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Abstract: This paper proposes a Boost + LLC converter-based power controller for ocean
buoy tidal energy systems. To optimize output power across a wide input voltage range
(40-120 V) and achieve effective power tracking control, we introduce two key innovations
as follows: (1) a variable-mode inverter hybrid control strategy, combining smooth-mode
switching with inverter control to enable wide gain range regulation. (2) An improved
Grey Wolf Optimization (GWO) algorithm, enhanced by integrating a PSO-based elite
wolf search strategy preventing local optima and maximizing power capture. Saber and
Matlab simulations demonstrate that the proposed approach yields faster power tracking
response and increases output power by 5-10% compared to traditional methods. The
combined controller and improved GWO algorithm provide a stable and efficient solution
for small-scale ocean energy systems, offering practical insights for power regulation in
other marine energy sources like wave, wind, and solar.

Keywords: ocean energy; power control; LLC topology

1. Introduction

With the continuous deepening of research in the field of marine resources and the
environment, the human cognitive demand for the ocean continues to increase. As a
reliable, effective and important way of acquiring marine data [1], ocean observation buoys
provide a large amount of data support for the human development of marine resources
and the protection of the marine environment. Ocean buoys have the ability to collect
ocean data in all-weather conditions all day, and they can realize automatic data collection,
marking, and sending. At present, the power supply mode of ocean buoys mainly includes
battery-independent power supplies, solar energy or wind energy auxiliary power supplies,
and so on. The long communication distance and the great consumption of batteries by
the ground antenna module have greatly shortened the service life of the batteries of many
monitoring instruments, and they have to be replaced frequently [2,3]. However, the cost
of a battery replacement is much higher than the battery cost, which is even higher than the
cost of monitoring equipment. Solar or wind power supplies assisted by high winds, salt
spray corrosion and coverage, and other reliability and efficiency problems, cannot meet
the expansion of the buoy function [4]. Ocean tidal current energy resources are abundant,
with stable, regular, all-weather characteristics; the effective use of tidal current energy
generation can provide a continuous power supply for ocean buoys, and the application
prospects are broad [5,6].

At present, the development and application of tidal current power generation devices
are mainly aimed at large power demand [7] or grid-connected scenarios [8,9], and the
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research hotspots are also focused on the optimized design of hydraulic turbines [7,10].
The tidal current power generation and power control system for the power supply of
ocean buoys is rarely seen. As the tidal current velocity varies relatively gently and has
a wide range, the efficient and reliable permanent magnet generators (PMGs) suitable
for tidal current power generation usually operate at variable speeds. While the power
supply voltage required by ocean buoys is relatively stable, in order to better adapt to
the characteristics of tidal current energy and the power supply needs of ocean buoys,
it is necessary to design a set of responsive and efficient power conversion and control
systems [11]. Due to the variability of the tidal current speed, it is difficult to apply the
output power directly to the equipment power supply. Thus, access to the power conversion
device should exist to improve the output voltage and current and to maintain stability in
the output range, as well as to improve the output power of the power generation device
in the case of low flow rate and to enable the function of over-voltage protection in order
to ensure that the system operates reliably in extreme bad weather. Seawater’s severe
corrosion and biological pollution means a mechanical control structure should be used
in the whole generator system as little as possible, and the use of electrical unit control is
more efficient in favor of prolonging the service life of the system.

