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Abstract
This study presents an innovative control approach for enhancing the efficiency and power quality of grid-connected photo-
voltaic (PV) systems using linear matrix inequality (LMI) techniques. The primary objective is to develop a robust maximum
power point tracking (MPPT) controller that ensures maximum energy extraction under varying solar irradiation conditions
while improving the stability and reliability of power transfer to the grid. The system architecture comprises PV panels
connected to a boost converter, managed by the LMI-based MPPT and a three-phase bidirectional converter that enables
bidirectional power flow between the grid and the load. This work contrasts the performance of the proposed LMI method
with the traditional sliding mode control (SMC), addressing the limitations of SMC, such as the chattering phenomenon and
reduced efficiency under dynamic conditions. Key objectives include achieving superior power tracking accuracy, minimizing
total harmonic distortion (THD) in the grid current, and ensuring smooth voltage regulation. Simulations demonstrate that
the LMI-based MPPT controller delivers 2–3% higher power output compared to SMC across various solar irradiation sce-
narios, including rapid fluctuations and partial shading. The LMI methodology also significantly reduces THD by 20–30%,
enhancing the power quality and ensuring compliance with grid standards. Additionally, the LMI control strategy eliminates
the chattering effect observed in SMC, resulting in smoother control dynamics and improved system stability. These findings
underscore the potential of the LMI approach to optimize energy harvesting, improve grid compatibility, and provide a reliable
solution for modern PV systems, contributing to the advancement of sustainable energy technologies.
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LQR Linear quadratic regulator
MPPT Maximum power point tracking
PV Photovoltaic
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1 Introduction

With the decrease in fossil fuel reserves and the increase in
energy demand, it has been necessary to seek alternatives rep-
resented by renewable energy sources.On the other hand, this
type of energy allows us to keep pace with the environmen-
tal challenges associated with the extraction and combustion
of fossil fuels. These challenges include the disruption of
ecosystems, contamination of air and water sources, and
the release of greenhouse gases exacerbating climate shifts.
For instance, an MPPT controller based on model predictive
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control was evaluated in Ref. [1], showcasing their effec-
tiveness in optimizing power output in PV systems. In Ref.
[2], a back-stepping control technique was explored for stan-
dalone PV inverters, emphasizing its potential to improve
energy conversion under variable conditions. Moreover, the
authors of work in Ref. [3] introduced an adaptive model
predictive controller to enhance the dynamic performance of
PV systems, highlighting its ability to reduce steady-state
oscillations caused by external disturbances. Meanwhile, the
work proposed in Ref. [4] focused on LMI-based optimal lin-
ear quadratic controller designs for multiple solar PV units,
emphasizing their role in stabilizing distribution networks.
Also, the significance of sensorless field-oriented sliding
mode control for PV-based induction motor drives has been
demonstrated in Ref. [5], reinforcing the need for robust
MPPT control under fluctuating load demands.

Comparing renewable energy sources to traditional fossil
fuels reveals a number of benefits. Their abundance, sustain-
ability, and zero-productions of greenhouse gases and other
pollutants during their operation minimize their influence
on the environment. Furthermore, the cost-competitiveness
and economic viability of renewable energy technologies
have increased, making them appealing choices for satis-
fying energy needs while lowering dependency on limited
and environmentally damaging fossil fuels. The comparative
study on grid-connected AC microgrids conducted in Ref.
[6] with electric vehicle integration underlined the versatility
and control flexibility offered by LMImethods. Other studies
addressing the same issues with comparative analysis have
been proposed in [7–10].

Given that photovoltaic systems are among the most
promising energy sources, they attract attention. The follow-
ing factors make them desirable: They use no fuel, produce
no pollution, require less maintenance, and are noiseless.
Despite the benefits, they add two key elements that influence
the use of photovoltaic systems. Low conversion efficiency
that is dependent on the climate and expensive installation
expenses is these factors. One workable way to boost pro-
ductivity is to implement maximum power point tracking,
or MPPT [11–15]. These last strategies have been proposed
recently to maximize the power output of photovoltaic sys-
tems under a range of irradiation scenarios, such as uniform,
rapidly changing, or partially shaded environments. The two
primary categories of MPPT approaches are direct tech-
niques and indirect techniques.

