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Abstract: In response to the escalating global energy crisis, the motivation for this research has been
derived from the need for sustainable and efficient energy solutions. A gap in existing renewable en-
ergy systems, particularly in terms of stability and efficiency under variable environmental conditions,
has been recognized, leading to the introduction of a novel hybrid system that combines photovoltaic
(PV) and wind energy. The innovation of this study lies in the methodological approach that has been
adopted, integrating dynamic modeling with a sophisticated control mechanism. This mechanism, a
blend of model predictive control (MPC) and particle swarm optimization (PSO), has been specifically
designed to address the fluctuations inherent in PV and wind power sources. The methodology
involves a detailed stability analysis using Lyapunov’s theorem, a critical step distinguishing this
system from conventional renewable energy solutions. The integration of MPC and PSO, pivotal
in enhancing the system’s adaptability and optimizing the maximum power point tracking (MPPT)
process, improves control efficiency across key components like the doubly fed induction generator
(DFIG), rectifier-sourced converter (RSC), and grid-side converter (GSC). Through rigorous MATLAB
simulations, the system’s robust response to changing solar irradiance and wind velocities has been
demonstrated. The key findings confirm the system’s ability to maintain stable power generation,
underscoring its practicality and efficiency in renewable energy integration. Not only has this study
filled a crucial gap in renewable energy control systems, but it has also set a precedent for future
research in sustainable energy technologies.

Keywords: PV; DFIG; MPC; PSO; Lyapunov

1. Introduction

The relentless growth of the global population and continuous industrial advance-
ments have led to a steep increase in energy demand, emphasizing the essential role of
energy in our modern lives [1-3]. This burgeoning demand, paired with diminishing fossil
fuel reserves and escalating environmental concerns, has hastened the transition towards
cleaner and more sustainable energy sources such as solar, hydro, and wind energy [4].
Among these, solar and wind energies stand out in the renewable energy sector, with
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photovoltaic (PV) systems and wind power systems, particularly wind farms, experienc-
ing significant global growth [5,6]. PV systems have revolutionized the conversion of
solar energy into electricity, with substantial advancements and cost reductions in solar
modules [5,7,8]. Similarly, wind energy, particularly through innovations in wind farms
using Doubly Fed Induction Generators (DFIGs), is shaping the future of energy due to its
efficiency, adaptability, and cost-effectiveness [6,9]. However, the inherent variability and
unpredictability of both solar and wind energy sources pose significant challenges to system
stability and efficiency. To optimize these renewable energy sources’ efficiency, accurate
modeling and effective control mechanisms are indispensable. In PV systems, maximum
power point tracking (MPPT) is crucial for maximizing electricity extraction under various
environmental conditions [10-13]. In wind power systems, effectively managing power
on both the generator and grid sides is critical, with power converters enabling DFIGs to
operate at variable speeds [14-16]. Addressing these challenges, our study introduces a
novel hybrid system that synergistically integrates photovoltaic and wind energy systems.
Our approach leverages model predictive control (MPC) enhanced by particle swarm
optimization (PSO) to efficiently manage the complex dynamics of this integrated system.
Unlike traditional methods, MPC'’s ability to predict system behavior and adapt control
actions is coupled with PSO for optimizing the cost function of the controller, ensuring
enhanced performance and stability [17-21]. This hybrid system promises improved energy
harvesting from both solar and wind sources while addressing their variability challenges.
The paper is structured to detail the hybrid energy system’s components and operations,
with Section 2 introducing the PSO-enhanced MPC strategy. Subsequent sections include a
comprehensive overview of the PV system and control methodology (Section 2), an evalua-
tion of a grid-tied wind system under varying conditions (Section 3), an in-depth look at the
DFIG wind system and PSO control technique (Section 4), and simulation methodology and
results (Section 5). The final section (Section 6) synthesizes our key findings and discusses
potential future research directions.
Key Contributions:

1.  Development of an innovative hybrid solar and wind energy system, distinct in its
use of MPC combined with PSO. This approach is novel in its ability to address the
unpredictable nature of renewable energy sources, a gap in existing methodologies.

2. Application of Lyapunov’s theorem for rigorous stability analysis, providing a math-
ematical validation of our system’s stability, a feature often overlooked in similar
hybrid systems.

3.  Comprehensive MATLAB simulations demonstrate the system’s resilience and adapt-
ability to changing environmental conditions, confirming its practicality and efficiency
in renewable energy integration.

2. Configuration of Hybrid System

This study unveils a hybrid solar PV/wind system, an elegantly integrated framework
that marries the advantages of solar and wind energy to facilitate consistent and efficient
power production. The solar facet is composed of photovoltaic panels that efficiently con-
vert sunlight into electrical power. A boost converter then optimizes this power, enhancing
the voltage from the solar array, as detailed in reference [22]. The subsequent DC output is
converted to AC through a precise DC-AC inverter, maintaining a power factor of one. This
AC is then conditioned through a transformer to meet grid voltage standards, as outlined
in reference [23].

Parallel to this, the wind component is built around a doubly fed induction generator
(DFIG), a system favored for its efficiency and versatility in harnessing wind energy, as cited
in reference [24]. The DFIG integrates a pair of back-to-back converters—the rotor-side
converter (RSC) and the grid-side converter (GSC)—which are pivotal in achieving optimal
energy conversion and facilitating grid integration. The GSC is particularly crucial for
maintaining a stable DC-link voltage and for its ability to supply reactive power to the grid,
therefore improving the system’s overall power factor.
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As depicted in Figure 1, each element of the system plays an integral role: the solar
array employs MPPT technology to maximize power output under variable solar conditions,
while the DFIG-based wind subsystem is adept at adapting to changing wind speeds. The
RSC is tasked with maximizing energy extraction, and the GSC is responsible for ensuring
smooth grid integration and voltage stability. This cohesive strategy not only bolsters
efficiency but also secures a reliable and uniform power supply, making it suitable for
diverse applications.
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Figure 1. Diagram of a hybrid PV/wind energy system integrated with the grid.

The subsequent sections will delve into the modeling, operational performance, and
control strategies of this hybrid system. The intricate cooperation between the PV modules,
wind generator, power converters, and their respective control methodologies underpins
this pioneering energy solution, marking an important step toward sustainable and reliable
power generation.

3. Description of Photovoltaic System Configuration

This study explores a multifaceted photovoltaic (PV) system intricately designed to
harness solar energy effectively. The system initiates the energy conversion process through
PV panels, which capture sunlight and convert it into electrical power. These panels
play a pivotal role, as they are the primary interface with the renewable energy source.
Following the initial conversion, the electrical output, primarily in DC form, undergoes
voltage regulation via a boost converter. This critical component elevates the voltage to
an optimal level, ensuring that the power delivery is both efficient and consistent with the
system requirements. A crucial transition from DC to AC power is managed by a DC-AC
inverter. This stage is vital for integrating solar energy into standard power grids or for use
in AC-dependent applications. The inverter is meticulously engineered to maintain a unity
power factor, signifying efficient and reliable conversion without unnecessary power loss.
An additional aspect of the system is the employment of a transformer. This device adapts
the output voltage from the inverter, aligning it with the requirements of the power grid or
the end-use application. This step is essential for the safe and effective distribution of the
generated power. At the core of the system’s efficiency is the array of control techniques
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PV panel

employed. These techniques are designed to maximize power extraction, retain an optimal
power factor, and modulate the system’s response to changing operational conditions.
Of particular importance is maximum power point tracking (MPPT) technology, which
dynamically adjusts the operation of the PV modules to ensure maximum power output
under varying environmental conditions, including changes in sunlight and temperature.
This comprehensive PV system not only focuses on the conversion and enhancement of
solar energy but also places significant emphasis on the control and regulation aspects.
Each component, from the solar panels to the boost converter and the DC-AC inverter,
is analyzed for optimal performance, ensuring the system operates at peak efficiency
regardless of external factors [22,23]. The configuration’s detailed design and strategic
component integration highlight the meticulous approach toward optimizing solar energy
conversion, marking a significant stride in renewable energy technology and its application.
Figure 2 displays the comprehensive setup of the photovoltaic system.

