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Abstract: The advancement of ocean renewable energy through Tidal Stream Turbines
(TSTs) necessitates the use of a variety of computer models to properly evaluate TST
efficiency. The Doubly Fed Induction Generator (DFIG) is the most widely utilized Wind
Turbine (WT) in the expanding global wind sector. Grid-tied wind energy systems often use
theDFIG tomeet conventional grid needs including power quality enhancement, grid stability,
grid synchronization, power regulation, and fault ride-through. This paper demonstrates
the design of a novel control scheme for the operation of the DFIG. The suggested control
scheme consisted of an Improved Recurrent Fuzzy Neural Network (IRFNN) and Ant Colony
Optimization with Genetic Algorithms (GACOs). A global control system is created and
executed to monitor the changeover between the two operating modes. The plant enters
a variable speed mode when the tidal speed is low enough, where the system is controlled to
ensure that the turbo-generator module functions at peak power extraction efficiency for any
specific tidal velocity. The findings demonstrate the system’s superior efficiency, with the
highest power extraction provided despite variations in tidal stream input.
Key words: DFIG, GACO, improved recurrent fuzzy neural network (IRFNN), modelling,
TST

1. Introduction

Energy from abundant and transparent sources like the sun and the wind, known as Renewable
Energy Resources (RESs) and Distributed Generations (DGs), have garnered a lot of interest as
a potential solution to the world’s growing energy need. Among the many RESs, wind power is
gaining popularity for a variety of reasons, including environmental and economic ones. In today’s
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power grids, wind farms account for a significant share of the overall energy production. Efficient
management of renewable energy sources is challenging due to variability in power output from
wind farms [1, 2].

A novel induction machine, the brushless doubly fed induction generator (BDFIG) has two
independent stator windings and a specialized rotor. The BDFIG, which eliminates the need for
brushes and slide rings, increases the dependability of wind turbine systems while decreasing the
cost of maintenance for such systems as offshore wind power plants. The low voltage ride through
(LVRT) ability is enhanced, and the mechanical gearbox is smaller [1].

The usage of renewable energy sources including thermal energy, tidal energy, and marine
tidal energy gives the benefit of sustainability in all areas of the energy sector growth in current
decades. There has been rapid growth in innovative marine tidal energy systems. The enormous
possibility for tidal energy in Europe is the driving force behind these endeavors. 42% of Europe’s
tidal energy is in France, 48% in the United Kingdom, and 8% in Ireland [1–3]. As tidal turbines
must operate underwater, they are susceptible to a variety of problems, including grid faults, driven
through the marine environment and the elements. The weather is a major contributor to grid
problems (37% in Iceland, 23% in Denmark, and 21% in Norway) [4].

Vector Oriented Control (VOC) and Direct Power Control (DPC) are the most often employed
regulator techniques for the DFIG. A Phase-Locked Loop (PLL) is needed because the VOC
decouples three-phase components in the setting of a rotating reference frame for which the VOC
requires [5, 6]. The linear control methodology framework can be employed for the examination
of the Linear Time-Invariant (LTI) characteristics of the control structure [7]. DFIGs controlled
by VOC rely on PLL for performance and parameter adjustment. DPC offers an alternative by
allowing DFIGs to directly regulate power output without the need for PLL and complex parameter
adjustments, simplifying the control method. [8, 9]. The typical DPC selects switching signals
using a Look-Up Table (LUT) structure [10]. In LUT-based DPC, the switching frequency isn’t
fixed and varies over time, causing power and torque fluctuations in many applications [11]. Model
Predictive Control (MPC)-DPC is a newly implemented DPC approach in DFI [12, 13]. The
controlled impact of MPC-DPC is ensured by the collection of the voltage vector in the most
optimum manner. A large amount of time was required for the assessment of the optimum control
vector, increasing the computational burden imposed on the control system.

