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ABSTRACT: 

Nowadays, sea wave energy is widely regarded as an energy source that is clean, renewable and highly available for 

power extraction. The subject of extracting the maximum power from sea waves in Iran is of great importance due to 

access to the Caspian Sea and  the Persian Gulf. Moreover, there is a need for resources with no air pollution besides 

providing a part of the country's power demand without costly infrastructure, so this research field is highly interesting 

although has rarely been addressed so far. The main purpose of this paper is to use an appropriate control strategy to 

improve the performance of point absorbers. In this scheme, to consider high uncertainty in the parameters of the power 

take-off system in different atmospheric conditions and improve controller performance, a new improved black hole 

algorithm is introduced to tune fuzzy controller parameters. The proposed method is then implemented for tuning the 

fuzzy controller parameters in order to obtain the maximum power capture of wave energy converters. Compared to 

particle swarm optimization and conventional black hole algorithm, the results of the proposed method indicate 

enhancements in reference velocity tracking and absorbed power. Finally, some simulations are performed and the 

proposed controller is implemented for the wave spectrum of the Persian Gulf waters, so the performance of the proposed 

controller is evaluated.  
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1. INTRODUCTION 

Energy has always been a major determining factor 

in the social and economic development of countries. 

The population of the world is growing, so do the energy 

demand and power consumption. According to the 

outlook of the International Energy Agency, energy 

demand is expected to rise by about 70% until 2050. 

Thus, many countries have been investing in renewable 

energy as an alternative to limited energy resources such 

as fossil fuels to handle the potential crisis in the future. 

Among renewable energies, wave energy has the highest 

density and is considered as an alternative energy source 

for the future. 

New technologies are being developed for 

harnessing wave energy. Accordingly, it is of great 

importance to choose the right location for wave energy 

converters. A Wave Energy Converter (WEC) extracts 

electrical energy from the sea/ocean wave mechanical 

energy.  

Conventional WECs are passive controllers based on 

the principle of impedance matching. These converters 

match the resonant frequency of the WEC with the 

dominant frequency of the incident ocean waves [1] .A 

latching control in a converter locks the motion of the 

floating body exactly when its velocity vanishes at the 

end of one oscillation and then releases the body after a 

waiting, which is called the latching time. In this way, 

the velocity and excitation force are in phase and the 

absorbed power is maximized [2, 3]. 

Many researches are done for control of WEC 

converters. In [4], a simple control strategy was 

proposed to control the phase of a point absorber in 

irregular waves. This absorber uses a high-pressure 

hydraulic circuit and a battery. In [5], a quasi-spectral 

control scheme was studied to describe four basic 
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components of such a control scheme, which includes 

reference generation calculations, tracking loop, wave 

excitation estimation and forecasting. In [6], a new 

mathematical tool called moment- adaptive control or 

moment-based phasor transform was proposed to 

calculate the steady state of the system. 

The main advantage of the adaptive controller is 

robustness. However,  its computational volume costs is 

high and it has another drawback which is system 

depreciation due to fast update of parameters. 

 Li et al. [7] along with Fusco and Ringwood  [8] 

showed that the problem of controlling WECs to 

maximize the output energy that can be formulated as a 

constrained optimal control problem. This has led to a 

special type of controller known as predictive controller. 

The Particle Swarm Optimization (PSO) algorithm 

was applied for on-line optimization of the fuzzy 

membership functions. The self-tunable fuzzy logic 

controller was used along with the PSO algorithm to 

model the force required by the power take-off system 

based on the principle of maximum power transfer, so 

that this force was used by a linear generator to drive 

point absorbers.  

In [3], an analysis of the interval Type-2 fuzzy logic 

controllers (T2FLCs) and their advantages over Type-1 

fuzzy logic controllers were discussed. Type-2 fuzzy 

systems (T2FSs) have attracted the interest of 

researchers in recent decades for handling uncertainties, 

nonlinearities, complexity in solutions, problem 

approximations and generalization. However, the 

computational complexity has been the reason behind 

the underdevelopment of these systems. From the point 

of view of  lower computational complexity, the interval 

type-2 fuzzy systems (IT2FSs) are the most commonly 

utilized fuzzy system [9, 10]. Five main components of 

T2FSs are fuzzifier, rule base, inference system, type-

reducer and defuzzifier. Type-reducers have been 

categorized into two groups, i.e., iterative and non-

iterative algorithms. In the first group, KM and enhanced 

KM (EKM) are the most common type reducers [4, 5, 

6], yet both are computationally-intensive and iterative. 

The second group that includes non-iterative 

approaches, e.g., Nie-Tan (NT) [8] [11], has a simple 

closed form. In this paper, we use an enhanced iterative 

algorithm with stop condition (EIASC), which is a 

promising approach for quickly and accurately finding a 

centroid for the T2FS output. The IT2FSs are employed 

in numerous applications [12]. In [13], an IT2FS was 

used in robot control along with neural networks. In 

[14], this system was used in multi-objective nonlinear 

programming problems, and in [15], a chaotic time-

series prediction was considered. Moreover, Ref. [16] 

considered the modeling and control of a mobile robot, 

and an interval type-2 Takagi–Sugeno (T–S) fuzzy 

model was used in [9] to model a tele-robotic system. 