Electrical control helps to adapt to the wide range of flow rate variation and high
efficiency output, and the topology adopts multi-stage control. Off-grid systems can use
DC/DC circuits for the post-processing of electrical energy after rectification and filtering.
For the subsequent processing to access the equipment, Boost circuits are used in the
circuit control system to control the shutdown of the electrical power devices and improve
the power output efficiency of the generation system [12]. Currently, maximum power
point tracking (MPPT) techniques that can improve the captured energy of the system
have been widely used in wind and tidal energy generation systems, and common MPPT
algorithms include optimal tip speed ratio control, the power signal feedback method, and
the perturbation observation method [13,14]. The optimal tip speed ratio control maintains
the tip speed ratio at the optimal position, which requires the addition of equipment to
measure the flow velocity [12], which increases the complexity and cost of the system [15];
the optimization speed of the perturbation observation method is not ideal, and there is
the problem of spike oscillations; in recent years, various intelligent algorithms, such as
the PSO and artificial intelligence algorithms [16,17], have also been gradually applied to
the field of MPPT, optimizing the algorithms to solve the local optimization algorithms to
solve the local optimization problem. Currently, wide gain LLC circuits are attained with
the demand of electric vehicles [18]. In the field of new energy, the system needs to output
a constant voltage over a wide input voltage range, and LLC circuits have better efficiency,
which is applied to the optimization of solar energy [19]. For the optimal design of LLC
circuits, changing the topology of LLC circuits has been proposed in the literature, which
improves the voltage gain range, but increasing the complexity of the circuit will increase
the loss; in addition to changing the hardware topology of the circuit, the regulation range
of the circuit can be increased by converting the full-bridge circuit into a half-bridge circuit
through the control strategy [20], but the overly direct way of transforming the transient
response changes it too much and should be avoided by all means. Changing the PWM
duty cycle [21] or switching phase [22] has been proposed, but the duty cycle control in
the control process of the switching device loss is large, cannot realize soft switching, and
affects the output efficiency.

The authors have developed a tidal current energy power supply system applied to
ocean buoys as shown in Figure 1. In this paper, the tidal current energy power generation
system needs a wide flow rate operating range, as well as under different operating
conditions; to improve the output power and protection circuitry to carry out research, the
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authors independently developed a 120 W tidal current energy generator using the design
of a Boost + LLC cascade controller, combined with the system’s small-signal mathematical
model and gain curves, to build a simulation model based on a Saber circuit analysis
and improved gray wolf control. Thus, the circuit of the system was analyzed using a
principal analysis, and the optimization of the maximum power tracking strategy using the
improved Gray Wolf algorithm was achieved. Finally, a system operating curve analysis
was performed. The stability of the system under operating conditions is verified through
simulations and experiments.

Sea level

Seabed

Figure 1. Schematic diagram of ocean buoy observation platform based on tidal energy power supply.

2. System Composition and Functional Requirements

A typical ocean buoy tidal energy power supply system mainly consists of a tidal
energy generator, a power converter, a main controller, an energy storage battery, and a
damp load, and its structure is shown in Figure 2.

Data ”
acquisition |
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Rectifier . Power Encrey
control unit Storage
and filter Converter
Battery
A 4
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Load

Figure 2. Structure of a typical ocean buoy tidal current energy power supply system.

The tidal current energy generator adopts a direct-drive outer rotor counter-rotating
permanent magnet generator (PMG), the shape of which is shown in Figure 1. The dual
outer rotor counter-rotating component captures the tidal current energy and outputs
three-phase alternating current through the direct-drive permanent magnet generator. The
design parameters of the tidal energy generator are shown in Table 1.

The current is able to obtain a stabilized output voltage from the generator output
through the power converter, and the main controller realizes the voltage stabilization and
power adaptive regulation under a wide flow rate range by controlling the power converter
and the unloading load. The research objective of this paper is to determine the stabilized
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output voltage under wide dynamic voltage input and power adaptive regulation under
the wide flow rate condition of the power converter.

Table 1. Design parameters of trend energy generator.

Name Parameter Value
Rated power 120 W
Rated voltage 36V

Impeller diameter d1.8 m
Rated flow rate 1.0m/s
Rated speed 28 rpm

3. Design and Analysis of Power Conversion Structures
3.1. Power Conversion Topologies

In this paper, a cascaded DC transformer structure for a Boost + LLC resonant converter
is proposed, which consists of an input stage, an isolation stage, and an output stage. The
cascaded DC/DC converter topology is shown in Figure 3.
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Figure 3. Cascaded DC/DC converter topology.

The full-bridge LLC consists of a switching network, LLC resonant network, and
isolated rectifier circuit Ty ~ Ty. In the switching network of the full-bridge LLC circuit
are four power switching tubes of the converter, the resonance capacitance C;, the series
resonant inductance L,, and the excitation inductance L,,, forming the resonant network,
and the secondary side consists of the full-bridge rectifier circuit and the capacitive filtering
circuit. The resonant network has two resonant frequencies, one for L, and C, and one for
Ly + Ly and C, within which the converter operates [23].