The incremental conductance (INC) methodology and
perturb and observe (P&O) technique are part of the direct
approaches, which monitor the PV array’s output voltage
or current directly. While, indirect techniques include the
sliding mode control (SMC) method, track and estimate the
maximum power point using mathematical models and algo-
rithms. In order to track the maximum power point, a model
predictive control (MPC) algorithm combined with a P&O

algorithmwas applied in [1]. The obtained results were com-
pared with traditional algorithms P&O and INC. The authors
of the work published in [3] have been proposed a model
to create an adaptive disturbance MPPT method based on
a method similar to that used in [1]. This strategy tries to
improve dynamic performance and reduce steady-state oscil-
lations. It should be highlighted, too, that external disruptions
might make it difficult to forecast future dynamic behaviors
of system states and may lead to subpar dynamic responses.
The need for a great number of regulation parameters to opti-
mize control inputs is another MPC restriction that has been
brought to light. As a result, this may reduce the flexibil-
ity of control synthesis. Because of these features, a linear
quadratic regulator (LQR) controller based on linear matrix
inequality (LMI) was developed for multiple PV modules
interconnected in an array configuration rather than at the
point of common coupling (PCC), and is designed specifi-
cally for voltage source converters (VSC). In terms of power
delivery andminimizing total harmonic distortions (THD) of
inverter output current, theLQRcontrol unitwas compared to
a traditional proportional–integral (PI) controller. Given the
results achieved in [4], it is noted that the photovoltaic panels
were connected to the grid through only one stage without
using a dc-link, which has of great importance inmicro grids.
The same features were obtained in [7], whereMPC technol-
ogy has been used to control the grid-connected inverter. A
quick and efficient MPPT control method for PV systems is
presented in papers [10, 16], which based on nonlinear tech-
niques like sliding mode and back-stepping techniques. In
[17], an effective H∞ controller employing LMI techniques
has been introduced to manage a boost converter. While [10,
16, 17] offer advantageous features such as minimal tracking
error, swift adaptability to solar radiation changes, and rapid
transition responses, it is significant to note the fact the PV
system under analysis consists of just one PV module that
uses a converter to supply electricity to a resistive load so
the system performance when integrated with the grid for
assessing the quality of electrical power transmission was
not evaluated.

To validate the effectiveness of the proposed method,
extensive simulations were conducted under diverse oper-
ating conditions, including rapid fluctuations in solar irradi-
ation and partial shading scenarios. The results indicate that
the LMI-based MPPT controller consistently achieves 2–3%
higher power extraction compared to the SMC approach,
ensuring greater energy harvesting efficiency. Furthermore,
the proposed method significantly reduces total harmonic
distortion (THD) by 20–30%, enhancing power quality and
ensuring better compliancewith grid standards.Unlike SMC,
which suffers from chattering effects that can introduce insta-
bility and energy losses, the LMI-based approach delivers
smoother control dynamics and improved system stability.
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Additionally, the method demonstrates superior adaptabil-
ity to environmental changes, maintaining optimal power
tracking with reduced oscillations. These advantages make
the LMI-based MPPT controller a more reliable and effi-
cient solution for grid-connected PV systems, contributing
to enhanced energy conversion, improved grid compatibil-
ity, and long-term operational stability. The promising results
highlight the potential of LMI techniques in optimizing pho-
tovoltaic performance and supporting the advancement of
sustainable energy technologies.

The other sections of this manuscript with their titles
and explanations are presented as follows: In Sect. 2, the
general architecture is presented for the proposed system.
Then in Sect. 3, a review of the model of the components
of system with the necessary theoretical concepts is pre-
sented. In the same section, control systems were studied
and designed, including the LMI-MPPT controller and the
SM MPPT controller for controlling the boost converter,
and the voltage-oriented control (VOC) methodology-based
PI controller for controlling the converter connected to the
grid. In Sect. 4, the simulation results are presented with
discussions. In Sect. 5, a performance benchmarking analy-
sis is presented to validate the results obtained based on our
approach. Finally, the conclusion in Sect. 6 summarizes the
obtained results.

2 Mathematical systemmodel

2.1 Configuration of the proposed system

The suggested system’s structure consists of the following.

1. PV panels.
2. Boost converter.
3. Resistance load.
4. Grid side converter (GSC).
5. Filter.

The proposed block diagram of the grid-connected PV
system is depicted in Fig. 1.

2.2 PVmodel

PV panels, sometimes referred to as solar panels, are mostly
composed of PV cells, which are formed of semiconduc-
tor materials like silicon. These cells are the main parts that
use the photovoltaic effect to turn sunlight into electricity.
PV panels also come with connectors for electrical connec-
tions, as well as support and protection elements to guarantee
longevity and security. To accurately simulate the behavior
of a PV cell, the electrical circuit model that is widely used
to describe one usually consists of a number of electrical

components. This model is illustrated in Fig. 2 [18, 19]. The
mathematical model of PV cell is given as:

Ipv = [Isc + kI (Tc − Tref)]
G

1000
− ID − V + I Rs

Rsh
(1)