| Proposed control |
I (MPC +PSO) |
l |
MPPT control | Unity Grid
(MPC algorithm) I PWM | ity Tl
! Ve I l | Labe_inv V?he
1
‘ 1 H i
. e TAVAYEE L LR n
J_ DC A | ] | DC I 4
_|_Cpr ii_l_l T EAVAVAYS S T il
DC |- I AC |- AN TT0 H
Y I RL filter
DC/DC converter I DC/AC inverter |

-— e = o= o=l

Figure 2. Diagram of a PV energy system integrated with the grid.

3.1. Photocell Panel

Typically, the conceptual model of a photovoltaic (PV) system is represented through
an idealized circuit diagram, often illustrated by a PNPN or Shockley diode, as shown in
Figure 3. This model encompasses several key components: a current source that reflects
the generation of current induced by sunlight and temperature variations, a diode in re-
verse bias illustrating the P-N junction’s characteristic impedance, and intrinsic series and
parallel resistances that account for energy dissipation within the system [25]. The electrical
behavior of a PV module is effectively modeled to mirror the impact of varying meteorologi-
cal factors such as ambient temperature and solar irradiance [26]. By employing Kirchhoff’s
law of currents, one can derive the mathematical expressions that accurately characterize
the current-voltage (I-V) relationship under different operational conditions [27,28].

The photovoltaic cell’s functionality is encapsulated in a simplified single-diode model,
as illustrated in Figure 3 [29]. Central to this model is the photogenerated current, which
is contingent upon both solar irradiance and ambient temperature variations. A diode
characterizes the inherent non-linearity of the P-N junction, while resistances in series and
parallel capture the cell’s resistive loss characteristics. The ensuing equations succinctly rep-
resent the photovoltaic cell’s electrical output, showcasing its sensitivity to the surrounding
environmental conditions [30-32].

The output current I, as delineated in these equations, is a composite function that
includes the photogenerated current I, and considers the influences of series resistance
Rs, the number of cells in series Ns, and the ideality factor A, alongside the thermal voltage

Vi.
Ipp = Np (Iph Ls (exp( AV, N ) 1)) R, @)
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Here, I, is formulated by adding the temperature coefficient k; to the nominal short-
circuit current I, then adjusting for the actual temperature T and irradiance G.

R. Ipv

Irradiation
Ta I

QY

Figure 3. Basic equivalent circuit diagram of a single-diode photovoltaic module.

Temperature profoundly affects the saturation current I;5, altering it based on the cubic
temperature ratio and an exponential factor influenced by the semiconductor’s bandgap
energy Eo. The cell’s thermal voltage V; derives from a fundamental equation incorporating
the Boltzmann constant k, temperature T, and the electron charge g. Furthermore, the shunt
current Iy, is determined by the photovoltaic voltage and the series resistance R, divided
by the shunt resistance Rgj,.

The significance of each parameter is as follows:

Ipy: The current output from the PV generator.

I;s: The temperature-dependent saturation current of the diode.

I,,: The current induced by photon absorption.

Iy: The current flowing through the shunt resistance.

Isen: The benchmark short-circuit current at standard test conditions.

k;: The current’s response coefficient to temperature variations.

k: The Boltzmann constant.

g: The charge of an electron.

A: The quality factor of the diode, also known as the ideality factor.

Vi: The thermal voltage.

Np and N;: The number of modules connected in parallel and cells connected in series,
respectively.

I50: The rated saturation current at a reference temperature.

Eg: The bandgap energy of the semiconductor material used.

Rs and Rgj,: The inherent series and shunt resistances within the PV module.

The characteristics and specifications of the photovoltaic system are delineated in
Table 1. Illustrated in Figure 4 are the current-voltage (I-V) and power—voltage (P-V)
curves of the photovoltaic array, which were determined through simulation under various
conditions of solar irradiance.

Table 1. Attributes and performance metrics of the photovoltaic module.

Attribute Details
Strings of series modules 10
Number of parallel strings 40
Model of Solar Module 1Soltech 1STH-215P
Peak power capacity 213.5
Voltage at peak power 29
Current at peak power 7.35
Maximum circuit current 7.84

Voltage when open-circuited 36.3
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Figure 4. Photovoltaic cell performance: (a) current-voltage and (b) power—voltage relationships
across different solar irradiance levels.

3.2. MPPT

In the study detailed herein, a DC-DC conversion mechanism is utilized for maxi-
mum power point tracking (MPPT). Owing to the relatively low voltage output of the
photovoltaic (PV) system, which requires amplification for effective conversion to AC via
a DC-AC inverter, the chosen converter design elevates the PV array’s voltage to a more
suitable level. This conversion process is characterized by minimal ripple current at the
PV interface, ensuring a smoother operation [33]. The integration of the DC-DC boost
converter with the PV assembly is illustrated in Figure 5. The modulation of the duty cycle
within this system is governed by an MPPT controller that operates on the principles of the
MPC algorithm.

L

T
rm ’I
MPPT control
(MPC algorithm)

j— JE— )

L
N

DC/DC converter

PV panel

Figure 5. Photovoltaic panel coupled with a boost converter configuration.
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The boost converter’s primary role within the photovoltaic system is to escalate the
output voltage from the solar panels, which in turn has a proportional impact on the power
yield. Illustrated in Figure 6 is the schematic of the boost converter, which is composed of
key components such as an inductor, diode, switch (transistor), and capacitor. By applying
the principles of Kirchhoff’s circuit laws, the operational dynamics of the converter can be
captured through a set of equations [33]:

L

/‘65‘6\ " ’!

— 1 —F—C2

DC/DC converter

Figure 6. Boost converter configuration.

Although the switch is engaged (S = 1), the rate of change in voltage across the
capacitor is described by the equation:

ave, _ Ve, (1)

G - R ()

Conversely, when the switch is disengaged (S = 0), the change is given by:

2 1) - Ve ) ()
The duty cycle (D) of the converter is then defined as:
Vo (k
pP=1- VZEk; @
Hence, the voltage across the capacitor can be calculated using the relation:
VoK) = 5 Vpolk) ©)

where

Vpy: Voltage generated by the photovoltaic system;
Ipy: Current produced by the photovoltaic system;
Vc,: Voltage across the capacitance in the boost converter, representing the output
voltage target for the boost converter;
e  (y: Capacitance within the boost converter circuit.

In examining the electrical properties of the DC—DC boost converter, Table 2 succinctly
outlines the critical parameters.
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Table 2. DC-DC boost converter parameters.

Attribute Details
Inductance 0.002
Capacitance 0.00025

3.3. MPPT MPC

The analytical exploration of the BOOST converter has yielded a set of equations that
delineate the relationship between certain inputs and their corresponding outputs. This
relationship is encapsulated in the equation below [33]:

dVpo .
i) = 20 ) ©

Applying Euler’s method for the discretization of derivatives present in Equations (2),
(3), and (6), they can be approximated by the finite difference formula [34]:

dx(t)  X(k+1)— X(k)
ar Ts @

where

e  X: represents the parameter subject to discretization.
e  Tg: denotes the sampling period.
e  k: signifies the discrete time steps.