1
U T e o
fn = L @

2713/ (Ly + L)Cr

When the switching frequency is fs < fy, the converter operates in the capacitive
region, in which case the excitation current will be reversed before the switching tube is
disconnected and the switching tube will not be able to realize the ZVS conduction; when
the switching frequency is f; > fy;, the converter operates in the inductive region, and
the switching tube on the primary side is able to accomplish the ZVS conduction; if the
switching frequency of the converter is further limited to f,; < fs < f;, then the rectifier
diode on the secondary side can turn off ZCS. The input voltage Vin is firstly boosted by
the Boost circuit, which can realize the boost regulation of a wide input range by combining
with its own boost characteristic. The low-voltage regulated output of the converter is
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achieved through the regulation of the rear full-bridge LLC circuit, and through the high-
frequency transformer, the energy is transferred to the load through the resonant cavity
and the isolation of the modular voltage input and output can be attained [17].

The resonant transformation circuit is analyzed by the fundamental wave analysis
method; R, is the equivalent resistance coupled to the primary measurement. Let the
transformation ratio be 1:n, and the equivalent load is shown in Equation (3).

Ry
22

)

eq

The dc voltage gain of the LLC converter is obtained based on the fundamental
equivalent circuit analysis [24].

M= ! 4)

SV e (eh- )

where the normalized frequency f, is the ratio of frequency fs to f;, A is the ratio of

excitation inductance L, to the series resonant inductance Ls, and Q is the quality factor.
Practical implementation faces magnetic design constraints:

(a) Core loss follows Steinmetz’s equation, requiring low-loss ferrites (e.g., 3C95) for
>100 kHz operation;

(b) Thermal derating necessitates <80% flux density at 100 °C ambient temperature;

(¢) Marine conditions reduce heat dissipation by 15% due to conformal coating. These
constraints limit maximum power density to 0.8 W/cm? in our buoy implementation.

3.2. Operating Modal Analysis

The system operates over a wide input voltage range, and as the input voltage in-
creases, the voltage stress on the switching devices and capacitors will also increase, which
increases the difficulty of device selection. At the same time, the frequency variation range
of the LLC resonant converter will be greatly increased, which increases the difficulty of the
parameter design of the magnetic components. In order to effectively reduce the voltage
and narrow the switching frequency range, two control strategies, PFM and PWM, are used
to enhance the regulation range of the LLC. In general, the amplitude change of the input
voltage contains three operating modes: when the voltage is less than 60 V, the Boost circuit
assumes the boost and MPPT function; when the voltage is higher than 60 V and lower
than 80 V, no maximum power tracking control is used through the LLC circuit for buck
regulator control; and when the voltage is higher than 80 V at the same time as turning on
the LLC circuit for buck control, access to the unloading voltage divider load for voltage
reduction is provided.

When the converter is controlled by frequency conversion, this paper states that the
converter works in frequency conversion mode (PFM), and its main working waveform is
shown in Figure 4. In the figure, Q3 and Q4 are the corresponding bridge arm drive signals
on the low—voltage side, Vab is the voltage at the two points AB in Figure 3, and Q1, Qy,
Q2, and Q3 conduct alternately to control the gain by changing the frequency. From the
Q4 pole and pole voltage shown in Figure 4, it can be seen at this time that Q4 is in the
zero—voltage—conduction state. The converter works in the phase shift (PWM) mode,
and the switching network of the switching devices in the operating frequency fs remains
unchanged by adjusting the phase shift angle of the converter to control the waveform so
as to achieve the control of the converter’s operating state. This paper uses IR2104 as a
driver in the Saber circuit for the modal simulation of the LLC circuit. Table 2 and Figure 4
show the specific modes of the phase shift control mode.



J. Mar. Sci. Eng. 2025, 13,1129

60f 17

Vit(s)

>:::_I‘ﬁf‘ﬁﬁ“ﬁﬁ CAa
LT P ey
N an |
W0 |
s 1 |
B =
S AN A W W | " 4 — A
I ML -
NIRRE \\ll\\ll\\ll\\ll\\m
MO T T T
T TS T
NI EEInes M [ :
NN T A
MANIARNERRUTARNIARSTARNIA

t(s)
(b)

Figure 4. Circuit simulation waveform. (a) PEM operating waveforms and Zero-voltage switching on
under PFM; (b) PWM operating waveforms.