Reference [10] examined the performance of a specific 

approximation of the type-2 fuzzy inference system, 

which is the shadowed type-2 fuzzy inference system. 

The reason for using this method is to reduce the 

computational cost and approximation of type-2 fuzzy 

inference systems. 

In [17], a reactive control method of a wave energy 

converter using artificial neural networks is studied. In 

[18], a neural network-based  power control method for 

direct-drive wave energy converters in irregular waves 

was proposed. The advantages of neural network are 

that, it is suitable for complex systems and it is suitable 

for problems with unknown dynamics, but the 

disadvantages of neural network are that learning the 

network may be difficult or even impossible, also 

accuracy of the results depends on the size of the training 

set. 

Spring- resonance-assisted maximal power tracking 

control of a direct-drive wave energy converter using 

sliding mode control is studied by Wang et al in 2021 

[19]. In [20], non-causal linear optimal control with 

adaptive sliding mode observer is used for multi-body 

wave energy converters. The advantage of sliding mode 

control is that, it is suitable for nonlinear systems and it 

is robust against disturbances. But it has phenomenon of 

chattering problem. 

In this paper, the under-control system is a complex 

nonlinear non-affine system with two control inputs that 

are not multiplied by the state variables. Therefore, 

designing a controller for this system is a challenging 

task. To propose an optimal interval type-2 fuzzy 

controller that maximizes the absorbed power, three 

different tools are employed, i.e., a Model-Based 

Feedback Controller (MBFC), an Interval Type 2 Fuzzy 

Controller (IT2FC) for each input variable and a unified 

Black-Hole Optimization Algorithm (BHOA) for the 

entire closed-loop system. First, we utilize the existing 

knowledge about the system dynamics to design two 

MBFCs, each for each control input. This approach 

simplifies the dynamic model of the system and 

compensates for the known part of system equations of 

motion in an intelligent manner. These MBFCs reduce 

the complexity of a wave-energy converter system to 

some extent. To the best of our knowledge, this novel 

approach has never been used before in the literature. 

With this modification, the new system is much easier to 

design for an intelligent controller. Second, an IT2FC is 

proposed for each input to enhance the absorber 

performance by providing the remaining control signal. 

The IT2FCs have several advantages including a smooth 

output signal, a high degree of freedom and the proved 

general-approximator property. However, parameters of 

the proposed IT2FCs have to be determined subject to 

extracting the maximum power. To do so, a unified 

BHOA is utilized for both IT2FCs. Finally, a novel 

optimal IT2FC is introduced to maximize the power 

absorbed via a point wave-energy absorber. 
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One of the major problems that is ignored in most 

articles is the existence of several uncertainties that 

occur as an uncertain parameter in the proposed models 

for various types of wave energy absorbers, including 

mechanical parts erosion, limescale deposition and algae 

on buoyant which causes it to change weight. Ignoring 

these uncertainties will reduce the accuracy of the 

controller performance. Therefore, in this paper, for the 

first time, a fuzzy control process with optimized 

extracted rules and parameters is applied  to control the 

damper and spring coefficients of the mechanical model 

describing power takeoff system, which not only uses 

fuzzy control properties but also covers uncertainties.  
The remaining of this paper is organized as follows: 

Section 2 presents the structure of a point absorber 

WEC, the governing relations, and the operation 

principle of this device. Section 3 discusses the problem 

of wave energy control using a T2FLC and applying it 

to a point absorber WEC. Moreover, the mathematical 

relations governing this type of controller are presented 

in this section. The optimization of the controller 

parameters is conducted in Section 4 using the black 

hole algorithm. Section 5 evaluates the performance of 

the proposed design simulation and the proposed 

controller and calculates the maximum absorbed power 

in the Persian Gulf waters. 

 

2. HYDRODYNAMIC MODEL OF A FLOATING 

POINT ABSORBER-TYPE WEC 

Because of  the nonlinear nature of the incident 

waves that affects the mechanism and control of the 

power take-off system, WECs are usually nonlinear 

devices. The time-domain model of a point absorber 

uses the interaction between the waves and the floater 

[13] . The forces acting on the converter are generally 

divided into two types. The first type includes the forces 

acting on the floater by the surrounding water, which are 

also known as the hydraulic forces. The second type 

includes the forces acting on the floater from other parts 

of the converter such as the PTO and spring forces. The 

governing equation for the motion of a floating WEC is 

derived from the Newton's second law as follows: 

                           

(1) 

𝑓𝑒𝑥(𝑡) − 𝑓𝑟(𝑡) − 𝑓𝑏(𝑡) − 𝑓𝑙𝑜𝑠𝑠(𝑡) − 𝑓𝑟𝑠(𝑡)
+ 𝑓𝑢(𝑡) − 𝑓𝑚(𝑡) − 𝑓𝑑(𝑡)  
= 𝑚�̈�(𝑡) 

 