The actual current expression is contingent on the switch state (ON or OFF), leading
to the derivation of the following equations:
When the switch is ON (S = 1):

) . AV (¢
iL(t) = ipo(t) = Cr- ’;j( : ®)
And when the switch is OFF (S = 0):
e dVe () Ve ()
During the OFF state of the switch:
_Is (1- T
Ve, (k+1) = S Lo (k) + Vo (k) (1 CZ-R) (10)
Voolk+1) = (1= D): | 51,0 (k) + Vi, (k)- (1 — =15 (1)
po = C, P Gy CR
Conversely, during the ON state of the switch:
_ Ts
Ve, (k+1) = Ve, (k) (1 CQ'R) (12)
_ Ts
Vpo(k+1) = (1-D) {VCZ (k) (1 CQ-R>} (13)

Upon establishing these equations, it is possible to configure the model predictive
control (MPC) algorithm for maximum power point tracking (MPPT). The intricacies of the
MPC algorithm are detailed in Figure 7. Furthermore, the optimization within the MPC
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framework is guided by a cost function, as shown in Equation (14), which aims to minimize
the discrepancy between the projected voltage and a predefined reference voltage:

8sefo1} =

Model predictive
! controller i
1 1

| Inputs: V,,, , V., |

!

dv,,(t) dav, (t) V., (t)
pv b} i)
ac TG Ty taTy

Vio(k+ D seqony = Vrer (k) (14)

() = Cy -

S

i T T
Ty (k + Dsecony = (1— D). [(1 - S)FZ' I (K) + [Vct(k). (1 = R)”

MPPT algorithm Alyy = Ly (k) = Ipy(k = 1)

i

Ava = V;w(k) - va(k - 1)

Ve (0 = Vreg (0 —=d | | Veer () = Vier W) = || Veer (0 =Vier 0+ || Vier ) = Ve (0
|

v
Iseo.1} = |[Vpw(k + Dseqoay — Viep (k)]

Cost Function
Minimization

Figure 7. Design of the MPPT controller algorithm utilizing the MPC approach.

3.4. Stability of MPPT MPC “Lyapunov”
3.4.1. Selection of the Lyapunov Function

Lyapunov’s direct approach is applied to secure the stability of the boost converter
system. A Lyapunov function, denoted as V(k), is conceived to reflect the system'’s energy
status at the k-th interval, predominantly predicated on the capacitive energy. The func-
tion is expressed as V(k) = 1C, ng (k), which capitalizes on the intrinsic energy storage

characteristic of capacitor Cy.



Sustainability 2024, 16, 815

10 of 44

3.4.2. Affirmation of Lyapunov Function’s Positivity

Inherently, due to its quadratic formulation in terms of capacitor voltage, the Lyapunov
function maintains a positive value V (k) > 0 across all k except when V, (k) = 0, signifying
the system’s state of balance.

3.4.3. Determination of the Lyapunov Function’s Discrete Differential

The discrete variation of the Lyapunov function denoted as AV (k), is evaluated under
the converter’s ON and OFF states. In the ON state, this differential is ascertained from
the system dynamics as outlined in Equation (15). During the OFF state, the system’s
dynamics per Equation (13) are incorporated, recognizing the photovoltaic current I, (k)
as a contributing factor.

3.4.4. Criterion for the Non-Positive Differential

To meet stability criteria, it is imperative that AV (k) does not exceed zero for any k.
The analysis involves simplifying and inspecting both AV (k) and AVppr(k), affirming
their non-positivity, which guarantees the system’s trajectory will not result in an increased
V(k), therefore upholding stability under both operational states.

3.4.5. Global Stability Overview

Upon ensuring stability within each discrete mode, a comprehensive assessment
of the system’s global stability is conducted. This assessment takes into account the
interplay between modal transitions, which is dictated by the control methodology and the
modulation of the duty cycle D. The cost function, gsc (0,1}, is instrumental in steering the
system towards decisions that favor stability.

3.4.6. Cost Function’s Role in Promoting Stability

Lastly, the focus shifts to the optimization of the cost function, which is instrumental
in aligning the system operations with the pre-set reference voltage V;, . The minimization
of this cost function is pivotal, as it aids in the global stabilization of the system by ensuring
that the operational point converges towards the targeted reference, solidifying the system’s
overall stability.

3.5. DC/AC Inverter Control Strategy

This research integrates the photovoltaic assembly with the public power network
through a tri-phase DC-AC voltage source inverter (VSI). The chosen VSI for exploration,
a bi-level, tri-phase model, is depicted in the provided diagram (refer to Figure 8). The
conversion of energy from DC to AC is accomplished through gate signals labeled a, a’,
b, b’, ¢, and ¢, which correspond to the actuation of six power semiconductor switches
(51-56) within the VSI configuration.

>
+ | L S

S S's
b c
Vd{:
S> S« Ss
a- b c’

Figure 8. DC-AC inverter.

The DC-AC voltage source inverter is crucial in the infrastructure of grid-tied PV
systems, overseeing the transformation and dispatch of energy into the utility grid. The
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essence of this research lies in the VSI’s control strategy, aiming to fulfill several targets:
enhancing the power factor to approximate unity, managing the flow of active power
into the grid efficiently, and maintaining the DC-bus voltage within the desired range. A
sophisticated control mechanism, as shown in Figure 9, has been engineered to meet these
control endpoints.

Unity Grid
PC C
MPPT control Proposed control
PV panel (MPC algorithm) (MPC + PSO)
1 Vie 1 Lsbe_inv Vabe

[T} 1 wvyry e I ’

1 Ioc/ [l |pc IR |

T T — |
(G} DC L AC [ AT v e
REL fter I‘ 0.260/25kV

DC/DC converter DC/AC inverter ’

Figure 9. MPC+PSO-controlled DC-AC inverter system configuration.

Within this controller architecture lies an outer loop focused on voltage regulation and
an inner loop dedicated to current modulation. This dual-loop control framework ensures
that the photovoltaic system performs at its peak efficacy and stability when interfaced
with the grid infrastructure.

As illustrated in Figure 9, the schematic outlines the proposed control methodology
for the inverter. Its chief aims are the stabilization of DC-link voltage, the meticulous
administration of real power delivery, and the establishment of a unity power factor at
the Point of Common Coupling (PCC). Noteworthy is this method’s provision for isolated
control and its swift response to dynamic changes, as highlighted in the literature [35].

3.6. MPC Controller for DC-AC Inverter
3.6.1. Model Predictive Control Implementation

In this work, we unveil a model predictive control (MPC) strategy tailored for the DC—
AC inverter module. The framework of the MPC is articulated through the mathematical
models delineated in Equations (15) and (16):

di

Oa,, = 04+ Reig + L= — wLiy (15)

Vgio = Vg + Reig + L% + wLiy (16)
These foundational equations evolve into:

% = %(vdmv —vy) — %id + wig (17)

% = %(%nv —0g) — %iq — wig (18)

Applying the MPC method transforms these equations as follows:

I(k+1) = I;(k) + %(de (k) — Vy(k)) — RLTS Ly(k) + wTsIy (k) (19)

Iy(k 1) = Ig(8) + 2= (Vi (6) — Va(k)) = 1y (8) — Ty (R) (20)
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The cost function proposed to steer the optimization is expressed as:

1= (T, ) = Ltk 4 1))+ (I (6) — L (k+1)) (21)

3.6.2. MPC Optimization with PSO

The particle swarm optimization (PSO) algorithm, introduced by Kennedy and Eber-
hart, is based on the principles of swarm intelligence [36]. It has demonstrated effectiveness
in rapidly pinpointing extreme values and global minima within a search space, even with a
limited number of iterations. PSO’s robustness to initial conditions and its ability to discern
both local and global optima makes it particularly valuable for complex optimization tasks,
including those within the realm of MPC.