Table 2. PWM operating modes.

Modal Q1 Q2 Qs Q4 Vap ig
1 Conducted Conducted Shutdown Shutdown 0 0
2 Conducted Shutdown Shutdown Shutdown 0 0
3 Conducted Shutdown Shutdown Conducted + T
4 Shutdown Shutdown Shutdown Conducted + +
5 Shutdown Shutdown Conducted Conducted 0 0
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Thereafter, another half cycle is started with the same modes of operation as in the
previous half cycle.

4. Analysis of Control Strategies
4.1. Control System Structure

The control system consists of two algorithms, namely a Boost circuit to realize the
MPPT function and a full-bridge LLC circuit to ensure the stability of the output side;
according to the input voltage with timely access to the protection circuit, to prevent system
damage from overvoltage, the circuit system of a number of locations for the voltage and
current sampling is used as an input parameter to select the appropriate form of control.

In order to realize wide voltage regulation, a variable—mode inverter hybrid con-
trol strategy is used in this paper. The control uses a simple single voltage closed-loop
PFM/PWM control strategy, which can simplify the design of the control circuit and is easy
to obtain [25,26]. A digital control method is used to control the drive signals of the inverter,
and the control block diagram of the Boost + LLC inverter is shown in Figure 5, in which
Vous is the bus voltage, V.t is the reference voltage on the output side, and Verror is the
error voltage. The system state is sampled by the sensor and communicated to the control
unit, and the feedback signal of the Boost circuit comes from the motor output power as
well as the bus voltage; the LLC feedback signal comes from the system output voltage.
When the generator output power changes, the MPPT algorithm will control the Boost
circuit to perform the maximum power tracking operation, and the LLC is responsible for
selecting the operating mode to adjust the switching tube drive signal according to the
input voltage so that the voltage is stabilized and remains efficient over the entire input
voltage range.

Uin | Boost U, | FBLLC Usut
| converter | converter

A
é PFM
Choose control “

Pbus A

X

Uref

A\

MPPT PWM
control

PS “
control

Figure 5. Overall control method.

4.2. Variable Mode Frequency Control

Using the double half-bridge driver to realize the above control of the full-bridge
circuit, the control is divided into the three following stages: using the sampling of the
input voltage of the LLC circuit to determine the operating state, when the input voltage
is low and using the full-bridge frequency control mode, the duty cycle of 50% frequency
control, the output voltage sampling value, and the error comparison between the output
voltage value as a given frequency PI controller input are determined. When the input
voltage rises to a certain set value, the phase shift control mode is used to generate a
phase shift angle through the input of the phase shift PI controller, at which time the
switching frequency of the switching tube is constant, i.e., it is the resonant frequency, so
that the change in the switching frequency can be minimized and a smooth transition can
be achieved. The normalized gain of the phase-shifted LLC can be expressed as follows:

1+ cos6

2ey/(5- 2@ (144 5)

M, = )
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When the input voltage is further increased to a certain value, the half-bridge frequency
control mode is used to stop the PI control of the phase shift control, with Q; and Q> for
frequency control, and the other half-bridge driver generates the constant on and constant
off signals to realize the half-bridge LLC control. In order to prevent equipment damage
caused by excessive voltage, the output voltage of the starting frequency of this mode is
lower than the reference voltage and, therefore, further frequency control is required. The
normalized gain of the half-bridge LLC can be expressed as

1

2o () s (k)

According to Equations (5) and (6), the voltage gain of the full-bridge LLC resonant

M; = (6)

converter is two times that of the half-bridge in the case of consistent circuit parameters.
Accordingly, the primary side switch tubes S, and S4 using the control of the phase shift
drive signal convert the resonant converter from the full-bridge mode transition to the
phase-shift mode when the voltage output is higher, and the resonant converter naturally
achieves two times the gain adjustment when combined with Formulas (4)—(6). The
variable-mode control of the modulation gain is shown in Figure 6.