In combination with DPC, the Back-Stepping (BS) algorithm is being developed [14]. A
system that is easy to understand and performs well in steady-state. However, since BS-DPC is
based entirely on the Proportional Integral (PI), it is difficult to achieve zero steady-state error
in the presence of shocks or model mismatches. There is a proposal for a coordinated (C)-DPC
without PLL [15]. A virtual phase signal is substituted for the PLL as the coordinate transformation
signal. Performance was formerly vulnerable to variations in grid frequency, but it now exhibits
exceptional steady-state performance. When using a Back-to-Back (BTB) converter in combination
with Voltage Modulated DPC (VM-DPC), it has the following features:

– DPC and LTI systems: The suggested VM-DPC is used to convert the DFIG scheme to an
LTI one. It could be studied and developed using several linear control approaches.

– Simple and easy implementation: The control method that has been suggested makes use of
a feed-back structure design and simple feed-forward. Additionally, the Rotor Side Converter
(RSC) and Grid Side Converter (GSC) do not use the PLL, or Park transforms, so the
structure and calculation may be reduced in comparison to the VOC.
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– Guaranteed exponential stability: With the use of eigenvalue analysis, it has been shown
that the suggested VM-DPC can steady the DFIG in the weak-grid combination situation,
which is difficult to do with current DPC methods.

– Improved performance: A quicker transient reaction is achieved by the suggested VM-DPC
in comparison to traditional VOC. Furthermore, it retains a good steady-state efficiency
on an equal footing with the VOC. In addition, the method’s resilience against variable
mismatches and distorted grid conditions is shown [16].

1.1. Model of doubly fed induction generation (DFIG)
DFIG vector control must be established to operate rotor flux components such as [17]:{

Ψdr = Lr Idr + MIdr
Ψqr = Lr Iqr + MIqr

, (1)

where: Lr is the rotor inductance, Ψqr and Ψdr are two components of rotor fluxes, M denotes the
mutual inductance, while Iqr and Idr denote the rotor currents, respectively.

Components of the stator flux {
Ψds = Ls Ids + MIds
Ψqs = Ls Iqs + MIqs

. (2)

For example, the stator fluxes are Ψqs and Ψds, while the stator inductance is Ls in the
following equation:

The voltage components of the stator are
Vdr = Idr Rr − ωrΨqr +

d
dt
Ψdr

Vqr = Iqr Rr + ωrΨdr +
d
dt
Ψqr

, (3)

where: Rr is the rotor resistance, Vdr and Vqr are the rotor voltages.
The reactive powers and stator active are defined as{

Ps = 1.5(Vds Ids + Vqs Iqs)
Qs = 1.5(Vqs Ids + Vds Iqs)

. (4)

Qs denotes the reactivity of the system, whereas Ps denotes the activity.
Mathematically, the electromagnetic torque is stated as follows:

Te =
3
2

p
M
Lr

(
IdrΨqs − IqrΨds

)
. (5)

Te is the electromagnetic torque, and p is the quantity of poles.
The following mechanical equation completes the electric model of the DFIG.

Te − Tr = J
dΩ
dt
+ frΩ, (6)

where: f is the viscosity-coefficient of viscosity, Ω is the mechanical rotor speed, J is the inertia,
Tr is defines as the load torque.
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1.2. Smart grid-integrated wind energy reliability challenges confined to IEC 61400-25-
26/1/2/3 standards

International Electrotechnical Commission (IEC) standards, in particular IEC 61400-25-
26/1/2/3, address the many reliability concerns introduced by the smart grid’s use of wind energy.
The emphasis of these guidelines is on the information and data interchange between wind turbines
and the electricity grid, which is crucial to the system’s reliability and efficiency. Maintaining
reliable connections and interoperability across smart grid components is a major obstacle. Wind
generators, grid operators, and control systems all fall under this category. Information may be
shared using a standardized protocol and data model according to the IEC 61400-25-26/1/2/3
standards. These standards offer a framework to assure compatibility and interoperability across
devices and systems, allowing for easy and effective communication and operation [2].