MPC’s primary aim is to minimize a predefined objective function across a set hori-
zon, considering both the system’s dynamics and constraints. The objective function can
encapsulate various control aspirations, such as error minimization, energy conservation,
or cost efficiency.

In the context of MPC, PSO operates by emulating a group of particles. Each particle
in this group signifies a potential solution for voltage references. The particles advance
towards the most optimal solution by considering both their personal best performance
(local best) and the best found by the entire group (global best). The process of adjustment
and movement for each particle is governed by a fitness function, influencing both their
velocity and position within the solution space with each iteration of Figure 10.

Initialization of PSO parameters and search space

]

\
Initialization of positions and velocity randomly in
the search space

I

Evaluation of the objective function for each
particle

l

Update the best position Pbest for each particle
and global best position Gbest for swarm

]

Select the optimal value of the control

\ J/

Figure 10. Process diagram of PSO.

3.6.3. Stability Analysis of DC-AC Inverter Control System

To ascertain the stability of the DC-AC inverter control system that employs a model
predictive control (MPC) approach, we undertake a methodical procedure underpinned
by Lyapunov’s theorem. The theorem'’s applicability hinges on identifying an appropriate
Lyapunov function which must be inherently positive and whose derivative along the
system'’s trajectories is non-positive.

The system under consideration is defined by discretized Equations (19) and (20) for
the direct and quadrature currents I; and I;, respectively. We also have a cost function
J articulated in Equation (21), which is instrumental in generating a control action that
minimizes the cost.
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A.  Proposition of a Lyapunov Function: For the given system, we propose a Lyapunov
function rooted in the stored energy within the inductances, corresponding to the
sum of the squares of the currents I; and I;:

[V(k) = 1(Bw + Ig(k))} 22)

B.  Affirmation of Function Positivity: It is evident that V (k) is positive across all I;(k)
and I, (k) values, as it constitutes a sum of squares of these current components.

C.  Calculation of the Lyapunov Function Difference: The change in the Lyapunov
function, AV (k), is expressed as:

[AV (k) =V (k+1) -V (k)] (23)

[AV(k) - %L [(a(k+ 1) = 1a(0)%) + (g +1) Iq(k)z)H (24)

Implementing Equations (19) and (20), we articulate I;(k 4 1) and I, (k + 1) within the
difference expression to derive AV (k).

D. Verification of Non-Positive Difference: The subsequent step involves demonstrating
that AV (k) remains non-positive for all k.

A negative AV (k) suggests that the Lyapunov function V (k) is diminishing over time,
signaling the system’s stability.

E. Correlation of Cost Function to Stability: The cost function | aims to minimize the
discrepancy between the predicted currents I;(k + 1) and I;(k + 1) and their reference

counterparts (Idre f(k)) and (Iqm y (k)) Theoretically, perfect minimization at each

step should steer the system towards the reference values, suggesting stability in
terms of error convergence towards zero.

Precision in this analysis mandates an explicit computation of AV (k) using the pro-
vided equations, followed by a mathematical verification that this quantity is consistently
non-positive, irrespective of the control action rendered by the MPC methodology. Sat-
isfying this condition through rigorous validation establishes Lyapunov stability for the
system.

4. Description of Wind System Configuration

The doubly fed induction generator (DFIG) system anchors the architecture of modern
wind turbines and is heralded for its advanced design that effectively captures wind
energy for electrical conversion. Its market prominence is attributed to the system’s ability
to allow variable speed operation and its efficient energy modulation, facilitated by a
dual-winding rotor design within the induction generator. One winding connects directly
to the grid, promoting an uninterrupted flow of electricity, while the other interfaces
through a sophisticated set of power electronics converters, namely the rotor-side converter
(RSC) and the grid-side converter (GSC), as elaborated in reference [24]. The GSC is
particularly critical in the DFIG configuration. It meticulously manages the direct current
(DC) voltage across the DC link, a vital aspect that ensures the RSC is supplied with a
stable voltage. This regulation is essential for harmonizing the power exported to the grid
by the generator. Additionally, the GSC’s control mechanism is adept at enhancing grid
stability by providing necessary reactive power compensation, therefore enriching the
power quality and improving the system’s power factor. The DFIG’s innovative capacity
lies in its variable speed operation enabled by the RSC, which adeptly modulates the
rotor’s extracted power. This modulation is responsive to the fluctuating nature of wind
speeds, optimizing the generator’s output for a range of wind conditions. A transformer is
judiciously incorporated within the system to align the generated power’s voltage with
that of the Point of Common Coupling (PCC), thus ensuring a seamless integration of
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wind-generated electricity into the grid’s existing infrastructure. The integration of this
wind system with a photovoltaic (PV) setup and the grid poses a sophisticated challenge
due to the intermittent nature of both wind and solar resources. The study, shown in
Figure 11, presents a system that is robust and adaptable enough to accommodate the
variability of wind speeds while ensuring smooth grid integration. Advanced control
strategies like the model predictive control (MPC) and particle swarm optimization (PSO)
algorithms are employed to finely tune the performance of both the DFIG and the PV
systems. MPC utilizes a predictive model of the system’s behavior to optimize the control
inputs proactively, while PSO optimizes the system’s operational parameters by simulating
the social dynamics observed in natural swarms. The interaction between the wind and
PV systems, particularly when coupled with the grid, necessitates a delicate balance. The
integrated system must address the variability of the energy sources and the demand
response of the grid. Solutions include deploying energy storage to mitigate intermittence
and employing smart grid technologies to ensure that the power output is consistent,
reliable, and meets consumption demands. Thus, the study portrays a wind power system
that is not only robust and capable of adjusting to wind variability but also harmoniously
integrated with the grid and complementary PV systems. The DFIG, with its advanced
converters and control strategies epitomized by the MPC and PSO algorithms, stands as a
testament to efficiency in wind energy generation, pointing to a sustainable trajectory for
renewable power technologies.

|' | —RSC DC-bus GSC 0.575/25kV
P VrlJ' DC — Utility
‘T — Filter Grid
DC AC
t t
| RSC controller | | GSC controller

Figure 11. Diagram of a wind energy system integrated with the grid.

4.1. Overview of Wind Power
4.1.1. Wind Energy Model

The formula presented next defines the power available from wind under ideal flow
conditions as found in the literature [37]:

1
Py = 5:0:SV3 (25)
Wind power is intrinsically connected to the aerodynamic torque that acts upon the

turbine blades. .
Paero :Cp()\/ B)Epsvugj (26)

The power coefficient, Cp, reflects the interplay between the turbine’s aerodynamic
design and its operational conditions. Holding the pitch angle {3 steady, the C, value is a
function of the tip speed ratio A. When the pitch angle is adjustable, C, becomes a function
of both A and 3 as discussed in [38]:

QR

A=
Vi

(27)
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Within these expressions, Py, is the wind turbine’s harvested power, p stands for air
density, V;, is the wind velocity, () signifies the rotor’s angular velocity, and R is the blade
length.