Where 𝑚 is the total mass of the buoyant , the 

connecting rod, and the permanent magnet linear 

generator. �̈�(𝑡) is the acceleration of the buoyant , 𝑓𝑒𝑥(𝑡) 
is the wave excitation force, 𝑓𝑟(𝑡) is the radiation force, 

𝑓𝑏(𝑡) is hydrostatic buoyancy force, 𝑓𝑙𝑜𝑠𝑠(𝑡) is the 

mechanical and hydrodynamic loss force, 𝑓𝑟𝑠(𝑡) is the 

spring-like force, 𝑓𝑢(𝑡) is the mechanical control force 

exerted by the permanent magnet linear generator 

(power take-off system) ,due to the new power take off 

structure, it has variable and adjustable parameters, 

𝑓𝑚(𝑡)  is the nonlinear mooring force, used to hold the 

converter fixed and 𝑓𝑑(𝑡) is the nonlinear drag force. 

Fig. 1 illustrates the general structure of a point absorber. 

Table 1 presents the linear and nonlinear forces acting 

on the hydrodynamic model of a floating point absorber-

type WEC. 

 

 
Fig. 1. General structure of the proposed point 

absorber. 
 

 

Table 1. A list of linear and nonlinear forces acting on the hydrodynamic model of a WEC [21]. 

Description Force formula force 

The hydrodynamic reflection force  

𝑓𝑟(𝑡) is a force whose output is dependent only on the 

input values in the present and past (not the future), 

𝑚∞ is the mass added at infinite frequency, and the 

second term is estimated by a nonlinear model 

𝑓𝑟(𝑡) = 𝑚∞�̈� + ∫ 𝑘𝑟

𝑡

0

(𝑡 − 𝜏)�̇�(𝑡)𝑑𝜏 𝑓𝑟(𝑡) 

Stretching force 𝑓𝑑(𝑡) is a force in which an object is 

pressurized by the movement of a fluid and into a 

nonlinear force. 
𝑓𝑑(𝑡) = 0.5 ρ 𝐴𝑤 𝐶𝑑 |�̇�(𝑡)|�̇�(𝑡) 𝑓𝑑(𝑡) 
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The hydrodynamic force applied by floating wave 

waves is considered as the main excitation force of the 

wave-converter system 

𝑓𝑒𝑥(𝑡) =  𝐾𝑒𝑥(𝑡) ∗  

(𝑡) = ∫ 𝑘𝑒𝑥

𝑡

0
(𝑡 − 𝜏) 



(𝑡)𝑑𝜏 
𝑓𝑒𝑥(𝑡) 

The floating force is the force created by the difference 

between the floating body and the fluid weight 

displaced during the oscillation. 

𝑓𝑏(𝑡) = 𝜌𝑔𝐴𝑤𝑧(𝑡) =  𝑆𝑏𝑧(𝑡) 𝑓𝑏(𝑡) 

The controlled power of the boot system (pto) is 

entered into the converter and its task is to extract the 

maximum power. 
𝑓u = −𝑅𝑈(𝑡)�̇�(𝑡) + 𝑆𝑈(𝑡)𝑍(𝑡) 𝑓𝑢(𝑡) 

The linear force created by the springs between the 

floating body and the power system translator is below 

the water level 
𝑓𝑟𝑠(𝑡) = 𝑆𝑟𝑠𝑧(𝑡)  𝑓𝑟𝑠(𝑡) 

The force that results from the friction and non-ideal 

performance of the system 
𝑓𝑙𝑜𝑠𝑠(𝑡) =  𝑅𝑙𝑜𝑠𝑠�̇�(𝑡) 𝑓𝑙𝑜𝑠𝑠(𝑡) 

A nonlinear force that is used to keep the point 

absorber WEC in place. 𝑓𝑚(𝑡) = 2𝑆𝑚𝑍(𝑡)(1 − 𝑙𝑚√𝑙𝑚
2 + 𝑧(𝑡)2 ) 𝑓𝑚(𝑡) 

 

By inserting all linear and nonlinear forces, the 

dynamics of the system in Fig. 1 is obtained. Assuming 

that 

𝑀−1 =
1

m+m∞
                                                                (2) 

we have 

{
 

 
z̈(t) = M−1 (

fex(t) − (fv(ż(t)) + RU(t)) ż(t) −

(fp(z(t)) + SU(t)) z(t) − Crqr(t)
)

q̇r(t) =  Arqr(t) + Brż(t)                                                                                                              

                                           (3) 

Where 𝑓𝑣(�̇�(𝑡)) and 𝑓𝑝(𝑧(𝑡)) are defined as follows: 
{
fv(ż(t)) = Rloss + 0.5 ρ Aw Cd |ż(t)|                          

fp(z(t)) = Sb + Srs + 2Sm(1 − lm √lm
2 + z(t)2 ⁄ )

(4) 

The dynamic structure of a point absorber WEC is 

shown in Fig. 2, considering the input and output forces. 

 

 

Fig. 1. Dynamic structure of a point absorber WEC. 