MPPT + FB PFM control PS control HB PFM control

—Variable Voltage Gain

—Operating Frequency

20 30 40 50 60 70 80 920 100 110 120

Figure 6. Variable mode control of modulation gain.

4.3. Power Tracking Control
4.3.1. Standard Gray Wolf Optimization Algorithm

The GWO algorithm simulates the leadership hierarchy and hunting mechanism of
gray wolves in nature [27]. The potential optimal solution of the problem is regarded as the
optimal prey location, and the gray wolf location is regarded as a feasible solution of the
problem. The artificial wolf pack has a hierarchical organizational structure, consisting of
elite wolves «, B, and J and ordinary wolves; by modeling the social hierarchy of the wolf
pack in GWO, each low-priority artificial wolf needs to follow the instructions issued by
high-priority artificial wolves in hunting activities. Under the command of elite wolves
that can better grasp the optimal prey information, the artificial wolves carry out hunting
activities. In order to update the position of wolves, the following mathematical model
is proposed:

D= |CxX,(t) — Xp(t) )
X(t+1)=X,(t) -~ A*D

Here, t denotes the number of iterations, D, A, and C are denoted as valid vectors,
X, represents the prey position, and X denotes the current position vector of the gray
wolf [28]. The vectors A and C are computed as follows:
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A=20x7 —@ 8)
CIZ*FZ (9)

where a is reduced from 2 to 0 during the iteration process and r; and r; are random vectors
in [0, 1]. The search process is mainly performed under the guidance of &, , and 7 gray
wolves, and the position update method is as follows:

1!
L
!

Dy = |Gy - Xa(t) — X(t)
X(t) (10)

5 (11)

(12)

4.3.2. Improved Gray Wolf Optimization Algorithm (PSO-GWO)

In the process of position updating, the GWO algorithm only considers the position
information of a single gray wolf and the position information of the optimal, suboptimal,
and sub-suboptimal solutions of the wolf pack, which realizes the exchange of information
between the individuals and the wolf pack but ignores the exchange of information between
the gray wolves and their own experience, which makes the gray wolves prone to stagnate
in early searching for the optimal solution when they are hunting. Therefore, the idea of the
particle swarm algorithm (PSO) is introduced to improve the position update process. Thus,
a hybrid PSO-GWO algorithm is formed to make the wolf pack’s optimization process
memorable. In addition, an inertia constant w is introduced to enhance the PSO-GWO
hybrid algorithm to balance the global search capability and local exploitation capability.
Therefore, during the optimization process, the speed and position of the particles with
higher adaptability are made to be updated to increase the optimization ability of the head
wolf. In this paper, based on the GWO algorithm, it is easy to fall into local optimization
and the search range is small. Thus, it is necessary to carry out the following improvements:

(1) Improved Chebyshev chaotic mapping

The basic GWO algorithm uses random generation to generate the initial population,
which cannot ensure that the initialized individuals are distributed as evenly as possible
throughout the search area, which is not conducive to improving the global search perfor-
mance of the algorithm. For this reason, this paper utilizes the randomness and traversal
of chaotic sequences and selects the improved Chebyshev mapping equation to generate
the initial populations so that the initial populations can be uniformly distributed in the
search range, which increases the diversity of the search and avoids the local optimiza-
tion phenomenon as much as possible (Figure 7). The improved Chebyshev’s mapping
equation is

x(i4+1) = (cos(i xacos(x(i))) + 1) x 0.5 (13)

(2) Nonlinear convergence factor adjustment strategy

In the basic GWO algorithm, the value of the convergence factor a decreases linearly
with the increase in the number of iterations. In order to increase the global search capability
in the early stage, this paper converts the convergence factor from a linear distribution to a
nonlinear distribution in the early stage to increase the search range and increase the global
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search capability; the search for excellence in the late stage of the change in the steepness
of the change is more adapted to the local search for excellence. The improvement of the
nonlinear distance convergence factor a is as follows:

a=2—2x ((exp(iteration /50) —1)/(exp(1) — 1) (14)
Chebyshev map
] |
|
0.5 | J
il f
0

0 50 100 150 200

Figure 7. Improved mapping of Chebyshev.

