]) is used for ran-

domization produces a positive integer 1 or 2. 

B. Primal MRFO 

There are three foraging strategies in MRFO, i.e., 

chain foraging, cyclone foraging, and somersault for-

aging [37]. 

In chain foraging, food source best ( )x t  represents the 

location of the current optimal solution. Besides, each 

individual ( )ix t updates its position towards the previous 

generation of individual 1( )ix t  and the food source 

position during the iteration, forming a chain foraging 
operator, gives 
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where   is the weight coefficient. 

Cyclone foraging strategy is considered in two parts, 

to enhance the global search capability of the MRFO in 

the pre-iterative stage, a random vector rx  is intro-

duced to guide the individual ( )ix t to update its position 

in the search space, which yields 
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r r          (20) 

where 4r is a random vector that follows a uniform dis-

tribution in . 

In the late iteration of the MRFO, food source best ( )x t  is 

considered as a reference, and each approaches the food 

source in a spiral motion, as follows: 
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The third foraging strategy of MRFO is somersault 

foraging, the mathematical model can be described as: 
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 2 best 3( 1) ( ) ( ) ( )i i ix t x t S x t x t   r r       (22) 

where is the somersault factor. 

C. Design of EMCO 

Firstly, the decomposition operator mechanism of 
AEO is introduced into EMCO, it makes each individ-
ual gradually stay away from the producer with the 
worst fitness in the iteration. In addition, the chain and 
cyclone foraging strategies of MRFO can attract (espe-
cially in the later stage of the iteration) each individual 
to approach the food source with the best fitness. These 
two operations have similar features, thus EMCO re-
tains the chain and cyclone foraging strategies of 
MRFO. Moreover, to prevent the algorithm from 
blindly searching, EMCO simplifies the cyclone for-
aging strategy of MRFO. Equation (18) and (21) can be 
further simplified as 
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At last, the somersault factor in (22) is modified from 

2S =  to 3S =  , which can overcome the defect of in-

sufficient global search ability caused by the aforemen-

tioned improvements. And  is a random vector or ran-

dom number subject to the standard normal distribution, 
the optimization framework of EMCO is shown in Fig. 2. 

Ⅳ.   OPTIMAL ARRAY LAYOUT DESIGN OF WEC BASED 

ON EMCO 

A. Fitness Function 

To further reveal and utilize the constructive interac-
tions among HWWECs, optimization of HWWECs array 
is applied to find the optimal position of HWWECs and to 
maximize absorbed power of HWWECs array, that is, the 
value of  should be maximized. Hence, the fit-

ness function is chosen as: 

best 1 2 max

Σ
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max( , , , ),1

 

tq q q q t t

P
q
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Ů Ů

       (25) 

B. Constraints 

Considering the construction and installation of HWWEC 
in reality, the distance between each HWWEC must keep 
above 50 m. Therefore, the coordinates of HWWECs should 
satisfy the following constraints: 

o Lmax

o Wmax

2 2
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ů
     (26) 

where oix and oiy represent the coordinate of the ith 

HWWEC; LmaxU and WmaxU are the maximum length 

and width of the sea areal; and saved is the safe distance 
between each HWWEC. 

 
Fig. 2.  Optimization framework of EMCO. 
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C. Execution Process 

Firstly, the initial population is generated by EMCO, 

which is the initial array of HWWEC. Then, optimiza-

tion iterations are carried out based on the mechanism of 

EMCO. Finally, the optimal layout of the HWWEC 

array can be realized. To ensure the diversity of the 

initial population and enhance its coverage of the search 

space, each individual is randomly initialized by (9). 

Furthermore, EMCO follows the bounds-checking rules 

of AEO and MRFO, and individuals that exceed the 
boundary can be reinitialized. All in all, the detailed 

execution process of EMCO and the flow chart of 
EMCO to optimize the layout of HWWECs array are 
described in Table Ⅰ and Fig. 3, respectively. Note that 

rand is a random number uniformly distributed with-

in . 