Albert Betz provided a theoretical limit for C,, which is cited as [34]:

Cppae = 0.5926 (28)

The formulation for aerodynamic torque is given by:

P
¢, = oo (29)

The gearbox is essential in matching the turbine’s rotational speed to the generator’s
requirements. Assuming there is minimal energy dissipation, rigidity, and resistance within
the gearbox, it is represented as follows [39]:

Qpec = Q-G (30)
Ct =Cq¢G (31)
The core dynamical equation is as stated [40]:

deBC

Tem = ] T (32)

An illustration of the wind turbine’s aerodynamic and mechanical design is provided
in the block diagram shown in Figure 12.

Turbine Multiplier Mechanical shaft

i 0 /I 2
B__./\ le—r7 }l:R.n— t 1 g
Vi w

Vy C plmRz.VBW i Ce IR Cg 1 Diec
T2 0 IE/ v IS+f

Cﬂﬂl

Figure 12. Schematic of the wind turbine model.

Our investigation into enhancing energy capture efficiency has led us to examine the
variable speed control within wind turbines. We introduce a control mechanism designed
to optimize rotational velocity via the maximum power point tracking (MPPT) technique.
The primary aim is to achieve the most favorable wind power to capture power ratio by fine-
tuning the power coefficient (C,). Utilizing a cruise control algorithm [41,42], the system
calculates the optimal rotational speed at peak torque C,,,. by formulating a reference
electromagnetic torque through a proportional-integral (PI) controller. This strategy enables
us to accurately identify the best operational points for speed Ao+ and power coefficient
Cpouax, thus setting the turbine’s reference rotational speed (Q2).

Figure 13 exhibits the MPPT control system block diagram incorporating mechanical
rotational speed regulation.
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Figure 13. Schematic of the wind turbine model with MPPT.

4.1.2. Doubly Fed Induction Generator (DFIG) Modeling

The DFIG is conceptually akin to an induction generator, with its modeling paralleling
the latter’s principles. The dynamic behavior of the DFIG in a three-phase system is cap-
tured using a rotating direct-quadrature (d-q) reference frame, which can be mathematically
described by the following set of equations, as referenced in the literature [43—45]:

dd)sd

Vsa = Rslsqg + ar ws‘bsq
dd
Vsq = RsIsq + qu + wsbgy
Ay
Via = Relq + dtr - wrd)rq
dd
qu = errq + 7”‘7 + wrd)rd
These equations align with the magnetic flux linkages for both the stator and rotor
circuits:

$sq = Ls-Isq + Mg
(oq = LsIsq + Ml
Grg = L Iig + Mlgg
(rq = Le-Iig + Mlgq

The approach involves synchronizing the stator flux with the d-axis of the rotating
frame, as per the following relations [46]:

$sg = ¢s = Ls-Lsg + My
Cbsq =0= Ls'Isq + MIrq
Subsequently, the current equations can be simplified as:

d)s — MIrd

ISd = L
S
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Considering ideal conditions where the stator resistance and stator voltage along the
d-axis are negligible, we have:
Vsa =0, Ry =0

‘/Sq = wd)s/

The equations governing the rotor’s magnetic flux linkages, considering the influence

of the stator, are:
M? MV
=L, —— ]I
Cbrd < r L. ) rd T Letws

M2
d)rq = (Lr - Ls) Irq

By integrating these flux equations into the original set, we derive the comprehensive
equations for the rotor voltages:

2 2
Via = Reth + (L = Y5 ) S — wor (L = 12 ) 1y
2\ dI, 2 .
Vig = RyIrg + (L’ - %) ar — wr (L’ - AL/IT) Tra + d’S'MLEW

Equations (22) through (29) encapsulate the dynamic characteristics of the DFIG,
illustrating the complex interactions between the stator and rotor circuits mediated by the
mutual inductance. They form the basis for the simulation and control of the DFIG in
various applications, particularly in wind power generation systems.

4.1.3. Rotor-Side Converter (RSC) Control in DFIG System

The rotor-side converter (RSC) plays a pivotal role in wind turbine systems employing
Doubly Fed Induction Generators (DFIGs). The primary objective of the RSC is to optimize
power output by adjusting the rotor’s speed so that it remains aligned with a predefined
reference value. This adjustment is essential to cope with the fluctuating nature of wind
speeds. The mathematical representation that governs the behavior of the RSC is provided
by the following equations [47]:

Vsg = —way

Vsq:()

In these equations, (V;) and (Vi) are the d-axis and g-axis components of the stator
voltage in the rotating reference frame, and (w) is the angular frequency of the rotor.

dl M
Vrd = errd + AL, d:d - (AerVqLV + w”Ld)%)
s

dl,
ar + AwplyLy

Here, (V,4) and (qu) refer to the d-axis and g-axis components of the rotor voltage.
(Ry) is the rotor resistance, (L;) the rotor inductance, (A) is a scalar representing the
level of magnetic coupling, (w;) is the rotor’s electrical angular velocity, (M) the mutual

qu - errq + ALr

inductance, and ( ¢ ) the g-axis stator flux linkage.

By manipulating these dynamic equations, the RSC can effectively control the power
flow between the stator and the grid, ensuring efficient operation of the wind turbine across
various operating conditions.

4.1.4. Modeling of the Grid-Side Converter (GSC)

The grid-side converter (GSC) is a crucial component of a wind turbine system, respon-
sible primarily for transferring active power into the electrical grid and maintaining the
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DC-link voltage at its designated setpoint. The GSC is governed by the following equations,
which form the foundation of its mathematical model [47]:

dly

_ g
Vrg = —Rglag — Ly—= + wglglyg + Vi

dlgg
Vig = —Rglag = Lg— = — welglag + Vi

In these expressions, V;¢ denotes the grid-side voltage, Ry is the resistance associated
with the grid-side converter, L, its inductance, and wy the angular frequency of the grid
voltage. The variables I;, and I;¢ represent the d-axis and g-axis components of the grid-
side current, respectively, and V,; and V,; correspond to the d-axis and g-axis rotor voltage
components.

This model encapsulates the GSC’s functionality, highlighting its role in stabilizing
the voltage within the wind turbine’s power circuit and ensuring the effective delivery of
power to the grid.

4.2. MPC Controller Optimizing by PSO

The particle swarm optimization (PSO) algorithm is an evolutionary computation
technique that draws inspiration from swarm intelligence. Devised by Kennedy and Eber-
hart, the algorithm demonstrates remarkable efficiency in seeking out the global minimum
within a problem space, even with a limited number of iterations [38]. It showcases robust
performance in identifying both local and global optimal solutions and exhibits resilience
to the initial positions of the particles within the search space. Its versatility allows it to
tackle various optimization challenges, one of which includes model predictive control
(MPC).

MPC is an advanced method that anticipates system behavior and enforces constraints
while minimizing a predefined objective function across a projected time horizon. This
objective function could represent different control targets, such as minimizing tracking
errors, reducing energy consumption, or lowering operational costs. Within the context of
MPC, the PSO algorithm simulates a swarm of particles that search for the optimal control
inputs over the prediction horizon [39]. These particles navigate towards the best solution
found by the collective (global best), as well as their personal experience (local best), based
on the fitness function’s evaluation. Their velocity and position are continuously updated
to guide their exploration of the search space. Figure 10 depicts a flowchart illustrating the
PSO process.

In the context of MPC-PSO control strategies, the objective function incorporates
components related to the currents I; and I;, and is computed over a specified period,
integrating the predictive results of the DC-AC currents. The optimization of this objective
function is where the PSO algorithm is applied.