 

3. COMPENATING DYNAMIC EFFECTS OF SOME 

COMPLEX NONLINEAR TERMS IN DYNAMIC 

MODEL 

For harnessing the maximum power and 

compensating for the complex nonlinear dynamics, the 

following lemma is introduced. 
Lemma: In a point absorber WEC with the 

following dynamic model [21] 

z̈(t) =
1

m+m∞
[fex + fu − Crqr(t) − (Sb + Srs)z(t) − Rlossż(t) − 2Sm (1 − lm√lm

2 + z(t)2 ) z(t) −

0.5 ρ Aw Cd |ż(t)|ż(t)],                                                                                                                                                  (5) 

 

And considering the external force for nonlinear 

waves, we have: 
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Now, the control signal can be expressed according to the 

model in Eq. 7. 

 

{
RU(t) = −(Rloss + 0.5 ρ Aw Cd |ż(t)|) − uR(t)                          

SU(t) = −(Sb + Srs + 2Sm(1 − lm √lm
2 + z(t)2 ⁄ )) − uS(t)

   (7)  

 

After eliminating the dynamic effects of some 

complex terms, the reduced model of the proposed 

design can be written as follows: 

 

{
z̈(t) = 𝑀−1(fex(𝑡) + 𝑢𝑅(𝑡)ż(𝑡) + 𝑢𝑆(𝑡)𝑧(𝑡) − Crqr(𝑡))

q̇r(t) =  Arqr(t) + Brż(t)                                                         
  

                                                                                              (8) 

The state vector is represented by Eq. 10: 

 

( (9 𝑥(𝑡) = [𝑧(𝑡),  �̇�(𝑡),  𝑞𝑟(𝑡)
𝑇]𝑇 

 

(10) 

{
�̇�(t) = A𝑥(t) + Bfex(t) + Bθ(t)

y(t) = C𝑥(t)                                   
 

 

θ(t) = uS(𝑡)z(t) + uR(𝑡)ż(t) 
 

(11) 

A = [

01×1 1 01×4
01×1 01×1 −𝑀−1Cr
04×1 Br Ar

] 

𝐵 = [01×1    𝑀−1    01×4]
𝑇 

𝐶 = [01×1 1   01×4] 
 

Fig. 3 shows the structure of a point absorber WEC 

after implementing the compensator: 
 

 

Fig. 2. Structure of point absorbing WEC after implementing compensator. 

 

Given the structure of point absorber WECs, there 

are uncertainties in the dynamics of these systems. One 

of these uncertainties is the state variables measurement, 

which is related to inappropriate performance of water 

level and wave velocity sensors due to the critical sea 

conditions, humidity and different weather conditions. 

Water-formed scale deposits and the attachment of 

marine mussels under the buoy over time can be 

considered as the second uncertainty in the buoy mass.  
The uncertainty in the buoy mass can be modeled in 

a general form as follows: 

 

(12) 

{
 
 

 
 

z̈(t) = (𝑀−1 +𝑀−1̃)(
fex(𝑡) + (𝑢𝑅(𝑡) + dR(t)) (�̂̇�(𝑡) + �̃̇�(t))

+(𝑢𝑆(𝑡) + dS(t))(�̂�(𝑡) + �̃�(𝑡)) − Crqr(𝑡)
)

q̇r(t) =  Arqr(t) + Br (�̂̇�(𝑡) + �̃̇�(t))                                                                                                                               
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Where 𝑀−1̃ is the uncertainty in the buoy mass; �̇̃�(t) 
and �̃�(𝑡) are the uncertainties in measuring the state 

variables; dR(t)  and dS(t) are the uncertainties in 

measuring the control signals. Furthermore, the total 

uncertainty was extracted from Eq. (12) and represented 

by 𝑑𝐿𝑢𝑚𝑝𝑒𝑑  or lumped uncertainty. 

 

(13) 
{
z̈(t) = 𝑀−1(fex(𝑡) + 𝑢𝑅(𝑡)�̇�(𝑡) + 𝑢𝑆(𝑡)z(𝑡) − Crqr(𝑡) + 𝑑𝐿𝑢𝑚𝑝𝑒𝑑)

q̇r(t) =  Arqr(t) + Br�̇�(𝑡) + 𝑑𝑞                                                                   
 

 

For more precise tracking control and smoother 

control signal, an IT2FLC is proposed. 

. 

4. DESIGNING INTERVAL TYPE-2 FUZZY 

CONTROLLER 

After simplifying the proposed model, an IT2FLC is 

designed to effectively deal with uncertainties and 

obtain a computationally less complex system than 

conventional T2FLCs. 