TABLE Ⅰ 

THE DETAILED EXECUTION PROCESS OF EMCO 

1: 
INPUT: n (number of population), maxt  (maximum number of 

iterations), N (number of HWWECs); 

2: Initialize the  positions of individuals by (9) and (26); 

3: 
Calculate the fitness of each individual  by (6) and (7); save the 

best fitness bestq and corresponding position bestx ; 

4: WHILE maxt tŮ  

5: FOR1 i =1~n 

6: IF1 rand 0.5̖  

7: Update the position of  individual ix using (23); 

8: ElSE IF1 

9: Update the position of  individual ix using (24); 

10: END IF1 

11: Correct the position of each individual based on (26); 

12: Calculate the fitness of each individual  by (6) and (7); 

13: 
Save the best fitness best ( )q t and corresponding posi-

tion best ( )x t ; 

14: END FOR1 

15: FOR2 i =1~n 

16: IF2 
max randt/t ̖  

17: Update the position of  individual ix using (22), 3S =  ; 

18: ElSE IF2 

19: Update the position of  individual ix using (14); 

20: END IF2 

21: Correct the position of each individual based on (26); 

22: Calculate the fitness of each individual  by (6) and (7); 

23: 
Save the best fitness best ( )q t and corresponding posi-

tion best ( )x t ; 

24: END FOR2 

25: END WHILE 

26: OUTPUT: Best solution bestx and the best fitness bestq . 

 

 

Fig. 3.  Flowchart of EMCO-based layout optimization of HWWECs 

array. 

Ⅴ.   CASE STUDIES 

In this section, the optimization results of the ex-

periments for developing the performance of HWWECs 

arrays are presented. Besides, wind-wave conditions are 

set to wind speed 14 m/s , wave height =1.9 m , and 

wave frequency =0.7 rad/s . Moreover, the direction of 

wind-wave propagation is from left to right. The wind 

speed is above the rated wind speed for Vestas V27225 

kW WT. All in all, the main parameters of HWWEC 

system are tabulated in Table Ⅱ.  

EMCO is applied to implement four different scales 

HWWECs arrays optimization, i.e., 3-HWWEC, 

5-HWWEC, 8-HWWEC, and 20-HWWEC. Meanwhile, 

the array optimization performance of five MhAs, in-

cluding AEO [36], MRFO [37], GWO [45], CGO [46], 

and HBA [47] are compared with that of EMCO. The 

main parameters of various MhAs are shown in Table Ⅲ.  

To fairly evaluate and compare the performance of 

various algorithms in terms of convergence speed, 

scalability, and searchability, the population size n and 

the maximum iteration number 
maxt are uniformly set as 

60n   and 
max 400.t   Each algorithm is executed 

twenty times, and the best result among these twenty 

runs in terms of maximum output power andof WEC 

array is selected as the performance metric for evalu-

ating the algorithm in array optimization. 
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TABLE Ⅱ 

THE MAIN PARAMETERS OF HWWEC AND WIND-WAVE 

CONDITIONS 

Parameters Value 

FWT Rotor diameter 
FWTD  (m) 27 

Cut-in wind speed 
cut_inV  (m/s) 3.5 

Rated wind speed 
ratedV  (m/s) 11 

Cut-out wind speed 
cut_outV  (m/s) 22.5 

Air density aɟ  (kg/m3) 1.29 

WEC buoy diameter 
WECD  (m) 10 

Submergence depth 
subH  (m) 6 

PTO spring coefficient 
ptoK  (kN/m) 387 

PTO damping coefficient 
ptoB  (kN/m) 161 

Ocean depth 
oceanH  (m) 50 

Water density 
  (kg/m3) 1020 

Gravitational acceleration g  (m/s2) 9.81 

Wave height 
waveH  (m) 1.9 

Wave-wind propagation angle  (rad) 0 

TABLE Ⅲ  

THE MAIN PARAMETERS OF VARIOUS METHODS 

Algorithms Parameters Value 

EMCO 

 D (Decentralized 

factor) 
 3 ,  ~ (0,  1)D u u N  

S  (Somersault 

factor) 
3 ,  ~ (0,  1)S N    

AEO 
 D (Decentralized 

factor) 
 3 ,  ~ (0,  1)D u u N  

MRFO 
S  (Somersault 

factor) 
2 

GWO 
a  (Convergence 

factor) 

a number which linearly de-
creases from 2 to 0 during the 

iteration process 

CGO ia  (Movement 

limitation factor) 

a random number which is 
distributed uniformly in the 

range of  0,  1  

HBA 

C  (Constant) 2 

  (Predation 

ability) 
6 

Note that u ~N (0, 1) represent u is a random vector or 
random number subject to standard normal distribution. 