(3) Adaptive limiting factor

In the basic GWO algorithm, there are particle boundaries to prevent the output parti-
cles from exceeding the limited range, and in the case of the input parameter, i.e., voltage
and current, which is constantly changing, a single particle-limiting value will potentially
subject the subsequent circuits to excessive voltages; thus, it is necessary to constrain the
iterative particles in real time, and the adaptive limiting equations are as follows:

D S Vl’?l?rnax
{ D <03 15

The maximum value of the voltage in the equation is taken as 100 V to prevent the
output voltage of the Boost circuit from being too high.

(4) PSO-GWO hybrid strategy

The PSO algorithm is a group intelligence-based optimization algorithm inspired
by the foraging behavior of birds [29]. During the search process, each particle adjusts
its position based on its own experience and the experience of its neighboring particles
by using the optimal positions encountered by itself and its neighboring particles. The
particle swarm direction is defined by a set of particles around the particle and its historical
experience. The main advantage of the PSO algorithm is that it is easy to implement and
has few adjustable parameters. Equation (16) shows the position update of the PSO [30]:

(16)

k+1 _ k k k k
{ v, =0 toan (Pbest — xi) ~+ corn (gbest — xi)
=X

x;f-‘rl k + Uk+1

i i

In order to balance the search speed and global search ability, the predation process
of ordinary wolves remains unchanged, while for the head wolf, the PSO algorithm is
adopted to update the position and speed to increase his global search ability and improve
the probability of jumping out of the local optimal solution; the algorithm flow is shown in
Figure 8.
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Figure 8. PSO-GWO algorithm flow.

Steps of GWO algorithm

Initialize the gray wolf population parameters, among which are the gray wolf popu-
lation size N, the maximum number of algorithmic optimization searches tmax, the
spatial dimension dim, and the range of the algorithmic optimization space [lb, ub];
Collect voltage and current parameters and input them into the algorithm.
Determine the population range based on the input parameters.

Carry out hybridization strategy of the gray wolf population to increase the genetic diver-
sity of the population and update the geographic location of the gray wolf population.
Calculate the fitness of each individual wolf in the current gray wolf population and
determine the & wolf, 8 wolf, and § wolf.

Determine the parameter value of C according to the equation while confirming
parameter A.

Update the position of each individual wolf in the gray wolf population and confirm
the prey position according to Equations (5) to (8); additionally, perform particle
position range restriction.

Update the position of individual gray wolves according to Equation (13) and recalcu-
late the fitness value of each gray wolf.

Determine the optimal gray wolf individual in the current generation population
and execute.

5. Simulation Modeling Analysis

5.1. System Simulation Model

In order to verify the operation characteristics of the proposed tidal current energy

converter, Saber and Matlab simulation models were constructed for verification.

In the Saber environment, an LLC full-bridge circuit with IR2104 as the driver chip

was constructed, and the simulation was carried out under the conditions of different

operating modes at different frequencies. The correctness of the DC gain curve was verified

by analyzing and comparing the interrelationships between the input voltage of the power
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switching tubes, Uiy, and the output voltage, U,, in the simulation results. The simulated
waveforms are shown in Figure 9.

220u

j=== A
= = 150u

T
11.25m 1.3m

bt Q1 2
[Tl It E E

1t
2104 v = .

10 @ 5

LS 11T
| 4 | Q-I'_ 1
5 -5 F
i

Figure 9. Saber circuit model.

In order to verify the effectiveness of the variable—mode, variable—frequency hybrid
control, simulation was performed to check the reasonableness of the algorithm and topol-
ogy by inputting the change in the seawater flow rate. The parameters of the experimental
algorithm in this study were set as follows: the number of gray wolves in the artificial wolf
pack was Ny = 10 and the maximum number of cycles was Ny, = 50. The solver was set
to Bogacki-Shampine, and the sampling step was not fixed. The overall structure of the
simulation is shown in Figure 10.

L Speed Tm

-i
Cr Lr
Co I

v

i
Damping H

Figure 10. Matlab circuit model.