Equation (1) represents the PV current where Ipv denotes
the output current of the PV cell/panel. In the same Equation,
Isc denotes the short-circuit current at standard test condi-
tions. Also, kI , Tc, Tref, G, and ID denote the temperature
coefficient of current, cell temperature, reference tempera-
ture (typically 25°C), solar irradiation (W/m2), and diode
current, respectively. On the other hand,V , I , Rs , and Rsh

denote the PV cell voltage, PV cell current, series resistance,
and shunt resistance, respectively. The diode current ID is
given as:

ID = Is

{
exp

[
e(V + I Rs)

Ns AkTc

]
− 1

}
(2)

In Eq. (2), Is , e, V , I , Rs , Ns , A, k, and Tc represent
the saturation current, elementary charge (1.602 × 10–19 C),
voltage across the diode, current through the cell, series resis-
tance, number of cells in series, ideality factor of the diode,
Boltzmann constant (1.381 × 10–23 J/K), and the cell tem-
perature, respectively. The saturation current Is is given by:

Is =
⎛
⎝ Isc

exp
{

eVoc
Nsk ATc

− 1
}
⎞
⎠( Tc

Tre f

)3
exp

{
e.Eg

kA

[
1

Tre f
− 1

Tc

]}

(3)

In Eq. (3), Isc, Voc, Ns , A, and Eg denote the short-circuit
current, the open-circuit voltage, number of cells in series,
ideality factor, and the energy band gap of the semiconductor,
respectively. k, Tc, Tref, and e are defined previously in the
two Eqs. (1) and (2).

2.3 Boost converter model

The boost converter does play a key role in PV systems;
the boost converter enables effective power transfer from
the PV panels to the load or the grid. Its primary function
is to efficiently increase the PV panel’s voltage to match
the requests of the load or the grid-connected inverter. The
boost converter model used in this paper is depicted in Fig. 2;
its dynamic model is provided below neglecting the current
passing through the capacitor Cpv [20, 21]. The duty cycle
for the boost converter is given as:

D = 1 − Vpv

Vo
(4)

In Eq. (4),Vpv and Vo represent the PV output voltage and
the output voltage of the boost converter, respectively. The
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Fig. 1 Proposed block diagram
of the grid-connected PV system

Fig. 2 Block diagram of PV cell
connected to boost converter

current dynamics in the boost converter is expressed by:

dIpv
dt

= Vpv − Vo + DVo
L

(5)

In Eq. (5), dIpvdt and L denote the rate of change of PV cur-
rent and the inductance of the boost converter, respectively.
The voltage dynamics in the boost converter is expressed by:

dVo
dt

= Ipv − DIpv − Io
Co

(6)

In Eq. (6), dVodt and C0 denote the rate of change of output
voltage and the Output capacitance of the boost converter,
respectively.

2.4 Grid side converter model

The GSC which its structure is shown in Fig. 3 is located
in the middle of both the grid and the PV system; it enables
the power transfer from the grid to the load in the event of a
decrease in the solar irradiation value, and the power transfer
from the PV system to the grid otherwise.

Based on Fig. 3, the voltage balance equations for the
converter can be written as follows [22].

⎧⎪⎨
⎪⎩
Va − ua = Rrecia + L rec

dia
dt

Vb − ub = Rrecib + L rec
dib
dt

Vc − uc = Rrecic + L rec
dic
dt

(7)

For the three columns (ua , ub, uc), the converter volt-
ages are established according to the state of the transistor
switches and also based on the dc-link voltage. Eq. 8 can
explain this feature.

⎡
⎢⎣
ua
ub
uc

⎤
⎥⎦ = Vdc

3

⎡
⎢⎣

2
−1
−1

−1
2

−1

−1
−1
2

⎤
⎥⎦
⎡
⎢⎣
Ca

Cb

Cc

⎤
⎥⎦ (8)

The dc-link voltage relationship is given as follows.

dVdc
dt

= 1

C

(
idc−grid − idc

)
(9)

where Ca , Cb, Cc denote pulses applied on transistors,
idc−grid denotes dc current on the gird side, idc denotes
dc current on the side of the renewable generation system
(inverter case) or from the load side (rectifier case), and ic
denotes the current of the capacitor.

The GSC can be represented in a d − q frame as follows
[23, 24].

Vdg = Rfilteridg + Lfilter
didgfilter
dt

− ωs Lfilterigqfilter + ugd

(10)

Vqg = Rfilteriqg + L rec
diqgfilter
dt

+ ωs Lfilteridgfilter + ugq (11)
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Fig. 3 Grid side converter
presentations

3 Control systems design

3.1 MPPT control

PV panels typically convert only 12 to 25% of solar radi-
ation into electrical power due to various factors including
the efficiency of the solar cells, environmental conditions,
and design limitations; in addition, it has a high initial cost.
For these and other reasons, it is important to get the largest
probable electrical energy from the panels. To increase the
total amount of electric energy produced, researchers have
explored various strategies, such as employing printed thin-
film solar cells and implementing MPPT controllers. These
technologies aim to improve efficiency and optimize the PV
system performance. The MPPT controller dynamically reg-
ulates the boost converter operation to ensure that the PV
panels produce their maximum power, thereby maximizing
the power conversion efficiency.