Managing the grid’s stability and electricity quality as wind energy output fluctuates is another
difficulty. The unpredictability of wind makes wind power production fundamentally intermittent.
Grid stability and electricity quality may be affected by this variation. Wind turbine control systems
that provide grid support services must adhere to regulations defined by the IEC. Active power
control and reactive power regulation are two of these roles, and they both contribute to grid
stability and adequate power quality. Large-scale wind farm grid interconnection also has its own
unique issues. Integration challenges increase when wind farms grow in size and spread out over
a wider area. These issues are addressed by the guidelines and regulations for wind farm grid
interconnection provided by the IEC 61400-25-26/1/2/3 standards. These guidelines guarantee
that wind farms are coordinated and controlled effectively so that they do not degrade the grid’s
efficiency or dependability.

In sum, the IEC 61400-25-26/1/2/3 standards are vital in resolving the dependability issues
that arise from adding wind power to the smart grid. These standards assist assure the stable and
effective functioning of the smart grid system by creating communication protocols, grid support
functions, and rules for wind farm integration, all of which encourage the wider use of wind energy
as a clean and sustainable power source. The following study expands on the design of a novel
control system for the operation of DFIG. Several researchers explained their findings as seen below.

Wang Y. et al. (2023) [18] suggested a new sensor-less speed estimate approach that makes use
of the easily accessible data from the generator drive controller to measure the speed of the DFIG
used in WTs. Next, to provide a faster real-time estimate rate, and offer a parabolic overlapping
window interpolation technique to follow the spectral content as a function of controller signal
speed. According to the findings of the experiments, it is possible to achieve a high estimate rate
with high accuracy in the distinctive transient dynamics of field applications.

Tavoosi J. et al. (2022) [19] provide a novel fuzzy approach to controlling the active and
reactive power of a power grid that incorporates renewable energy sources like WTs and DFIGs.
The DFIG-equipped WT’s RSC is controlled by a Recurrent Type-II Fuzzy Neural Network
(RT2FNN) controller built on Radial Basis Function Networks (RBFNs). The MATLAB findings
demonstrate the superior efficiency, robustness, excellent correctness, and power superiority
enhancement of the designed regulator in wind driven DFIGs.

Sahri Y. et al. (2021) [20] created the anticipated system dynamics to emphasize the
effectiveness of the suggested scheme, a unique control technique was developed. A Twelve-Sector
Direct Torque Controller (12-DTC) is included in the suggested controller. The simulated findings
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showed that the suggested strategy outperformed the others by a wide margin with less rotor flux
and electromagnetic torque ripples and higher produced influence excellence and lower Total
Harmonic Distortion (THD) currents C-DTC and 12-DTC.

Alhato M. et al. (2020) [21] present a new approach to designing PI regulators for a DFIG
in wind energy that makes use of Thermal Exchange Optimization (TEO) to achieve maximum
efficiency. In addition, a statistical analysis using Friedman and Bonferroni-tests Dunn’s reveals
that in contrast to the other described metaheuristic approaches, the TEO approach generates much
more relevant data.

Moreira A. et al. (2019) [22] describe and validate a new control method for power production
and electric grid harmonic adjustment by comparing it to existing solutions. The new technique is
used to analyse the harmonic filtering behavior of operation points. Simulation and experimental
findings are used to validate the suggested system’s efficacy. The THD of the grid current without
using any of the provided solutions is 17.21%. When approach 1 is used, the THD drops to 5.68%.
When method 2 is used, the THD is reduced to 3.18%.

Abdelmalek S. et al. (2018) [23] provide a novel Fault-Tolerant Tracking Control (FTC)
approach for a DFIG-based WT in the presence of actuator defects using a combination of fuzzy
observers. The primary innovation is a new FTC that uses an insignificant controller logic. The
goal of the controller is to keep track of the system’s reference states reliably despite the failures in
the actuators and to estimate the system’s state and failures simultaneously. A mathematical model
is performed on a characteristic 1.5-megawatt DFIG-based WT scheme to assess the performance
of the suggested control method compared to the current findings.