 

(14) 

z̈(t) = 𝑀−1(𝑢𝑅(𝑡)�̇�(𝑡) + 𝑢𝑆(𝑡)𝑧(𝑡)

+ 𝑓𝑒𝑥(𝑡) − 𝐶𝑟𝑞(𝑡)) 

𝑓𝑒𝑥(𝑡) = 2𝑅𝑟𝑉𝑟(𝑡) 
 

The purpose of designing the IT2FLC is to increase 

power extraction and decrease the velocity tracking 

error, which is expressed as follows: 

(15) 

 

𝐸 = 𝑉𝑟 − �̇�,    �̇� = 𝑉�̇� − �̈�        �̇� +

𝜆𝐸 = 0       𝑉�̇� + 𝜆𝐸 = �̈� 

 

 

By inserting Eq. (14) into Eq. (15), we have 

 

𝑉�̇� + 𝜆(𝑉𝑟 − �̇�) = 𝑀
−1 (

𝑢𝑅(𝑡)�̇�(𝑡) + 𝑢𝑆(𝑡)𝑧(𝑡)

+2𝑅𝑟𝑉𝑟(𝑡) − 𝐶𝑟𝑞(𝑡)
) 

𝑀𝑉�̇�(𝑡) + (𝜆𝑀 − 2𝑅𝑟)𝑉𝑟(𝑡) − 𝜆𝑀�̇�(𝑡) + 𝐶𝑟𝑞(𝑡) =
𝑢𝑅(𝑡)�̇�(𝑡) + 𝑢𝑆(𝑡)𝑧(𝑡)                                             (16) 

 

Where 𝑀𝑉�̇�(𝑡) + (𝜆𝑀 − 2𝑅𝑟)𝑉𝑟(𝑡) can be 

calculated based on the desired velocity, 𝜆𝑀�̇�(𝑡) can be 

measured and 𝐶𝑟𝑞(𝑡) can be approximated. The right 

hand side of Eq. (16) can also be obtained using an 

IT2FLC. 

In the present study, an IT2FLC is proposed for 

adjusting the values of the new control signals, uS(t) and 

uR(t). The most important advantage of IT2FLC over 

conventional fuzzy logic controllers is the controller 

output and the smoothness of the response, besides 

fewer design parameters [22] . 

In the present study, it is proposed that each 

membership function of  IT2FLC (fuzzy set) is the 

combination of two Gaussian functions with similar 

center of gravity and variance. These membership 

functions show the upper and lower boundaries of the 

T2F interval. The upper limit is unity, while the lower 

limit should be determined as the third design parameter. 

The difference between the upper and lower limit is 

called the footprint of uncertainty. The antecedent 

membership functions can be determined by a vector of 

three real parameters (Fig. 4): 

 

 
Fig. 3. A model of parameters of interval type-2 fuzzy 

membership functions. 
 

Additionally, there are two parameters for the output 

of each fuzzy rule. Therefore, the parameter vector for 

each fuzzy rule can be written as follows: 

 
Pi = [[σi,1 Ci,1 Mi,1] … [σi,n Ci,n Mi,n] [Yi Yi]] 

                                                                                            (17) 

 

Where σi,j, Ci,j  and Mi,j are, respectively, the 

variance, center, and the upper limit of the Gaussian 

membership function (Fig. 4) for the jth variable input 

from the ith fuzzy rule. Two IT2F systems uS  and uR 

are introduced to provide new control signals. 

The first IT2F system, which provides the uS signal, 

is the buoy displacement represented by z as the only 

input data. The input vectors for the second IT2F, which 

provide the uR signal include the buoy displacement z 
and ż as well as the excitation force fex. In other words, 

the first IT2FLC is single-input single-output, the 

membership function of each input has three unknown 

parameters and each output has two unknown 

parameters, so there are five unknown parameters in 

total for this system. We consider eight rules for each 

controller, making a total of 40 unknown parameters for 

the first fuzzy system. Moreover, in the second IT2FLC, 

by considering three inputs and one output, there are 88 

unknown parameters. Accordingly, a total of 128 
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parameters are adjusted by the optimization algorithm 

for each controller. 

In the consequent part or output of fuzzy rules, there 

is two fuzzy variables for the upper and lower limits, and 

the rule structures for the first and second controllers are 

as follows: 

 
F z is 𝜇𝑧

𝐿, THEN 𝑢𝑆 is 𝜇𝑠
𝐿 

IF z is 𝜇𝑧
𝐿, AND ż is 𝜇𝑑𝑧

𝐿 , AND 𝑓𝑒𝑥  is 𝜇𝑓
𝐿, THEN 𝑢𝑅 is 𝜇𝑅

𝐿  

                                                                                  (18) 

 

Where, 𝜇𝑧
𝐿 is an interval type-2 fuzzy membership 

function for the Lth rule of the displacement input or Z. 

Other member functions can be introduced in a similar 

way. The operator AND does the multiplication 

operation in the structure of the rules. Finally, in type-2 

fuzzy calculations, the antecedent and consequent have 

two values for the upper and lower limit in the proposed 

IT2FLC. To reduce the type, a more efficient and faster 

algorithm, known as the enhanced iterative algorithm 

with stop condition, which was first introduced in Ref. 

