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Application perturb and observe maximum power point tracking with interconnection and
damping assignment passive-based control for photovoltaic system using boost converter

Introduction. Power generation from renewable sources, such as photovoltaic (PV) power, has become increasingly important in replacing
Jossil fuels. A PV system’s maximum power point (MPP) moves along its power-voltage curve in response to environmental changes. Despite
the use of maximum power point tracking (MPPT) algorithms, the displacement of the MPP results in a decrease in PV system performance.
Problem. Perturb & Observe (P&0O) MPPT algorithm is a simple and effective algorithm, it can suffer from some drawbacks, such as
oscillations around the MPP, slow tracking of rapid changes in irradiance, and reduced efficiency under temperature variation condition. The
new MPPT control strategy for a solar PV system, based on passivity control, is presented. The goal of this study is to enhance the efficiency
and stability of MPPT in PV systems by integrating the P&O algorithm with Interconnection and Damping Assignment Passivity-Based
Control (IDA-PBC). Methodology. The new MPPT P&O PBC strategy aims to extract maximum power from the PV system in order to
improve its efficiency under some conditions such as the variations of the temperature, the irradiation and the load. IDA-PBC is employed to
design a Lyapunov asymptotically stable controller using the Hamiltonian structural properties of the open-loop model of the system. Also,
with minimization of the energy dissipation in boost converter of the PV system to illustrate the modification of energy and generate a specify
duty cycle applied to the converter. The results with MATLAB clearly demonstrate the advantages of the proposed MPPT P&O PBC,
showcasing its high performance in effectively reducing oscillations in various steady states of the PV system, ensuring minimal overshoot and
a faster response time. Scientific novelty. Key contributions include methodological improvements such as dynamic adjustment of the cycle for
boost converter and a new approach to partner selection, which significantly optimizes the algorithm’s performance. Practical value. A
comparative analysis of the proposed MPPT controller against conventional algorithms shows that it offers a fast dynamic response in finding
the maximum power with significantly less oscillation around the MPP. References 46, tables 2, figures 13.

Key words: photovoltaic generator, boost converter, passivity-based control, port-controlled Hamiltonian, maximum power
point tracking.