The movement of each particle is influenced by its own best-known position and that
of the best-known position in the swarm, according to the following equations [39]:

Vi, (1) = Vi(i) + Vi, ()

. . . . b, .
Vi, 1+ 1) = mi Vi) +err- (VR ()= Vi, (0) +e2r2 (VS () = Vi, ()

tinvi (] + 1) = ‘/1(] + 1) + tinvi (])

. . . . b, .
Vi, (1) = miVi(j) + evra-(Vy, () = Vi, () + ez (Vi () = Vi, ()

Here, V;(j + 1) represents the directional movement of voltage at iteration j + 1, m;
is the inertia weight, ¢; and c; are the cognitive and social acceleration coefficients, and
r1 and rp are random numbers between 0 and 1. The terms Vf_ (j) and qumv‘ (j) denote

the best personal voltage values for the (d;,,;,) and (§;,,) components for particle i, while
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(Gb) refers to the best global voltage values found by the swarm for both components.

Vi(j) indicates the voltage value for each particle 7 at iteration j for both (d;,,,) and (ginp)
components.

RSC Controller

In this investigation, the robustness of a rotor-side converter (RSC) controlled via a
model predictive control (MPC) mechanism augmented by particle swarm optimization
(PSO) is rigorously scrutinized. A structured approach unfolds as follows, entailing a
combination of theoretical exposition and empirical verification.

A.  Defining Control Aspirations and Modeling: At the heart of RSC functionality
within wind turbine applications lies the imperative to modulate rotor currents, (I,;)
and (I4), to oversee the electromagnetic torque and manage reactive power. Such
regulation is vital to synchronize rotor velocity with a pre-set reference, compensating
for wind speed fluctuations.

B. Strategizing MPC Coupled with PSO: The MPC establishes an optimization challenge
with the goal of curtailing a cost metric emblematic of the control goals within a
forecast horizon constrained by the dynamics inherent to the RSC. Concurrently,
PSO is woven into the MPC structure, tasked with the identification of prime control
stratagems, an endeavor facilitated by its heuristic nature to canvass the extensive
parameter space.

C.  Lyapunov Function Proposition: Asserting stability involves positing a Lyapunov
function, (V), indicative of the system'’s energy reserves. For RSC systems, (V') might
encapsulate the electrical energy within the rotor’s inductive components and the
rotor’s kinetic vigor:

N AN
{V = LT+ 1) + 507
Here, L, represents the rotor’s inductance, and J stands for the rotor’s moment of
inertia.
D. Lyapunov Function Derivative Derivation: The crux of stability validation necessitates
the derivative of (V), (V) , to be non-positive along system trajectories. The exercise

entails computing the temporal rate of change in (V) and integrating the RSC’s
dynamical behavior:

: dl dl dw

E. Implementation of MPC+PSO for Lyapunov Derivative Minimization:

The combined might of MPC and PSO coalesces to engineer control voltages, (V)
and (V;4), that pursue the minimization of ( V) , therefore guaranteeing the attenuation of
any deviations in rotor currents or velocity.

F. Simulation for Empirical Corroboration:

The practical facet of this theoretical construct is tested through simulation. The
applied MPC+PSO schema, when superimposed onto a simulated RSC model and subjected
to disturbances like variable wind velocities, is expected to reaffirm the return of rotor
speeds and currents to their designated benchmarks, signifying system stability.

In essence, the proposed framework offers a hypothetical blueprint for affirming RSC
stability when controlled by an MPC+PSO amalgamation, with empirical substantiation
through simulations acting as a critical component of the overall validation process.

G. Enhanced Stability Assurance of Grid-Side Converters via an Integrated MPC-PSO
Control Paradigm
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The operational stability of Grid-Side Converters (GSCs), critical components in the
electrical power conversion landscape, has been advanced through the innovative incorpo-
ration of a model predictive control (MPC) and particle swarm optimization (PSO) hybrid
algorithm. This methodology has undergone rigorous validation based on the principles
of Lyapunov’s second method, where the amalgamation of PSO with MPC significantly
elevates the optimization process. This hybridized control strategy is designed to meticu-
lously refine GSC control actions by meticulously navigating through a multi-dimensional
search space to identify the most optimal control solutions.

Analytical modeling of GSC behavior is framed within the context of state-space for-
mulations, encapsulating the essential dynamics of both the direct ( (Idg) ) and quadrature
I;¢ components of grid current. These electrical currents, which are crucial to the efficacy
of power conversion processes, are modulated by specific control voltage vectors V.4, Vy,.
The targeted optimization process leverages these vectors to achieve a finely tuned control
mechanism.

At the core of the stability argument lies the proposition of a Lyapunov candidate
function (V), formulated to represent the inductor-stored electromagnetic energy within

the GSC system:
e p
{V = SLg(1, + qu)}

This selection inherently fulfills the requisite condition of positivity, as prescribed by
Lyapunov’s criteria. Crucially, the stability confirmation is dependent on demonstrating

the derivative of this function, (V) , maintains a non-positive trajectory in the system’s

: dlye  dlyg

Through the strategic implementation of the MPC-PSO framework, the optimization
of the control law is fine-tuned to ensure the minimization of the Lyapunov function’s
derivative. PSO embarks on an exhaustive control input space exploration, pinpointing pa-

operational pathway:

rameters that guarantee a consistent decline in (V) , thus facilitating a dynamic adaptation

that upholds system stability.

The intrinsic heuristic quality of PSO, when seamlessly integrated with the predictive
nature of MPC, enables a robust global search mechanism. This search avoids potential
local minima that could threaten system stability and ensures an adjustment in control
voltage vectors that perpetuates the non-positive gradient of the Lyapunov function.

In conclusion, the fusion of MPC and PSO culminates in a sophisticated control schema
that adeptly manages the intrinsic complexities and uncertainties present in GSC operations,
securing their stable performance. The PSO component, especially, excels in traversing
the intricate optimization topography and, in synergy with MPC’s forecasting precision,
adheres to the strict stability guidelines as mandated by Lyapunov’s theorem. This presents
a methodologically sound and reliable framework for ensuring the stability of GSCs.

5. Simulation and Results
5.1. For PV System

In this section, the operational efficiency of the system was assessed under different
solar irradiance conditions, while the temperature of the photovoltaic array was maintained
at a steady 25 °C. The output of the solar panels was gauged using standard test conditions
(STC), which assume a baseline temperature of 25 °C. Figure 14 illustrates the fluctuating
solar irradiance and its daily variation pattern.
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Figure 14. Irradiance fluctuations at a constant temperature of 25 °C.