[4], is used instead of the KM algorithm. A type-2 fuzzy 

system can be defuzzified as follows: 

 

𝑦 =
𝑦𝑙+ 𝑦𝑟

2
                                                                 (19) 

 

Where, y output is equal to 𝑢𝑟 for the first interval 

type-2 fuzzy system and equal to 𝑢𝑠 for the second 

interval type-2 fuzzy system. Finally, the structural 

details of the IT2FLC proposed in this paper are 

presented in Table 2 

 

Table 1. General structure of the proposed interval type-2 fuzzy logic controller. 
Total number of 

unknown 

parameters 

Number 

of rules 

Number of 

parameters in 

each rule 

Unknown 

parameters 

Output Input Controller 

40 8 5 𝝈𝒊,𝒋,  𝑪𝒊,𝒋  , 𝑴𝒊,𝒋 𝒖𝑺 Z IT2FLC1 

88 8 11 𝝈𝒊,𝒋,  𝑪𝒊,𝒋  , 𝑴𝒊,𝒋 𝒖𝑹 Z,𝒁,̇ 𝒇𝒆𝒙 IT2FLC2 

 

5. OPTIMIZING  DESIGN PARAMETERS 

The adjustment of the proposed IT2FLC parameters, 

including the fuzzy membership functions parameters, is 

difficult especially if the trial-and-error method is used. 

Therefore, we use improved black hole algorithm to 

adjust the controller parameters.  

 

min(𝐼𝑆𝐸) = min (∫ [�̇�𝑟(𝑡) − �̇�(𝑡)]
2𝑡𝑓

0
)                     (20) 

 

5.1. Evaluation criterion 

In the algorithm of the designed system, the 

evaluation criterion is the difference between the mean 

square errors of the output and reference velocities. 

 

 

Fig. 4. The Proposed structure for increasing power extraction using black hole optimization. 
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As can be seen in Fig. 5, the optimal buoy velocity is 

obtained from the excitation force, and the error is 

calculated by subtracting the optimal buoy velocity from 

the actual buoy velocity. The black hole optimization 

algorithm adjusts the type-2 fuzzy system parameters to 

reduce the tracking error and increase the power 

extraction from the sea waves. 
 

6. WAVE SPECTRUM MODEL OF PERSIAN 

GULF  

Standard models are usually related by simple 

relationships to the measured field data in a certain 

study. These relationships are expressed using the basic 

knowledge of irregular waves. Standard spectral wave 

models at some point regardless of the wave direction 

are often expressed with the following equation [23]. 

 

𝑆(𝑓) =
𝐴

𝑓5 
exp (−

𝐵

𝑓4
)                                                 (21) 

 

Where, f is the frequency and A and B are constant 

values. Depending on the model, these constants may be 

wave elevation, peak period or average period or another 

parameter. Choosing the standard spectral model 

depends on the characteristics of the region under study. 

According to the geographical data from the Persian 

Gulf and the surrounding coastal lands, the following 

wave spectrum can be used [23]. 

𝑆𝐽(𝜔) =
𝛼𝑔2

𝜔𝑀
exp (−

𝑀

𝑁
(
𝜔𝑃

𝜔
)
𝑁

) 𝛾

exp

(

 
 −(

𝜔
𝜔𝑝

−1)

2

2𝜎2

)

 
 

        (22) 

Where 

= {
0.07     𝑖𝑓 𝜔 < 𝜔𝑝
0.09  𝑖𝑓 𝜔 ≥ 𝜔𝑝

 

𝑀 = 5 , 𝑁 = 4 

𝛼 ≈ 5.061
𝐻𝑚0
2

𝑇𝑃
4 {1-0.287ln(γ)}                                (23) 

A standard value for γ is 3.3. However, a more 

appropriate formula for obtaining 𝐻𝑚0and 𝑇𝑝via γ is 

given as follows: 

 

𝛾 = 𝑒𝑥𝑝 {3.484(1 − 0.1975) (0.036 −
0.0056𝑇𝑃

√𝐻𝑚0
)𝑇𝑃

4/

𝐻𝑚0
2 }                                                                       (24) 

 

Where, 1 ≤ 𝛾 ≤ 7. This range for γ is based on deep-

water wave data from the Persian Gulf. 

The relationship between peak period and zero-

crossing period can be approximated as follows: 

 

𝑇𝑚02 ≈ 𝑇𝑃/(1.30301 − 0.01698𝛾 + 0.12102/𝛾)  (25) 

 

7. SIMULATION 

This section reviews the simulation results in three 

stages. The first stage investigates the performance of 

the designed controller, the second stage investigates the 

proposed optimization algorithm and compares it with 

other algorithms, and the third stage compares the 

proposed IT2FLC, a T1FLC and a fuzzy sliding mode 

controller. Finally, the designed controller is 

implemented and evaluated in the simplified point 

absorber WEC with compensator in the open waters of 

the Persian Gulf. The simulation results show the high 

capacity of power extraction of the open waters of the 

Persian Gulf. 

 

7.1. Performance analysis of the proposed method 

The purpose of optimization is to find the best 

acceptable solution, considering the constraints and 

requirements of the problem. Fig. 6 shows the mean 

performance of the black hole optimization algorithm in 

200 iterations, where cost means the mean square of the 

velocity tracking error. 

 
Fig. 7. Mean progress performance of improved black hole optimization algorithm. 
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To investigate different waveforms, Table 3 presents 

different Persian Gulf  states; by simulating the wave 

spectrum, the curves of these states are shown in Fig. 7. 
 

Table 3. Different Persian Gulf states. 