3.2 SMMPPT controller design

The classical SMC method is considered to be a nonlinear
algorithm which is based on the variable structure control
methodology. Due to its crucial features, this method is often
used. Perhaps the most important of these characteristics
is performance efficiency against unmodeled dynamics and
rejection of external disturbances. Robustness in the face of
uncertainty in system parameters is one of its characteristics
[25, 26]. The definition of the control law expression, which
moves the state variables toward the sliding surface, is as
follows [27].

u = ueq + usw (12)

The equivalent term ueq represents the control action
considered to drive the system to the sliding surface. It is
responsible for ensuring that the system dynamics remain on

this surface once it is reached. It is typically designed based
on the system’s dynamics and desired performance speci-
fications. The switching term usw is essential for ensuring
the attraction of the variable toward the sliding surface and
meeting the convergence condition. It must be configured to
eliminate the influence of any unexpected disturbance.

When ( dPdV = 0) in PV systems, the (MPP) is reached.
Thus, in order to use a SMMPPT controller, the sliding sur-
face is selected in the manner described below.

S = dPpv

dVpv
= d
(
Vpv Ipv

)
dVpv

= 0 at the MPP (13)

The following equation must be solved in order to find the
equivalent control term.

Ṡ =
[
ds

dX

]T
Ẋ = 0 (14)

Theboost converter’s equation canbe expressed as follows
using Eq. 5.

Ẋ = İ pv =
[
Vpv − Vo

L

]
+
[
Vo
L

]
D = F(X) + g(X)Ueq

(15)

So, the equivalent term Ueq is calculated by.

ueq = 1 − Vpv

Vo
(16)

The switching term can be chosen as.

usw = kpvS + Qpvsign(S) (17)

The tuning constants kpv and Qpv of the SMC controller
provide flexibility, which usually only has one tuning param-
eter. The selection and determination of these parameterswill
guarantee enhanced performance of the MPPT controller.

123



Electrical Engineering

The control signal’s ultimate expression is expressed by.

u pv(t) = 1 − Vpv

Vo
+ kpvS + Qpvsign(S) (18)

The Lyapunov function for stability analysis is provided
as follows.

V (t) = 0.5S2(t) (19)

The following format can be used to express the stability
condition.

SṠ < 0 (20)

By fixing Eq. 14, we find.

Ṡ =
(

dS

dIpv

)
İ pv (21)

The first term of Eq. 21 can be written as follows, where
it can be noted that this term is always positive.

(
dS

dIpv

)
=

d
(
dPpv
dVpv

)
dX

=
d�Vpv Ipv

�Vpv

dIpv
= �Ipv

�Ipv
> 0 (22)

The following is a simplified version of the second term
of Eq. 21.

İ pv =
(

−Vo
L

(
1 − u pv(t)

)+ Vpv

L

)
(23)

İ pv =
(

−Vo
L

(
1 −
(
1 − Vpv

Vo
+ kpvS + Qpvsign(S)

))
+ Vpv

L

)
(24)

İ pv = Vo
L

(
kpvS + Qpvsign(S)

)
(25)

Lastly, the following form can be used to rewrite the sta-
bility condition in Eq. 20 by substituting the two Eqs. 21 and
25.

S

(
dS

dIpv

)(
Vo
L

(
kpvS + Qpvsign(S)

))
< 0 (26)

If
(

dS
d Ipv

)
is consistently positive, the stability requirement

can be rewrite as follows.

S
(
kpvS + Qpvsign(S)

)
< 0 (27)

Therefore, the values of the control parameters
kpvandQpv must be negative. Figure 4 shows the block dia-
gram of control system of SM MPPT controller.

Fig. 4 Block diagram of the SM MPPT controller

3.3 LMI-MPPT controller design

3.3.1 LQR controller

The linear quadratic regulator (LQR) is an optimal control
method where the weighting matrices R and Q play a cru-
cial role in shaping system performance. The selection of
weighting matrices R and Q in the LQR controller signifi-
cantly affects system performance. The matrix Q penalizes
deviations from the desired state, while R penalizes exces-
sive control effort. A larger Q results in faster corrections
but increases control energy, whereas a larger R ensures
smoother control with reduced actuation effort. Typically, Q
is chosen to emphasize critical state variables, such as voltage
or current deviations, while R prevents aggressive control
actions that may cause instability or actuator saturation.
Selectionmethods include empirical tuning, normalization of
state variables, or optimization techniques like genetic algo-
rithms. The ideal balance depends on achieving fast response,
minimal oscillations, and efficient energy use while main-
taining system stability.