Venkatesh M. et al. (2017) [24] employ a PI controller to control the DFIG’s active and
reactive power; then use the Particle Swarm Optimization (PSO) method to fine-tune the PI
controller. The findings achieved by using the suggested approach demonstrate that it is efficient
in enhancing the transient reaction of active power and reactive power of the DFIG, resulting in
reduced oscillations in the powers of the DFIG. As a result, DFIG’s terminal voltage becomes
constant. The suggested technique also guarantees the decoupling of DFIG’s active and reactive
power supplies.

Boudjema Z. et al. (2017) [25] introduced an improved DTC scheme for a Wind Energy
Conversion System’s (WECS) DFIG via the use of space vector modulation and second-order
continuous sliding mode. The suggested DTC approach decreases flux, current, and torque ripples
by using second-order continuous sliding mode control. Sliding surfaces are used to direct the
deviation from the reference value to areas where the deviation must be zero. The suggested DTC
approach is shown to be more successful than the C-DTC strategy in simulations.

Ghefiri et al. (2017) [26] proposed a novel complimentary control technique to maximize the
power output of a TST consisting of a hydrodynamic turbine, a DFIG, and a back-to-back power
converter. The RSC utilizes a rotational speed controller based on maximum power point tracking
(MPPT) to enhance output power. The collected findings demonstrate that the proposed controls
improve the performance of the output power in various operating modes. For V = 3 m/s, the
generated torque peaks at 1.03 × 105 Nm, while for V = 2 m/s, it reaches a low of 4.58 × 104 Nm.

Ebrahimkhani S. et al. (2016) [27] provide a new strong Fractional-Order Sliding Mode
(FOSM) controller for MPPTmanagement of a DFIF-basedWECS. The estimation of uncertainties
and disturbances is performed via a fractional order ambiguity estimator to improve the control
system’s reliability. Lyapunov’s theory of stability is used to demonstrate the closed-loop signals’
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boundedness and convergent features. The efficiency and robustness of the suggested control strategy
were established using simulated results obtained under a wide range of uncertainty conditions.

There is a wide range of authors who used the technique and presented their discoveries, as
given in Table 1.

Table 1. Summarize the table of reviewed literature

Authors Techniques Outcomes

Wang Y. et al.
(2023) [18]

Parabolic
Interpolation

The findings show that accurate speed estimate in real-time is
possible over the whole working range of the DFIG, from sub-
synchronous to super-synchronous speeds, and under a wide
variety of loads.

Tavoosi J. et al.
(2022) [19] RT2FNN

The experimental findings show that the presented RT2FNN
controller outperforms T2FNN and traditional PI controllers in
terms of efficiency, reaction time, and the number of mistakes
made in both transient and steady states.

Sahri Y. et al.
(2021) [20] DTC

The simulated findings demonstrated significantly adequate effi-
ciency, with a significant decrease in ripples in torque and flux,
strong dynamic responses, and a low THD (1.8%) of the produced
current at a continuous grid frequency of 50 Hz.

Alhato M. et al.
(2020) [21] TEO

The findings show that the suggested TEO-based technique is
a beneficial way to regulate WECS by modifying the gains of the
unidentified PI controllers.

Moreira A. et al.
(2019) [22] RSC and GSC

The measured THD of grid current has dropped from 17.34%
(instance 1) to 5.68% (instance 2) and 3.18% (instance 3), as
shown by the experiment results.

Abdelmalek S. et al.
(2018) [23] FTC

The suggested FTC with a nominal controller is demonstrated to
effectively integrate failures, compensate for the consequences of
actuator faults, and accomplish the solidity convergence of the
global closed-loop system in both nominal and faulty functioning
in the simulated findings.

Venkatesh M. et al.
(2017) [24] PSO

The findings produced by using the suggested approach demon-
strate that it is successful in enhancing the transient responsiveness,
resulting in reduced oscillations in the powers of the DFIG.

Boudjema Z. et al.
(2017) [25] DTC

Based on these findings, a robust control approach like SOCSM-
DTC might be a highly appealing option for devices employing
the DFIG like WECSs.

Ghefiri et al.
(2017) [26] MPPT

The collected findings demonstrate that the proposed controls
improve the performance of the output power in various operating
modes.