5.2. Results and Discussion

The Simulink simulation model of a tidal energy generation system based on
PSO-GWO, GWO, and PSO algorithms was run under a flow velocity of 1 m/s, 0.8 m/s,
and 0.6 m/s, and the evaluation of the results was carried out, as shown in Figure 11.
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Figure 11. Simulation results based on constant flow rate. (a) Based on a flow velocity of 0.6 m/s;
(b) Based on a flow velocity of 0.8 m/s; (c) Simulation results based on 1 m/constant flow rate.
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Under constant flow velocity, the generator reaches a steady state after starting at
0.2 s. Accessing the maximum power tracking control simulation, the MPPT control is
carried out using the P&O, PSO, GWO, and PSOGWO control algorithms, respectively,
under the same conditions. The magnitude of the power increase decreases with the
increase in the flow velocity, i.e., the effect of the MPPT control is more obvious at low flow
velocities, in which the 0.6 m/s flow velocity in the GWO simulation causes the motor to
stall due to the no-particle boundary restriction, and the simulation stops after 0.25 s. The
remaining three simulation methods effectively increase the output power of the generator,
and the PSOGWO algorithm has the highest simulation enhancement. The output power
is increased by 9 W compared with that of the no-control state, and it starts to converge
rapidly in about 20 iterations and searches within a small range: the P&O algorithm is
used in the searching process in the entire simulation process, so the output power is not
stable; the PSO algorithm reaches convergence in 0.3 s, and there is also an oscillation
phenomenon in the late stage of the optimization search; the maximum efficiency can be
improved by 8% at a flow rate of 0.8 m /s, while at a flow rate of 1 m/s, the efficiency can be
improved by 4% and the power output under the control of the four algorithms is not much
different, with a difference of only 1-2 W. In terms of the convergence speed, compared
to the other algorithms, the PSO-GWO convergence speed is faster and more stable than
other algorithms.

The flow rate is in the environment of 0.7-0.9 m/s and is changing constantly; the
MPPT control is carried out from 0.1 m/s, and its voltage and current changes are shown
in Figure 12, which shows that most of the time, the MPPT control effectively improves the
output power of the motor and the overall power output is consistent with the trend of the
flow rate magnitude. This demonstrates that the power capture effect of the PSO-GWO
algorithm is better than other control algorithms and the output power decreases around
0.35 s due to the position of the particles in the optimization process before jumping out of
the current range in the subsequent process. Thus, the output power is also improved. The
use of PSO-GWO has a high average power output.

As shown above, the system reaches a steady state after startup and is controlled
by MPPT to increase the captured power; the improved GWO algorithm can increase the
output power by a small amount in the rated power state, which is more stable compared
to other algorithms; and the improved algorithm can increase the output power more
efficiently in the low-flow rate state operation, which is more responsive compared to
traditional control algorithms.

As shown in Figure 13, the back-end LLC circuit is stabilizing the output voltage by
varying the input voltage control method and selecting the control method according to
different input voltages.
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Figure 12. Power control at variable flow rates. (a) Variation of power at variable flow rates;

(b) Variation of current at variable flow rates; (c) Voltage variation at variable flow rates.
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6. Conclusions
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This paper analyzes in detail the working principle and operating characteristics
of the full-bridge LLC resonant converter based on which a hybrid control strategy is
proposed and a specific implementation scheme is given, which retains the standard GWO
algorithm’s artificial wolf pack hierarchical structure and the elite wolf dominant prey
mode; additionally, it adds a brand —new elite wolf searching strategy which enhances the
local and global searching ability of the PSO—GWO algorithm; optimizes the encirclement
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formation strategy, wolf pack prey search mode, and redundant wolf pack structure;
increases the dominance weight coefficient; optimizes the wolf pack search strategy; bal-
ances the local search and global search ability in the optimization process; and ensures
that the PSO—GWO algorithm can effectively detach from the local optimum in the face
of nonlinearity.

The converter has the following advantages: (i) it works better in inverter and phase-
shift modes and operates efficiently over a wide input voltage range; (ii) the switching tubes
achieve ZVS over the full voltage and load range; (iii) the secondary rectifier tubes achieve
Z(CS, and their voltage stresses are the output voltages; (iv) the range of the switching
frequency variation is small, which makes it easy to optimize the design of magnetic
components; and (v) it achieves maximum power tracking and control in an environment
of varying flow rates to increase the system’s efficiency.
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