The objective of LQR issue is to create a linear control
law for linear systems, which can be characterized by the
subsequent connection. The proposed controller is an LQR
scheme tuned using LMIs, its control law is derived by min-
imizing a quadratic cost function, its stability is guaranteed
through a Lyapunov-based approach, and LMIs extend their
robustness to handle uncertainties, ensuring enhanced and
reliable performance in grid-connected PV systems.

y(t) = Cx(t) (28)

ẋ(t) = Ax(t) + Bu(t) + d(t) (29)

where d(t) represents the external disturbance, y(t) is the
output signals, u(t) is the input signals, and x(t) is the state

123



Electrical Engineering

variable vector. This linear control law is exploited to justify
[11, 18].

1. The linear system is stabilized in accordance with Lya-
punov condition.

2. Transferring the system between its starting and target
states while reducing the performance indicator repre-
sented by the relationship below.

J =
∞∫
0

(
XT (t)QX(t) + uT (t)Ru(t)

)
dt (30)

A linear quadratic regulator’s linear control law can be
described as follows.

u = −kcX = −(1/R)B ′PcX (31)

where Pc is the Lagrange variable which is a positive,
semi-definite matrix, and can be finding by solving Riccati
algebraic equation.

(A − Bkc)
′Pc + Pc(A − Bkc) + kc′Rkc + Q = 0 (32)

The Key Insights are:

• TheLyapunov functionV (x) = xT Px serves as ameasure
of system energy.

• The derivative V̇ (x) is always negative, ensuring the sys-
tem states decay over time.

• Since P , Q, and R are positive definite, the Lyapunov
function is guaranteed to be valid.

• The solution of the Riccati equation ensures that P is
always positive definite, reinforcing stability.

The application of the Lyapunov method in the LQR
controller guarantees the global asymptotic stability of the
closed-loop system. By solving the Riccati equation, the con-
troller minimizes a cost function while ensuring that system
trajectories do not diverge. The negative definiteness of V̇ (x)
confirms that the energyof the systemalways decreases, lead-
ing to a stable equilibrium.

3.3.2 LMI-based LQR controller

The LQR approach to calculating feedback constants may
need to be modified in linear systems with uncertain models,
where system parameters may fluctuate or remain unknown
but within a certain range, or in the face of external dis-
turbances. Instead, a methodology should be taken into
consideration that emphasizes improving the system’s per-
formance in the presence of a change in the system’s

Fig. 5 Parameter variation space model (C)

parameters and overcomes the existing nonlinearity depend-
ing on LMI. This method stands out as a robust design tool
that may be used to solve a widespread range of convex
challenges [28, 29]. The standard LQR assumes a precisely
known system model and optimizes performance by solving
the algebraic Riccati equation (ARE), but it struggles with
uncertainties and parameter variations, leading to potential
instability. In contrast, the LMI-based LQR formulates the
control problem as a set of linear matrix inequalities (LMIs),
allowing explicit consideration of systemuncertainties. LMIs
provide a convex optimization framework, ensuring stability
and robustness even under worst-case parameter variations.
While standard LQR is computationally efficient but sensi-
tive to inaccuracies, LMI-based LQR offers better robustness
and flexibility, making it ideal for real-world applications
with dynamic and uncertain environments.

The uncertainty systems can be expressed as.

ẋ =
(

n∑
i=1

λi A
(i)

)
x +
(

n∑
i=1

λi B
(i)

)
u (33)

where
n∑

i=1
λi = 1

A(i) = A0 +
⎛
⎝ l∑

j=1

A jδ
(i)
j

⎞
⎠ (34)

B(i) = B0 +
⎛
⎝ l∑

j=1

Bjδ
(i)
j

⎞
⎠ (35)

A0 and B0 denote the nominal state and input matrices,
respectively. Additionally, let δ j represent the scalar asso-
ciated with the uncertain parameter corresponding to the
uncertain matrices A j and Bj .δ

(i)
j is the value of the param-

eter (j) in vertices (i) of space (C) whose axes are δ j , l is the
number of uncertainty parameters (Fig. 5).
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Here, instead of searching for the value of Pc that satisfies
the Riccati algebraic equation, we seek the value of Pc that
satisfies the following inequality.

(A(i) − B(i)kc)′Pc + Pc
(
A(i) − B(i)kc

)
+ kc′Rkc + Q < 0

(36)

where Pc is a positive definite matrix, and Q is some given
matrix. However, solving this directly is not always straight-
forward due to the bilinear nature of the inequality. This form
is not yet in LMI form because it involves the term Pc, which
is typically not directly solvable in LMI frameworks. The
Schurz complement is a mathematical tool that allows us to
convert a bilinearmatrix inequality (BMI) into a linearmatrix
inequality (LMI). If we define a new variable Sc = Pc−1, and
substitute Pc = Sc−1, the inequality can be rewritten in an
LMI form.