5.2. Simulation

The Simulink representation of the photovoltaic (PV) system, detailing the intercon-
nected components and their functionality, is captured in Figure 15. This model is composed
of distinct blocks that simulate the key elements of the system, including the PV module,
boost converter, MPPT algorithm, and the DC-AC inverter, among others. The PV module
block not only symbolizes the solar panel but also integrates the equations that define
its electrical behavior, producing the respective current-voltage (I-V) and power-voltage
(P-V) characteristics based on solar irradiance and temperature inputs. The boost converter
block is tasked with stepping down the voltage output from the PV array and includes the
control logic that dictates the operation of the converter via the MPPT strategy. This MPPT
algorithm actively tracks and adjusts the operating point of the PV system to optimize
power extraction. The DC-AC inverter block’s role is to convert the DC output of the PV
array into AC power that is suitable for the grid, ensuring the quality and grid compatibility
of the AC output with a target power factor of unity. Other elements in the model, such
as transformers and grid interfacing components, are instrumental in depicting the full
scope of the PV system and its integration with the electrical grid infrastructure. Figure 11
illustrates the proposed photovoltaic (PV) system, which is segmented into three primary
sections labeled A, B, and C. Each of these sections plays a distinct role in ensuring the
efficient production, transformation, and integration of solar energy into the power grid.
They correspond to different components or phases of the system.
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Figure 15. Comprehensive schematic of the proposed photovoltaic system.
5.3. Results
5.3.1. Part A

In the first section, identified as Part A, we explore the core components of the pho-
tovoltaic (PV) system. It begins with the PV panels, tasked with the critical function of
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transforming sunlight into electric power. The system integrates a boost converter, working
in unison with an MPPT controller guided by an MPC algorithm. The boost converter’s
primary objective is to elevate the voltage output from the PV array, therefore enhancing the
overall efficacy of the energy conversion process. The MPPT controller’s role is pivotal, as
it relentlessly pursues the maximum power point of the PV system, dynamically adjusting
the operational variables of the boost converter to capitalize on the maximum available
power amid fluctuating environmental conditions. Furthermore, the setup encompasses
a DC-AC inverter, responsible for transmuting the DC electricity produced by the PV
array into AC power compatible with grid distribution. This inverter is also calibrated to
maintain a unity power factor, ensuring efficient power delivery and compliance with grid
interconnection standards, thus facilitating a seamless merger of sustainable energy into
the conventional power grid.

Continuing to Figure 16, the sinusoidal current waveforms for the three-phase injection
into the grid are depicted. These waveforms are critical for verifying that the injected
currents are in harmony with grid requirements.
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Figure 16. (a) Current Output from Section A of the system, (b): Zoomed-In Current Oscillation from
Selected Interval in Section A.
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Figure 17 details the actual power output produced by Component A of the system,
offering a quantitative look at the energy generation efficiency.
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Figure 17. Active and reactive powers produced by Part A.

Lastly, Figure 18 portrays the electrical characteristics of the voltage and current
produced, encapsulating a comprehensive overview of the operational dynamics and the
system’s electrical performance.
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Figure 18. Cont.
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Figure 18. (a): Current and voltage produced by Part A, (b): Detailed Oscillation Analysis of Current
and Voltage from Part A.

5.3.2. Part B

Within Component B of the PV system, the transformer plays a crucial role by step-
ping up the voltage to meet the specifications of the power grid, therefore facilitating
efficient power transfer. Elevating the voltage level reduces the current, which in turn
minimizes power losses incurred during transmission. Furthermore, a higher voltage
enables electricity to be conveyed over longer distances with reduced energy dissipation.
The performance outcomes of incorporating a transformer rated at 0.26/25 kV into the
PV system are documented in Figures 19-21, demonstrating its impact on the system’s
efficiency.
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Figure 19. (a): Voltage produced after the transformer 0.26/25 kV, (b): Close-Up on Voltage Oscillation
after the 0.26/25 kV Transformer.

5.3.3. Part C

Part C of the PV system is composed of two primary elements. The initial component
entails a transmission line stretching 25 km, serving as the conduit to connect the system’s
generated electrical power to the broader grid. The second element is a step-up transformer
tasked with boosting the voltage before the power is introduced into the grid. The trans-
mission line is pivotal for bridging the considerable distance to the grid, minimizing losses
and voltage drops to preserve the integrity and efficiency of the power being transmitted.
Concurrently, the transformer’s role is to elevate the voltage to the required standards for
grid compatibility, a critical step for ensuring the efficient distribution and transmission of

O

electricity within the system.
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Figure 20. Cont.
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Figure 20. (a): Current produced after the transformer 0.26/25 kV, (b): Close-Up on Current Oscilla-
tion after the 0.26/25 kV Transformer.
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Figure 21. Active and reactive powers produced after the transformer 0.26/25 kV.

The integration of the 25 km transmission line and the step-up transformer into Part
C is quantitatively depicted in Figures 22-24, showcasing the enhancements in system
performance subsequent to their implementation.
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Figure 24. Active and reactive powers produced after the transformer 25/120 kV.

5.4. Simulation

The energy generation and subsequent financial viability of a wind turbine system
are critically dependent on the wind as its primary energy source. Grasping the dynamic
behavior of the wind is vital for a comprehensive appreciation of the entire energy conver-
sion process, given that the power potential of wind is theoretically proportional to the
cube of the wind speed. This cubic relationship, as highlighted in the associated research,
underscores the exponential impact of wind velocity on the turbine’s power output.

V(t) = 2.8 + 2sin(w-t) — 1.75sin(3-w-t) + 1.5sin(5-w-t) — 1.25sin(10-w-t) + sin(30-w-t)
+0.5sin(50-w-t) 4+ 0.25sin(100-w-t)

_ 27
where w = 10-

Figure 25 presents the wind speed variability over a five-second interval, as recorded
by the system.

I I I I I I I I I
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (s)

Figure 25. Wind speed profile (m/s).

The model is meticulously constructed with separate blocks representing critical
elements like the doubly fed induction generator (DFIG), the rotor-side converter (RSC),
the grid-side converter (GSC), and their associated control strategies.
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The DFIG block models the generator’s electrical characteristics using sophisticated
mathematical representations, delivering insights into its performance across a spectrum
of wind conditions. This encompasses the simulation of current and voltage outputs that
adapt to the changing wind dynamics.

The RSC and GSC blocks are integral to the system, orchestrating the two-way flow of
energy between the DFIG and the electrical grid. The model encapsulates the advanced con-
trol techniques that regulate these converters, optimizing power conversion and ensuring
compliance with grid connection standards.

Additional components, such as transformers and grid interfacing equipment, are
also incorporated into the model, completing the picture of the wind energy system’s
infrastructure. The Simulink model, as illustrated, thus serves as a valuable tool for
simulating and analyzing the system’s behavior under a variety of operating conditions
and for evaluating different control approaches.

5.5. Results

Figure 26 illustrates the segmented design of the proposed wind energy system, which
is divided into three primary sections labeled A, B, and C. Each segment performs distinct
functions vital to the overall process of generating, converting, and delivering wind energy
to the power grid. These segments encompass the various stages and components of the
system, ensuring a streamlined operation from wind capture to electricity distribution.

A B C
A f—T A 4 — L_—la a _l—"-\ a
®_.‘I ‘ Vi— Wind_speed B B b 5} T[ |—b b
fen
c Y Y —C c Y Y
1 ¢ T — —c ¢ 9,
25km Line

0.5375/25kV 25kV/120kV
Wind system < @ O
120kV

Figure 26. Comprehensive schematic of the proposed wind system.

55.1. Part A

Figure 27 presents the wind turbine system, which is composed of several key com-
ponents. Central to the control mechanism of the turbine is the maximum power point
tracking (MPPT) system, depicted as the “Turbine + MPPT” block in the diagram. Con-
currently, the system implements vector control for the doubly fed induction generator
(DFIG), a method that involves a regulator ensuring the decoupling of rotor current to
enable precise adjustments in power output. The control architecture utilizes a cascade
control strategy that adeptly manages power and rotor current along each axis, facilitating
the regulation of individual currents (1,4, Irq) and power outputs (Qs, Ps) in a closed-loop
system. Before this process, the currents I,; and I,; from the rotor’s d and g axes are con-
verted to I, and I, in the & and {3 axes. This conversion is accomplished by the “d/q to
oo/ B” block, contributing to the generation of outputs with minimal ripple and enhanced
smoothness. The “MPC-PSO” block integrates the model predictive control-particle swarm
optimization algorithm for control purposes. Lastly, the “DFIG + inverter” block represents
the end-point of the system, which is responsible for the final conversion of the generated
electrical power, ensuring it is ready for integration into the grid.
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Figure 27. Model of DFIG in MATLAB/Simulink.