Ebrahimkhani S.
et al. (2016) [27] FTC

The modelling findings show that the suggested controller is
efficient and resilient to parameter fluctuations and disturbances.
It is possible to reliably compute difficulties with high frequency
and large amplitude components if the fractional order estimating
variables are configured properly.
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Many recent academic works have presented cutting-edge control and optimization strategies
for wind energy conversion systems that use DFIGs. Fuzzy control, DTC, and optimization
techniques like PSO and TEO are among examples. Their end goal is to increase the DFIGs’
power production, efficiency, and dependability in wind turbines. The spinning blades of TSTs,
which are built to harness the kinetic energy of moving water, pose threats to marine life, and can
even hasten the extinction of some species. The noise these turbines produce has raised concerns
about their possible impact on fish populations. Moreover, TSTs can alter sedimentation and water
quality. One difficulty is that TSTs produce very little power at low tidal speeds but considerably
more at high speeds. To solve these problems, this study proposes a novel approach, including
Improved Recurrent Fuzzy Neural Networks (IRFNNs) and Genetic Algorithm-based Controller
Optimization (GACO), with encouraging results.

2. Research objectives

– To create architecture for a controller used to manage the speed and reactive power of
a DFIG.

– Using the hyperstability idea and the ACO mechanism, to evaluate and implement a way to
confirm the stability of the proposed estimating approach.

– Using the DFIG that act as an externally regulated variable-speed induction generator with
a regulated rotor circuit. AC–DC–AC power converters connect the generator’s stator to the
public power grid.

3. Research methodology

This section describes the working infrastructure of the DFIG model GOCA and IRFNN
controller related to the proposed methodology as shown in Fig. 1. The configuration of a DFIG-
based TST system. The DFIG is an induction generator with a rotor circuit that could be controlled
using the DFIG controller to allow for operation at different speeds. Using AC–DC–AC power
converters, the generator’s stator is linked to the grid.

Fig. 1. Proposed methodology
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The tidal turbine’s output is regulated by factors like these:

Pt =
1
2

Cp (λ, β) ρπR2V3, (7)

where Pt is the power generated by the turbines (W). The diameter of the turbine blades is measured
in meters, and the power coefficient is denoted by Cp . It is possible to find the expression of Cp by
using an approximation function that is dependent on the blades pitch angle β(◦) and the tip-speed
ratio λ, which is distinct as below:

λ =
ωtR
V

, (8)

where the rotor’s speed, expressed in rad/s, is given by the expression ωt .
Figure 1 shows how much hydrodynamic torque is generated by the tidal turbine in terms of

(Nm).
Ttst =

Pt

ωt
. (9)

– DFIG model
The DFIG-based TST would have several benefits, including the capacity to create power at
variable speeds depending on the active and reactive power capacities of four quadrants in
each quadrant. The DFIG, on the other hand, is a long-lasting and low-maintenance product.
The dynamic classical of the generator is developed in the synchronous d–q frame utilizing
Park’s conversion for the control strategy, as explained in detail. The following are the (V)
expressions for the d–q axis voltages of the stator and rotor [28].

Usd = Rs Isd +
dϕsd

dt
− ωsϕsq

Usq = Rs Isq +
dϕsq

dt
− ωsϕsd

Urd = Rr Ird +
dϕrd

dt
− ωrϕrq

Urq = Rr Irq +
dϕsq

dt
− ωrϕrd

. (10)

The rotor and stator flux direct quadrature components in (Wb) are well-defined as
ϕsd = Ls Isd + LmIrd
ϕsq = Ls Isq + LmIrq
ϕrd = Lr Ird + LmIsd
ϕrq = Lr Irq + LmIsq

. (11)

D-q frames are used to represent DFIG electromagnetic torque.