Sea State (
2 /

m
 

) 

Period(sec) 

)sH) 

Elevation(m) 

1 6.3 0.3 

2 7.5 0.9 

3 8.8 1.9 

4 9.7 3.3 

5 12.4 5.0 

 

 
Fig. 7. Persian Gulf states with different wave elevation. 

 

To evaluate the performance of the controller, one of 

the sea modes has been selected ,the simulation result of 

sea wave elevation is shown in Fig. 8. 

 

 
Fig. 8. Sea wave elevation (m). 

 

Sea waves have very complex nonlinear patterns and 

for maximum power extraction from them, a point 

absorber control is required. After optimizing, the 

optimal values of the two controllable parameters of the 

point absorber, i.e., spring stiffness coefficient and 

damping coefficient, are added to the system. 

As a result, Fig. 9 shows the buoy displacement. 
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Fig. 9. Buoy displacement (m). 

 

According to this figure, the buoy displacement has 

a smooth curve, which matches the boundaries. Fig. 10 

shows the buoy velocity. 

 

 
Fig. 10. Buoy velocity (m/s). 

 

The optimum designed velocity can be calculated 

using the excitation force. Moreover, if the optimum and 

the actual velocities of the buoy are tracked, the 

absorbed power will be maximized. From Fig. 10, the 

performance of velocity tracking based on the proposed 

method is acceptable (the mean square error of velocity 

tracking is 8.17e-8). The maximum power absorption 

and its average over time are shown in Fig. 11. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11. Absorbed power. 
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According to this figure, the average absorbed 

energy reaches 212 kW after 140 seconds. 
To maximize the power absorption of the system, the 

stiffness and damping coefficients are adjusted by the 

fuzzy system. Figs. 12 and 13 show the variations of, 

respectively, stiffness and damping coefficients of the 

PTO. 

 

 

 

 

 

 

 

 

Fig.12. PTO stiffness coefficient. 

 

Fig. 13. PTO damping coefficient. 
 

The stiffness and damping coefficients are 

determined based on the PTO characteristics over 

certain a range [24]  . The force from PTO is shown in 

Fig. 14, where the maximum power extraction can be 

determined. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. Force exerted by PTO. 
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7.2. Comparing the Proposed Method with Other 

Methods 

Before implementing the controller, the wave 

excitation force is applied to the point absorber WEC. 

As shown in Fig. 15, and using the power maximization 

theorem [25] for WECs, the actual buoy velocity (�̇�) and 

the desired wave velocity (𝑧�̇�) are not in phase before the 

implementation of the controller, so the desired velocity 

and actual buoy velocity are not tracked. 

 

Fig. 15. Actual and optimum velocities before implementing the controller. 

 
According to Fig. 16, the IT2FLC with the improved 

black hole algorithm can track the reference velocity 

faster and better than with the conventional black hole 

and PSO algorithms. From Fig. 16, the error of the 

conventional fuzzy controller is higher than that of the 

proposed method. Therefore, the efficiency of the 

proposed method is considerable. 

 

Fig.16. Comparison of reference velocity tracking using T2FLC adjusted by IBHA, PSO algorithm and BHA. 

 
 𝑓𝑢(𝑡) is the input force, which acts on the WEC 

through the PTO with the purpose of extracting the 

maximum power, as a controlling effort by the proposed 

system. Fig. 17 illustrates the PTO force, which is 

controlled by the T2FLC and its membership function 

parameters are adjusted by the improved black hole 

algorithm. Furthermore, a comparison with PSO and 

conventional black hole algorithms is presented in this 

figure. 
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Fig. 17. Comparison of PTO force using T2FLC adjusted by IBHA, PSO algorithm and BHA. 
. 

In the proposed method, the maximum input force 

generates more power. In Figs. 18 and 19, the power 

extracted and the energy absorbed by the WEC system 

under T2FLC with turbulent BH algorithm are compared 

to those with BH, firefly, and PSO algorithms. 

 

Fig. 18. Comparison of power absorbed by WEC. 

 

Fig. 19. Comparison of energy absorbed by WEC. 
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In Ref [21, 23], Jama et al. introduced a fuzzy 

controller to extract maximum power from a point 

absorber WEC, in which the membership functions are 

adjusted using the PSO algorithm. Moreover, in Ref. 

[26], a hybrid control structure including a sliding mode 

controller and a reference trajectory generator was 

introduced. The results of these two references are 

compared with the proposed method in the same 

conditions. In this problem, there are two control signals, 

i.e., the spring stiffness and damping coefficients of the 

PTO to control and maximize power extraction. 

Therefore, these two signals are first compared. In Ref 

[21], the calculations of these two control outputs and 

their values are not reported. Consequently, in Figs. 20 

and 21, the damping and stiffness coefficients are only 

compared with Ref. [26] 

 

 
Fig. 20. Comparison of PTO damping coefficients of the proposed method and the method in Ref. [8]. 

 

According to Fig. 20, in the proposed method, the 

damping coefficient is more sensitive to the velocity 

tracking error. Additionally, from Fig. 21, the stiffness 

coefficient of the proposed controller is much smoother 

but over a higher range of values. The force generated 

by the PTO is shown in Fig. 22. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.21. Comparison of PTO stiffness coefficients of the proposed method and the method in Ref. [8]. 
 