Table 3 presents an organized summary of the parameters associated with the doubly
fed induction generator (DFIG) being analyzed. Table 4 also presents the variables relevant
to the particle swarm optimization (PSO) algorithm. And Table 5 presents the parameters
of the DFIG controller.

Table 3. DFIG and PSO configuration specifications.

Parameters Value
Stator resistance R 0.0137 O)
Rotor resistance R, 0.021 O
Stator inductance Lg 0.0137 O
Rotor inductance L, 0.0136 O)

Mutual inductance L, 0.0135 O)
Inertia | 0.0017
Pole pair p 3
Sampling time T5 100

The depicted graph, as referenced in Figure 28, provides insights into the voltage
trends over time, illustrating the efficacy of the boost converter in modulating and op-
timizing the voltage of the wind system. The data captured on the voltage behavior is
instrumental in assessing the converter’s performance, its consistency, and its responsive-
ness to variations in environmental factors. Moving to Figure 29, the sinusoidal patterns of
the three-phase current injection are presented. Then, Figure 30 quantifies the actual power
output generated by Part A of the system. Finally, Figure 31 displays the profiles of the
produced voltage and current. Together, these visuals offer a comprehensive view of the
wind system’s electrical dynamics and operational capabilities.
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Figure 30. Active and reactive power from Section A of the system.
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Figure 31. (a): Voltage and current from Section A of the system, (b): Detailed Oscillation Analysis of
Voltage and Current from Part A.
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5.5.3. Part C

Component C of the wind system encompasses two distinct sections. The first is a
25-km transmission line, which establishes a conduit between the wind energy grid and
the broader electrical network. The second consists of a transformer tasked with voltage
elevation, ensuring that power enters the grid at the necessary voltage level. This extensive
transmission line is vital to efficiently deliver electricity over substantial distances to the
grid, minimizing energy loss and preventing voltage sag, therefore ensuring consistent
and effective power delivery. Concurrently, the transformer’s role in Component C is
to augment the voltage to match grid specifications, a crucial step for maintaining the
integrity of power distribution and transmission within the system. The efficacy of the
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Figure 35. (a): Voltage from Section C of the system, (b): Close-Up on Voltage Oscillation after the
Section C.
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Figure 37. Active and reactive powers from Section C of the wind system.

5.6. Hybrid System
5.6.1. Simulation

The hybrid PV /wind system model depicted in Figure 1 was subjected to simulation
via MATLAB to evaluate its operational efficacy. The system underwent thorough analysis
under various environmental conditions, including changes in wind velocity and solar
irradiance. This investigation delved into the intricate dynamic modeling, control, and
simulation of a hybrid system combining solar PV and DFIG-based wind energy, integrated
with the utility grid and responding to fluctuations in AC load power and power distribu-
tion to the grid. Three distinct case studies were conducted to assess the system’s behavior:
examining the solar PV, wind, and integrated PV /wind systems, respectively. The results
from the simulations indicated that the implemented control strategies adeptly managed
the system'’s responses, fulfilling the set performance criteria.

5.6.2. Results

The chart showcases (Figure 38) the active and reactive power outputs from a hybrid
energy system, where the active power, depicted in red, exhibits commendable stability,
signifying consistent and efficient energy conversion. Meanwhile, the reactive power,
illustrated in green, remains low, indicating a well-optimized system, except for a brief
spike that suggests a transient system event. This stability in active power, coupled with
the brief fluctuation in reactive power, warrants further analysis to ensure the system’s
robustness and reliability in long-term operation.

Figure 39 displays the power characteristics of a hybrid energy system post the initial
transformer, where the active power demonstrates a decreasing trend over the observed
five-second span, potentially indicating a reduction in energy production or consumption.
In contrast, the reactive power remains consistently low, suggesting that the transformer
effectively minimizes energy storage within the system, a sign of efficiency. The nearly flat
line for reactive power close to zero implies a capacitive-inductive balance, contributing to
a stable power supply with minimal wasted energy in the form of reactive power.
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Figure 38. Active and reactive powers from Section A of the hybrid system.

o
in
T

Power

1 L | & 1 L 1 |

1 1.5 2 25 3 35 4 45
Time (s)

Figure 39. Active and reactive powers from Section B of the hybrid system.

In Figure 40, the red line represents the active power (Ps), which remains largely
constant throughout the duration, indicative of a stable and consistent energy output after
the second transformer in the hybrid system. The active power’s steadiness suggests that
the system’s conversion processes and load demands are well-balanced. The green line,
illustrating the reactive power (Qs), maintains a position close to the baseline, signifying an
insignificant level of reactive power post the second transformation stage. The negligible
fluctuation in reactive power implies that the system is effectively managing the phase
alignment between current and voltage, optimizing power factor and thus minimizing
wasted reactive energy. This balance between active and reactive power, especially after the



Sustainability 2024, 16, 815

41 of 44

Power

second transformer, suggests a well-designed system capable of maintaining high efficiency
and power quality suitable for grid distribution. The system’s ability to keep reactive
power minimal points to enhanced operational performance and potential cost savings in
energy transmission.
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Time (s)

Figure 40. Active and reactive powers from Section C of the hybrid system.

6. Conclusions

In grappling with the urgent global energy demands and the quest for environmental
stewardship, this study represents a significant advancement in renewable energy system
integration. Our work synthesizes solar photovoltaic (PV) and wind energy technologies
into a cohesive hybrid system, setting a benchmark for sustainable development. Central
to our research was the careful crafting and simulation of the system’s intricate dynamics,
underpinned by the stability and efficiency secured through Lyapunov’s theorem. This
principle has proven vital in affirming the dependability of our control mechanisms, equip-
ping the system with the resilience to withstand fluctuations and maintain steady operation
under diverse conditions.

The architecture of our hybrid system, which integrates a PV array, a doubly fed
induction generator (DFIG), and essential power electronic converters, has undergone
extensive MATLAB simulations. These simulations have rigorously evaluated the system’s
adaptability, confirming a reliable and consistent energy provision. The crux of our sys-
tem’s superior performance is the harmonious amalgamation of model predictive control
(MPC) with particle swarm optimization (PSO). This fusion leverages the strengths of both
techniques to refine control operations and elevate efficiency.

Our results validate the system’s proficiency in delivering stable energy output,
adeptly adjusting to variations in solar and wind energy inputs. The combined use of PV
and wind resources not only fulfills current energy requirements but also illustrates the
vast capabilities of sophisticated control systems to cater to emergent energy needs. This
research lays a groundwork that invites further investigation and enhancement of control
strategies, with the goal of achieving more advanced and dependable energy systems.
Looking ahead, we envision a landscape where comparative studies will elucidate the
full capabilities of these innovative control methods, potentially redefining standards for
renewable energy production and integration into the power grid.
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To summarize, this investigation enriches the dialogue surrounding renewable energy,
underscoring the critical role of cutting-edge control systems in forging paths to sustainabil-
ity. It stands as a testament to the transformative impact that state-of-the-art approaches
can have on our energy future, propelling us toward an era that promises sustainability,
resilience, and heightened efficiency.
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