To obtain Eq. (37), we rewrite the original inequality in a
form where we can apply the Schurz complement. The result
is an equivalent linear matrix inequality, which can then be
solved using LMI optimization techniques.

The inequality is now expressed in the standard LMI form,
which are computationally solvable using convex optimiza-
tion techniques.

⎡
⎢⎣
A(i)Sc + Sc A(i)′ + B(i)N + N ′B(i) N ′ Sc

N −R−1 0
Sc 0 −Q−1

⎤
⎥⎦ < 0

(37)

where N = KcSc
Here, the transition from Eq. (36) to (37) is based on the

Schurz complement, a fundamental result in matrix theory
that helps convert inequalities involving matrix inverses into
linearmatrix inequalities (LMIs), which aremore convenient
for computational solutions.

Accordingly, even with the uncertainty arising from the
dead zone and the uncertainty arising from changing the
system parameters, the control gain that attains good per-
formance and stability of the system can be obtained based
on the MATLAB programmer that uses the LMI code.

3.3.3 Affine/polytopic model of the boost converter

The boost converter’s dynamic model can be expressed as a
state space as follows, taking into account Vpv and Io external
disturbances.

dIpv
dt

= −Vo + DVo
L

(38)

dVo
dt

= Ipv − DIpv
Co

(39)

The state variables (within some parts of Eqs. 38 and 39)
were defined as uncertain parameters within a specific range
from zero to nominal values to formulate the linear model of
the system state space and then calculate the controller gain
constants.

It can be seen that there is a coupling between the state
variables and the input signal, soEqs. 38 and39 canbewritten
as follows.

d

dt

[
Ipv
Vo

]
=
[

0 − 1
L

1
Co

0

][
Ipv
Vo

]
+
[

δ1
L

− δ2
L

]
D (40)

The values of (δ1, δ2)∈ (0 − Vo), (0− Ipv), respectively.
To enhance the MPPT controller performance and elim-

inate the steady-state error (SSE) in regulating the current
Ipv , where the reference value Ipv−re f is obtained using the
observer and disturbance algorithm shown in Fig. 6, an inte-
grated procedure was added as a new state variable (ε) to the
control system, so that the state space becomes as follows.

d

dt

⎡
⎢⎣
Ipv
Vo
ε

⎤
⎥⎦ =
⎡
⎢⎣

0 − 1
L 0

1
Co

0 0

−1 0 0

⎤
⎥⎦
⎡
⎢⎣
Ipv
Vo
ε

⎤
⎥⎦+
⎡
⎢⎣

δ1
L

− δ2
L
0

⎤
⎥⎦D +

⎡
⎢⎣
0
0
1

⎤
⎥⎦Ipv−re f

(41)

Figure 7 shows the block diagram of the LMI-MPPT con-
troller.

3.4 Voltage-oriented control (VOC) of GSC

The two relationships below can be established for the elec-
trical power passed by the GSC assuming that the d-axis
applies to the electrical grid voltage vector (Vq = 0) [30].

P = 1.5Vdgidg (42)

Q = −1.5Vdgiqg (43)

When the reference current value Igq−re f , is set to zero,
the relationship for the active power flowing through theGSC
in the steady state can be expressed as follows, yielding a unit
power factor.

P = 1.5Vdgidg = Vdcidc−grid (44)

Fixing the relationship of Eq. 21, we find.

idc−grid = 1.5
Vdg
Vdc

idg =→ idc−grid = aidg (45)

By fixing the relationship of Eq. 10, we find.

dVdc
dt

= idc−grid − idc
C

(46)
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Fig. 6 Flowchart of the adapted
P&O algorithm

Fig. 7 Block diagram of the LMI-MPPT controller

Assuming that idc represents the external disturbance, the
relationship 23 becomes.

dVdc
dt

= idc−grid

C
(47)

Substituting the relationship 22 into the relationship 24,
the following can be written.

dVdc
dt

= a

C
idg (48)

Thus, there are two regulating axes in the GSC control
system.

1. On the q-axis, the current Igq is controlled at zero.
2. The d-axis has two regulating loops: an internal regu-

lating loop that regulates current id in accordance with
the reference value established by the voltage regulat-
ing loop, and an external regulating loop that regulates
dc-link voltage in accordance with the reference value.