Tem =
3
2

pLm

(
Isq Ird − Isd Irq

)
, (12)

where currents flow along the Isdq, Irdq axis of both the stator and rotating disk (A), radians
per second (rad/s) is represented by ωs, ωr , respectively, for the sake of clarity, we’ll refer
to these resistances (Ω) as Rs and Rr . There are three inductances (H): the rotor and stator
inductances (Ls and Lr ), the magnetizing inductance (Lm), and the pole pair number (p).
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– Convertors for back-to-back use
Vector control may be achieved on both the generator and GSC by connecting two six-
switch-based converters BTB and using an intermediary DC-link capacitor. The GOCA and
the IRFNN controller are employed in the entire AC–DC–AC power converter that is being
used. The vector control process is used to optimize the generator’s operations according to
the DFIG’s dynamical model, which is distinct in the d–q frame by the ACO algorithm.
The IRFNN’s goal is to maintain a constant voltage autonomous of the rotor’s magnitude
and route of rotation. The reactive power is controlled using a vector control method.
It is possible to compute the system’s (W/var) exchanged active and reactive power (W/var)

Pg =
3
2

(
Udg Idg −Uqg Iqg

)
, (13)

Qg =
3
2

(
Uqg Idg −Udg Iqg

)
, (14)

where grid voltage and flows in the d and q situation frames may be referred to as Udg, Uqg

(V and A), respectively.
When the synchronized frame’s d-axis and the grid voltage vector are parallel

(
Udg = Ug

)
and the grid voltage vector is perpendicular to the synchronized frame’s q-axis

(
Uqg = 0

)
VOC is generated.
Because of this, the following are the definitions of active and reactive power.

Pg =
3
2

Ug Idg, (15)

Qg =
3
2

Ug Iqg . (16)

To illustrate the connection between DC-link storage and grid power flow, it could use the
following equation:

Pg =
3
2

Ug Idg = Udcidc . (17)

Pg =
3
2

Ug Idg: This part of the equation represents the electrical power (Pg) generated or
controlled by the power controller. It’s calculated as the product of the voltage (Ug) and the
current (Idg) in the system. The factor is included, likely as a scaling factor based on the
system’s characteristics.
Udcidc: This part of the equation is another way to represent the electrical power (Pg). Here,
represents the voltage (Ug) in the direct current (DC) circuit of the power controller, and
represents the current (Idg) in the same circuit. Multiplying these two values also gives
you the electrical power (Pg) generated or controlled. So, both sides of the equation indeed
represent the same electrical power, but they are expressed in different terms based on the
components and characteristics of the power controller system.

– Ant colony optimisation (ACO)
ACO was first presented by Dorigo in 1992 [29]. The findings from studies on ant colonies
as a social unit served as inspiration for this population-based heuristic evolutionary method.
The ACO method has been shown to provide superior optimization results when used for
issue-solving. Many people’s efforts and data feedback are essential to the ACO method.
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Although individual ant behavior is somewhat simplistic, the behavior of a colony is often
seen as being rather commendable. The ACO method demonstrates features of decentralized
programming, iterative improvement, and heuristic analysis. The evolutionary process
is essentially a heuristic global optimization technique [30–34]. The pheromone-based
exchange of information has been crucial to the evolutionary process. Several combinatorial
optimization problems can be solved by using the ACO approach, such as the traveling
salesman problem, assigning difficulty, task allocation difficulty, vehicle networking difficulty,
graph colouring difficulty, and route optimization difficulty [36–38]. Figure 2 depicts the
general architecture of ACO.

Fig. 2. Architecture of ACO [39]

ACO algorithm specialists have developed better ACO algorithms to handle complicated
optimization issues. In recent years, some improved outcomes and impacts have been
produced. Nevertheless, the difficulty of large-scale optimization issues is growing, and even
the most recent and best ACO methods have constraints when it comes to addressing these
types of issues, such as sluggish convergence rapidity, a local optimal value, etc. [40–46].

– IRFNN controller
Figure 3 depicts the dynamic feedback that helps students learn more quickly. Layer 2 and

layer 3 comprise the memory terms, and SR =
m∑

R=1
O(3)R (k)χRR, The sigmoid function, which

is analogous to a memory element, is a recurrent unit. Instead of using the MIN operation,
they used the identical or fuzzy AND combination operations as a simple algebraic creation.
Hence, it was shown that the suggested IRFNN could handle nonlinear issues, enhance
convergence accuracy, and shorten training time. The following is a list of the node output
for each tier.