 

Fig. 22. Comparison of power generated by PTO system in the proposed method and the method in Ref [35]. 
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As shown in Fig. 22, the PTO force generates more 

peaks in the proposed method. In Table 4, the average 

power absorbed by the proposed method is compared 

with that by the methods of Refs. [27]and [7]. 

 

Table 4. Comparison of generated power. 

Methods PSO-FLC [21] HCS [27] Proposed method 

Average power absorption 

over 140 seconds 
72 KW 166 KW 212 KW 

 

According to Table 4, the proposed method has a 

superior performance. 

 

7.3. Studying the Proposed Controller in Persian 

Gulf Waters 

Wave elevation values are given in Table 5, 

according to 12-year modeling of the results of limit 

analysis in the Persian Gulf and deep waters. Using the 

wave elevation and period over a long time, the energy 

density spectrum of the waves can be calculated by the 

relationships expressed for the Persian Gulf waves. Fig. 

23 shows the spectra of the Persian Gulf waves. 

 

Table 5. Limit analysis in the Persian Gulf [31]. 

 
Waves period 

 
Wave elevation 

 
Period (year) 

6.72 2.82  2 

7.61 3.62 5 

8.15 4.15 10 

8.64 4.67 20 

9.23 5.33 50 

9.66 5.83 100 

10.66 6.32 200 

 

 

Fig. 23. Persian Gulf  wave spectra. 

 
In the simulation of the fuzzy controller for the 

energy converter of irregular waves in the Persian Gulf, 

the proposed method is used to minimize the error 

between the reference velocity and the actual buoy 

velocity. Therefore, the power extracted from the 

irregular waves is maximized. Here the proposed 

turbulent black hole algorithm is used to minimize the 

time integral of the absolute value of the error. The 

simulation results for irregular waves with Jonswap 

spectrum versus time are shown in Fig. 24. 
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Fig. 24. Irregular Jonswap wave spectrum in terms of time. 

 
Fig, 25 shows the reference velocity and the buoy 

velocity in terms of time for the Persian Gulf waves. It 

is clear that the reference velocity has been tracked with 

a slight discrepancy. 
 

 

Fig. 25. Reference velocity and the velocity from the buoy versus time for the Persian Gulf waves. 
 

Figs. 26 and 27 show, respectively, the power and 

energy curves in terms of time for the Persian Gulf 

waves. According to Fig. 26, 391 kW electricity can be 

extracted from the waves. 
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Fig. 26. Extracted power versus time for the Persian Gulf wave spectrum. 

 

 

Fig. 27. Absorbed wave energy versus time for the Persian Gulf wave spectrum. 

 
8. DISCUSSION 

The main contribution of this paper is to use a type 2 

fuzzy controller to extract maximum power from a WEC 

point absorber. Another part of this paper is the study of 

different wave states related to the Persian Gulf using the 

proposed controller. The results showed that the 

performance of buoy velocity chase using the proposed 

method is acceptable. The absorbed power sample was 

obtained by adjusting the damping and stiffness 

coefficients using the proposed type 2 fuzzy controller. 

An improved black hole algorithm was used to adjust the 

damping coefficients, hardness and type 2 fuzzy 

controllers. In order to evaluate the proposed method, 

the results were compared with conventional particle 

mass optimization algorithms and black holes. The 

results showed that in pursuing speed and power 

extraction, the proposed method performed better than 

the other two methods. Also, the results comparison to 

similar research shows the superiority of the proposed 

method in higher power extraction compared to previous 
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research. Finally, the proposed controller in different 

states of the Persian Gulf wave was investigated. The 

results showed that this controller is able to extract the 

maximum power in the Persian Gulf wave. 

 

9. CONCLUSION 

In this paper, a new interval type-2 fuzzy logic 

controller was designed to extract maximum power from 

sea waves using a point absorber. To optimize the type-

2 fuzzy weights, a black hole optimization algorithm 

was used. Since a point absorber is a complex nonlinear 

system, a new strategy was proposed to compensate for 

the closed-loop nonlinear relationships for modeling and 

reducing the complexities. Using this compensation 

strategy, the black hole algorithm was able to optimize 

the interval type-2 fuzzy parameters for maximum 

power extraction. To verify the performance and 

efficiency of the proposed algorithm, some simulations 

were performed. The simulation results confirmed the 

high performance and efficiency of the proposed design. 

Finally, the wave spectrum of the Persian Gulf was 

studied, and the proposed method was implemented on 

it. Moreover, the power extracted from the Persian Gulf 

waves was determined and the high energy capacity of 

these waves was demonstrated to be of great importance 

for generating electricity in the country. In future 

studies, the authors would like to investigate the 

maximum power extraction from the sea waves using a 

type-2 fuzzy neural-network control scheme combined 

with the proposed structure or any other type-reduction 

method. Additionally, for extending this research work, 

some other measures can also be used, such as 

considering the effects of measurement noise, including 

more uncertainties and implementing an array of WECs, 

to extract more power. 
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