Table 1 The number of panels used and the parameters of each panel

Parallel string 3

Number of panels per string 10

Maximum power (W) 213.15

Open-circuit voltage Voc (V) 36.3

Voltage at maximum power point Vmp (V) 29

Short-circuit current Isc (A) 7.84

Current at maximum power point Imp (A) 7.35

The block diagram of VSC control system is presented
in Fig. 8.

4 Simulation results

The parameters of panels are shown in Table 1.
The simulation outcomes are presented in this section,

where it was assumed that solar radiation changes during the
simulation period as shown in Fig. 9. The solar radiation is
about 800 w/mˆ2 for the period spanned from 0 to 1s, and
about of 1000 w/m2 for the period from 1s until 3s, and about
of 700 w/mˆ2 during period from 3s until 5s.

The energy consumed by the load is shown in Fig. 10,
where it is noted that the load is disconnected from the source
until the moment 2s, when the energy consumed in the load
becomes 8500w. The usefulness of this feature is to test the
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Fig. 8 Block diagram GSC
control system

Fig. 9 Solar radiation changes during the simulation period

Fig. 10 Energy consumed by the load

Fig. 11 The power extracted fromphotovoltaic panels for both proposed
control approaches

performance of the system, so the grid side converter operates
in inverter mode and rectifier mode.

Figure 11 shows the power extracted from photovoltaic
panels for both proposed control approaches. Besides, the
mutual power changes with the grid are shown in Fig. 12 and
the response of the system to the regulation of the dc-link
voltage is presented in Fig. 13. In Figs. 14 and 15 we observe
the changes in the first phase current and the changes in the
total harmonic distortion coefficient for the grid currents,
respectively.

Figure 11 shows the superiority of the LMI methodology
compared to the sliding mode methodology. The efficiency
obtained is remarkable; this comes down to the extracted
power which is always found to be higher in percentages
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Fig. 12 Changes of power mutual with the grid

Fig. 13 System responses to regulation the dc-link voltage

between 2 and 3% for various scenarios that include differ-
ent radiation values. It is also noted that it does not suffer
from the chatter phenomenon that is observed when using
the sliding mode methodology. The efficiency of using the
LMI methodology also appears by observing Fig. 12, where
the results show that the amount of power provided to the
grid (the GSC acts as inverter) during the period from 0 to
2 s is greater compared to the sliding mode methodology
where the solar radiation is at high value. It is observed that
at the period of 2 to 5 s, the GSC acts as a rectifier, this comes
down to solar radiation which has a low value. Consequently,
the power provided by the photovoltaic panels is less than
that consumed by the load. On the other hand, the amount
of power consumed by the grid is less when using the LMI
methodology. The effect of the chatter phenomenon when
using SMC appears in the system’s response to regulating

the dc-link voltage, as it is observed from Fig. 13 that there is
vibration the dc voltage. This has an influence on the current
wave shown in Fig. 14, which has a lower harmonic distor-
tion coefficient when using the SMC methodology shown in
Fig. 15, where the harmonic distortion coefficient is 20 to
30% lower. The results drawn from this paragraph can be
typesetting as shown in Table 2.

5 Performance benchmarking

In this section, we conduct a comprehensive performance
benchmarking of the proposed approach against experi-
mental works reported in recent literature, evaluating key
performancemetrics across power harvesting efficiency, total
harmonic distortion (THD), control stability, and dynamic
response.

Table 3 presents a comparative performance analysis
of the proposed LMI-based MPPT approach against var-
ious control methodologies from prior research. The key
performance metrics considered include power harvesting
efficiency, total harmonic distortion (THD), control stabil-
ity, and dynamic response. The LMI-based MPPT method
demonstrates superior efficiency, achieving 2–3% higher
power extraction than sliding mode control (SMC), while
also significantly reducing THD by 20–30%. Compared to
model predictive control (MPC) and back-stepping control,
which require extensive tuning, the LMI approach ensures a
smoother and more stable operation, effectively eliminating
the chattering phenomenon associated with SMC. Further-
more, its performance in dynamic scenarios is comparable
to adaptive MPC, which is known for its rapid adapta-
tion but comes with increased computational complexity.
Unlike H∞ control, which demands high computational
resources, the LMI-based MPPT method offers a balanced
trade-off between efficiency and implementation feasibility.
The benchmarking results underscore the LMI approach as
a robust and efficient control strategy for grid-connected PV
systems, optimizing power extraction and ensuring grid com-
pliance with minimal harmonic distortion.