O(1)i (k) = X (1)i (k) , i = 1, 2, (18)
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O(1)i (k) = exp

−
(
O(1)i (k) +O(2)i j (k − 1) .φi j − mi j

)2

(σi j)
2

 , (19)

fR (k) =
1

1 + exp (−SR)
, (20)

O3
R (k) = fR

2∏
i=1

O2
i j(k)wi j, (21)

O3
E (k) =

∑
R

O3
R (k)wRE = i∗qs . (22)

Fig. 3. Configuration of IRFNN

Expressed in terms of e(k) and X (1)i (k) the input error of the reference speed to real speed,
which is expressed as the difference between ∆e (k) = e (k) − e (k − 1) e(k)), the IRFNN
iteration number k indicates this. The i-term input linguistic variable O(1)i in the j-term
has a mean and a standard deviation (STD) of mi j and σi j . and σi j , R ∈ {1, 2, 3 . . . , j × j},
wi j = 1, and χRR is the recurrent weight. Training the IRFNN requires the input values
of σi j , mi j , wRE , φi j , and O(4)E the output values of χRR the amount of work put in by the
control system [47].
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3.1. Proposed algorithm
1. Power generated by turbines:

– Define the variables:
• Pt : Power generated by the turbines (W),
• Cp (λ, β): Power coefficient, a function of tip-speed ratio (λ) and pitch angle (β) of
the turbine blades,

• ρ: Air density (kg/m^3),
• R: Diameter of the turbine blades (m),
• V : Wind velocity (m/s).

– Calculate Pt using Eq. (7): Pt = 1/2 ∗ Cp(λ, β) ∗ ρ ∗ π ∗ R∧2 ∗ V∧3.
2. Tip-speed ratio (λ) calculation:

– Define the variables:
• ωt : Rotor speed (rad/s).

– Calculate λ using Eq. (8): λ = (ωt ∗ R)/V .
3. Hydrodynamic torque (Ttst) generated by the turbine:

– Calculate Ttst using Eq. (9): Ttst = Pt/ωt .
4. DFIG model:

– Define the variables:
• Isd , Isq: Stator current in the d–q axis (A),
• ϕsd , ϕsq: Stator flux in the d–q axis (Wb),
• Ird , Irq: Rotor current in the d–q axis (A),
• ϕrd , ϕrq: Rotor flux in the d–q axis (Wb),
• Ls , Lr , Lm: Stator, rotor, and magnetizing inductances (H),
• Rs , Rr : Stator and rotor resistances (Ω),
• p: Number of pole pairs.

– Calculate stator and rotor voltages in the d–q axis using Eq. (10).
– Calculate stator and rotor flux components in the d–q axis using Equation (11).
– Calculate electromagnetic torque (Tem) using Eq. (12):

Tem = (3/2) ∗ p ∗ Lm ∗ (Isq ∗ Ird − Isd ∗ Irq).
5. Convertors for back-to-back use:

– Utilize two six-switch-based converters, BTB, for vector control on the generator and
GSC.

– Implement the GOCA and IRFNN controller for AC–DC–AC power conversion.
– Use vector control to optimize the generator’s operation according to theDFIG’s dynamical
model in the d–q frame.

– Employ the IRFNN for maintaining constant voltage independently of rotor magnitude
and rotation direction.

– Control reactive power using vector control.
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6. Active and reactive power exchange:
– Define the variables:

• Ud , Uq: Grid voltage in the d–q axis (V),
• Idg, Iqg: Grid currents in the d–q axis (A).

– Calculate active power (Pg) and reactive power (Qg) using Eqs. (13) and (14):
Pg = (3/2) ∗ (Udg ∗ Idg −Uqg ∗ Iqg)Qg = (3/2) ∗ (Uqg ∗ Idg −Udg ∗ Iqg).