Moreover, each method is executed independently for 
20 iterations to gather statistical insights, with the op-
timal outcome from each approach being documented 
and contrasted. To clearly describe the interaction be-
tween HWWECs and meet the constraint conditions, the 
sea areas of the four case studies are 300 m × 300 m, 
500 m × 500 m, 1000 m × 1000 m, and 1000 m × 1000 m, 
respectively. Lastly, all computational resources are set 
at the same level and executed on Matlab R2022b 
platform by a personal computer with Intel (R) Core 
(TM) i5 CPU at 2.9 GHz and 32 GB of RAM. 

A. Scenario 1: 3-HWWEC Array 

Here, the power of a single isolated HWWEC to ab-
sorb wind and wave energy is calculated under the 
wind-wave conditions specified in this paper, which is 
779 700 W. The convergence curves of for 

3-HWWEC array obtained by various algorithms are 
shown in Fig. 4(a). It is easy to observe that of 

layouts optimized by various algorithms are more than 1. 

And all algorithms can find the globally optimal solu-
tion ( -factor 1.0476q  ) with different convergence 

rates except CGO. Especially EMCO, HBA, and MRFO 
have great performance in convergence rate, they con-
verge at the 53rd, 70th, and 138th times respectively. 

Furthermore, total absorbed power ΣP of HWWECs 

array based on 20 independent runs is presented in Fig. 4(b), 
which clearly describes the distribution and upper/lower 
bounds of absorbed power for each method. Apparently, 
EMCO harvests satisfactory performance on stability 
compared with other algorithms, although the maxi-
mum fitness value of MRFO is better than that of 
EMCO. In contrast, CGO performs poorly in terms of 
search capability compared with other algorithms. 

 

 
Fig. 4.  Results of 3-HWWEC array obtained by various algorithms. 

(a) Convergence curves of -factorq . (b) Box-and-whiskers chart. 

Additionally, Table Ⅳ summarizes the best results of 
six methods based on 20 independent runs of each 
method. One can easily see that the total absorbed 
powers are basically around 2450.8 kW in five methods 
i.e., EMCO, MRFO, AEO, GWO, and HBA. Besides, 
there is a difference in the optimal layout obtained by 
the mentioned five methods. However, the total ab-
sorbed power difference of each method is only within 
0.015 kW. Therefore, this low-dimensional simulation 
experiment verifies that HWWECs array optimization 
has multiple optimal solutions.  

At last, based on each HWWEC’s absorbed power 

j
P and corresponding coordinates from Table Ⅳ, six 

3-HWWEC layouts optimized by various algorithms are 
exhibited in Fig. 5. It is not surprising that the HWWEC 
face the incoming waves have the highest absorbed 
power in the left of HWWECs farm, which shows the 
fidelity of optimization results in this work. 
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TABLE Ⅳ  

BEST EXPERIMENTAL RESULTS OF 3-HWWEC LAYOUT OPTIMIZED BY VARIOUS ALGORITHMS  

Algorithms HWWEC number  Abscissa  (m) Ordinate  (m)  (W)  (W)  

EMCO 

1 53 25 838 662.74 

2 450 818.90 1.0478 2 174 177 785 308.26 

3 116 296 826 847.90 

AEO 

1 160 19 826 936.74 

2 450 815.32 1.0478 2 98 290 838 565.89 

3 218 139 785 312.69 

MRFO 

1 47 288 838 681.52 

2 450 827.89 1.0478 2 167 137 785 326.58 

3 109 17 826 819.78 

GWO 

1 118 122 857 242.82 

2 450 530.24 1.0476 2 298 300 784 744.56 

3 178 0 808 542.86 

CGO 

1 64 31 802 537.72 

2 448 852.78 1.0469 2 122 300 789 828.12 

3 3 150 856 486.94 

HBA 

1 299 153 785 307.45 

2 450 827.61 1.0477 2 241 273 826 809.14 

3 179 2 838 711.02 

 

 

 

Fig. 5.  Best-found 3-HWWEC layouts obtained by various methods. (a) EMCO. (b) AEO. (c) MRFO. (d) GWO. (e)CGO. (f) HBA. 