Temperature has a significant impact on the electrical per-
formance of photovoltaic (PV) panels and the efficiency of
maximum power point tracking (MPPT) algorithms. As the
temperature increases, the open-circuit voltage (Voc) of PV
cells decreases due to the reduction in the bandgap energy
of the semiconductor material, leading to lower voltage
generation. Although the short-circuit current (Isc) slightly
increases with temperature due to enhanced carrier genera-
tion, this increase is minimal and cannot compensate for the
voltage drop, ultimately reducing the overall power output
of the PV panel. Consequently, the maximum power point
(MPP) shifts to a lower voltage,making it essential forMPPT
controllers to adjust accordingly to maintain optimal power
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Fig. 14 Changes of first phase
current

Fig. 15 Changes in the total harmonic distortion coefficient for the grid
currents

extraction. However, many conventional MPPT techniques,
such as perturb and observe (P&O) and incremental conduc-
tance (INC), may not respond effectively to these gradual
temperature variations, leading to tracking inefficiencies and
power losses. Additionally, rapid temperature fluctuations,
caused by environmental changes such as passing clouds
or wind cooling effects, can further challenge MPPT algo-
rithms, causing increasedoscillations and instability in power
tracking. The efficiency of anMPPT controller depends on its
ability to dynamically adapt to these variations while main-
taining precise tracking of the MPP. If temperature changes
are not adequately accounted for, the system may operate
away from the optimal point, reducing energy yield and
increasing total harmonic distortion (THD) in grid-connected
systems. Therefore, evaluatingMPPTmethods under various

temperature scenarios is crucial to ensuring robust and reli-
able performance across diverse environmental conditions,
improving overall efficiency in solar energy harvesting.

6 Conclusion

This research successfully modeled and simulated a grid-
connected photovoltaic (PV) system, demonstrating the
advantages of the linear matrix inequality (LMI) method-
ology over the sliding mode control (SMC) approach. The
proposed system included PV panels connected to a boost
converter and a three-phase bidirectional converter for energy
transfer between the grid and the load. The LMI-based max-
imum power point tracking (MPPT) controller consistently
delivered 2–3% higher power output than SMC across vary-
ing solar irradiance levels, particularly under rapid changes in
radiation. Moreover, it reduced the total harmonic distortion
(THD) of the grid current by 20–30%, ensuring improved
power quality. Unlike SMC, which suffers from the chat-
tering phenomenon, the LMI approach provided smoother
voltage regulation and stable power transmission, avoiding
unnecessary fluctuations. During high solar radiation periods
(800–1000 W/m2), the LMI method transferred more power
to the grid, while during lower radiation (700 W/m2), it effi-
ciently reduced power consumption from the grid. Notably,
the power provided to the grid reached up to 6,374 W under
high radiation, surpassing SMC, which delivered 6,164 W.
The mutual power exchanged with the grid was optimized,
with the LMImethod consistently yielding lower power draw
when acting as a rectifier. These findings underscore the LMI
methodology’s ability to enhance both the efficiency and sta-
bility of grid-connected PV systems, offering a more reliable
and robust solution for maximizing solar energy utilization.
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Table 2 Comparison results
between LMI and SMC
methodologies

Controller

Solar irradiation (w/m2) – 800 1000 1000 700

Load power (w) – 0 0 8500 8500

PV power (w) LMI 5127 6374 6374 4500

SM 4975 6164 6164 4400

Mutual power with grid (w) LMI − 5000 − 6191 2190 4061

SM − 4821 − 6015 2362 4170

THD for grid current (%) LMI 1.36 1.11 3.32 1.66

SM 1.9 1.6 4.44 2

Table 3 Comparison of key metrics proposed approach with earlier works

Ref. no Study/Method Power Harvesting
Efficiency

Total Harmonic
Distortion (THD)

Control stability Dynamic
response

[31] Model Predictive
Control (MPC)

Good, optimized for
steady state

Low THD, but
requires tuning

Stable, but sensitive to
parameter variations

Fast but needs
tuning

[32] Back-Stepping Control Good efficiency, but
complex

Moderate THD Good, but computationally
expensive

Moderate

[3] Adaptive Model
Predictive Control
(AMPC)

High—Reduces
oscillations

Very low THD Stable, handles
disturbances well

Very fast
adaptation

[33] LMI-Based Linear
Quadratic Regulator
(LQR)

High efficiency in
multi-PV systems

Optimized for grid
stability

Very stable under different
loads

Smooth
transitions

[34] H ∞ Controller using
LMI

High, optimized for
noise rejection

Very low THD high robustness Fast but
computationally
expensive

This
work

LMI-Based MPPT 2–3% higher than
SMC

20–30% lower than
SMC

High—Eliminates
chattering effect

Smooth and fast

Despite these significant advancements, several areas
remain for future exploration. One promising direction is
integrating machine learning algorithms to enhance real-
time adaptability in MPPT controllers. This could further
improve the accuracy of power tracking under rapid environ-
mental changes. Additionally, expanding the system’s scope
to incorporate hybrid renewable energy sources, such aswind
or energy storage systems, may offer insights into achieving
optimal power flow and greater grid resilience.
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