7. Relationship between DC-link storage and grid power flow:
– Use Eq. (17) to relate electrical power generated or controlled by the power controller to

the DC-link voltage and current.
8. Ant colony optimization (ACO):

– Implement the ACO algorithm for optimization problems.
– Utilize pheromone-based exchange of information for solving combinatorial optimization
problems.

9. IRFNN controller:
– Implement the IRFNN controller with memory terms and feedback loops.
– Utilize Eqs. (18) to (22) for controlling nonlinear issues and improving convergence
accuracy.

4. Result and discussion

This section of the research details the implementation carried out using the suggested
technique, and the implementation tools are provided below.

4.1. Tool used

In this research, the authors used the Matrix Laboratory (MATLAB) tool to obtain the results.
MATLAB was created by MathWorks and is a commercial programming language and numerical
computing environment that supports many examples. Matrix processes, charting of functions and
information, procedure development, user interface design, and linking with other programming
languages are all probable with MATLAB. The findings provided to support the suggested effort
stated below are as follows.

4.2. Result 1

Figure 4(a) illustrates that as a result, when the pitch angle increases the real power rises with
the tidal step and is subsequently held constant at the rated power Pn. As can be seen in Fig. 4(b),
the reactive power is maintained in an oscillating range close to zero independent of the input tidal
speed. Reducing the cost per kilowatt-hour of energy production involves increasing the turbine’s
capacity factor. This can be achieved by specifying a rated flow speed for peak power generation
and shedding power at speeds lower than the rated value.
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4.3. Result 2
Figure 5 shows that the power coefficient is kept at an optimum value by the switching controller

(Cp = 1.8 to 1.9), and thereafter it drops, indicating that the controller is performing properly.
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As shown in Fig. 6, however, while operating in power restriction mode, the pitch angle is
maintained at zero while the rotation speed varies, eventually reaching a value of the angular
position of around (β ref = 2.67◦ to 2.77◦).
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4.4. Result 3
The aerodynamic forces exerted on a turn could be easily adjusted by manipulating the pitch

angle. The tidal turbine’s actual power, Pt , and the maximum power, Pmax, are sent into the pitch
controller. Pmax is equivalent to 1.5 megawatt, the maximum power that could be produced by
the generator. The difference between Pt and Pmax is used by the PI to determine the pitch angle.
The pitch angle has a range of 0 degrees to 21 degrees, as illustrated in Fig. 7. Moreover, there is
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a restriction placed on the degree to which the pitch angle changes over time. The pitch angle rate
of WTs could be anything from 3◦/s to 10◦/s. The rate of pitch angle employed in this research is
about 10 degrees per second for big turbine sizes.
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4.5. Result 4
Figure 8 depicts the monthly fluctuations in the semidiurnal tide that could be seen in Raz de

Sein, Brittany, France. The period of these tides, which includes both the spring and neap tides,
is around 10 hours and 25 minutes. A tidal current’s kinetic energy flow is proportional to the
velocity of water moving over the channel’s cross-section. It is denoted by the symbol (W/m2), as
defined by:

P =
1
2
ρ

∫
A

V3dA
A

. (23)
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This equation calculates fluid density (ρ) by dividing the area (A) of the turbine rotor by the
component (V) of current flow velocity perpendicular to the channel cross-section, expressed in
kilograms per cubic meter (kg/m3).

5. Conclusion and future scope

The tidal turbines’ smaller rotor mass means that could only supply a fraction of the frequency
stability of generating units, even though tidal power is increasingly being integrated into the
power grid. Hence, this results in a low-inertia power supply, which in turn leads to frequency
issues. The identical parts used in WTs are also used in TSTs, which transforms tidal power into
electricity. As a result of this, TSTs seem incredibly common to WTs even though they are covered
undersea. This research focuses on a novel DFIG control scheme utilizing IRFNN and GACO
techniques for improved operation. The observed findings indicate that the suggested controls give
an enhancement in output power efficiency in a variety of operating modes. In the future, the rotor
speed and power of the DFIG will achieve the measured value by using the described controllers.
Hence, the suitable control legislation allows the tidal turbine to run reliably.
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