Bcemyn. I'enepayis enexkmpoenepeii 3 6ioHo6108aHuUx 0dicepen, maxkux ax pomoenexmpuyni (PV) cucmemu, Habysae 6ce 6iibui020 3HAUEHHs
AK 3amina euxonuoeo nanusa. Touka maxcumanvroi nomyscrhocmi (MPP) PV cucmemu 3miwgyemovcsa 6300801C Kpugoi 3a1ei#CHOCHI
NOMYICHOCMI IO HANPY2U 8 3ANEICHOCI B0 HABKOIUWHBO2O cepedosuwya. Heszsadicarouu na UKOPpUCMANHA aneopUmMI6 6I0CEedICeHHs
mouku maxcumansroi nomysicnocmi (MPPT), 3cye MPP npuzeooums 0o 3uudicenns npodykmusrnocmi PV cucmemu. Ilpoénema. MPPT
aneopumm Perturb & Observe (P&QO) € npocmum i eghekmueHuM aneopumm, ane il MoNce Mamu HeOoNiKu, maxi K KonueanHs oins MPP,
nosiNtbhe GIOCMENCeH s WBUOKUX 3MIH OCEIMAEHOCHE A 3HUMCEHHS eqheKMUSHOCII 6 YMOBaX Konueans memnepamypu. Iipedcmaeneno
nogy cmpameziro ynpaeninna MPPT ons consaunoi PV cucmemu, 3acnoéamny Ha nacugnomy ynpagninui. Memoio 0ocniodxcents € niosuyerHs
epexmusrnocmi ma cmabinonocmi MPPT y PV cucmemax winaxom inmeepayii areopummy P&O 3 nacusnum xepysawuam HA OCHOBI
Midwc3'€OnHanna ma npusnavenns Oemngyeanus (IDA-PBC). Memooonozia. Hosa cmpamezis MPPT P&O PBC cnpsawosana ma
OMPUMAHHA MaKcuManbHoi nomyscHocmi 3 PV cucmemu ona niosuwjenHs ii eqpeKmueHocmi 6 nesHUx ymoeax, maxux sIK KOAUBAHHS
memnepamypu, unpominiosanns ma naganmadicertsi. IDA-PBC suxkopucmosyemucs 0nsi po3pobku acUMnmMoOmuyHo CIMIlKo2o pe2ysimopa
Jlanynoea 3 BUKOPUCMIAHHAM 2aMITbMOHOBUX CMPYKMYPHUX 61acmugocmei moleni cucmemu 3 6iOKpumum Koumypom. Takoowc, 3
MIHIMI3aYIEl0 PO3CIo8antss eHepeii y niosuwysaivbHomy nepemeopioéaui PV cucmemu, wob npoimocmpysamu 3miny enepeii ma
cpopmyeamu 3a0anuti podouUL YUK, W0 3ACMOco8yembcst 00 nepemesoprosaya. Pesynemamu, ompumani 6 MATLAB, nokazanu nepesacu
sanpononosanoi cmpameeii MPPT P&O PBC, Oemoncmpylouu il 6UCOKY e@exmueHicms wo0o 3HUNCEHHS KOMUBAHb ) PI3HUX
cmayionaprnux cmanax PV cucmemu, 3abe3neuyiouu minimansie nepepecynioganis ma wieuowiuii yac ioeyxy. Haykoea nosuzna. Knouogi
00CA2HEHHs  GKTIIOUAIOMb  MEMOOON02iuHl  YOOCKOHANEeHHsA, MaKi AK OUHAMIUHe HANAWIMYBAHHA YUKTY OXd  NIOBUUYBATLHO2O0
nepemsoprosaya, i Ho8uil nioxio 00 6UOOPY NAPMHEPIS, WO 3HAYHO ONMUMIZYE NPOOyKmuenicme arcopummy. Ilpaxmuuna yinnicmes.
Tlopiensanvnui ananiz MPPT-xoumponepa 3 mpaouyitinumu aneopummamu NoKAasye, wo 6iH 3abe3neyuye weuoKutl OUHAMIYHUL 6I02VK npu
NOULYKY MAKCUMATLHOI ROMYIHICHOCTI 31 3HAUHO MeHwuMU Konusannamu 6ins MPP. bioin. 46, tabm. 2, puc. 13.
Kniouogi cnosa: ¢oroenekTpuyHUil reHepaTop, NMiABUINYBAJIBLHMII IepeTBOPIOBaY, NACHBHE KepPyBaHHs, I'aMilbTOHIaH 3
KePyBAHHSAM HOPTAMH, BIACTE:KEHHS TOUKH MAaKCHUMAJIbHOI NOTYKHOCTI.

Introduction. The transition away from fossil fuel- by geographic availability,

making it abundantly

based energy sources has been accelerated by concerns
about global warming and the depletion of traditional
resources. As a result of this shift, governments and
industries worldwide are exploring alternative energy
solutions to meet growing demands sustainably [1]. The
current era is characterized by the fast renewable energy
sources (RESs) growth as a key component of addressing
the escalating global energy demand. The move toward
RESs is driven by a number of reasons, including
environmental concerns, modern technologies and
economic viability [2]. A growing number of RESs are
emerging across the globe, including biogas, wave
energy, solar energy, and wind energy. Solar energy in
particular is projected to fulfill one-third of the world’s
electricity demand by 2060. Unlike other RESs, such as
wind and hydroelectric energy, solar energy is not limited

accessible worldwide.

Generally, solar energy stands out as the most
reliable and effective solution for mitigating the issue of
global warming [1, 2]. Its abundant availability,
renewable nature, and environmentally friendly attributes
make it a key player in efforts to combat climate change.
Additionally, solar power systems produce no greenhouse
gas emissions during operation, unlike traditional fossil
fuel-based energy sources, thereby significantly reducing
the carbon footprint associated with energy production.
This underscores the importance of harnessing solar
energy as a sustainable alternative to conventional power
sources in the fight against global warming [3].

Moreover,  photovoltaic ~ (PV)  panels are
distinguished by their ease of use and installation, cost-
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effectiveness, and minimal maintenance requirements [4].
They find applications in various sectors such as water
pumping systems, aeronautical applications, and battery
chargers [5]. These features contribute to the widespread
adoption of PV technology across different industries and
sectors. The PV panel yields energy is subject to the
temperature influence and solar irradiation, resulting in
the nonlinear behavior of the panel [6]. This nonlinear
behavior arises due to the complex interaction between
the panel temperature, incident solar radiation, and the
material properties of the PV cells [7, 8]. Achieving a PV
panel’s maximum power point (MPP) under climatic
changes, while ensuring reliability and cost-effectiveness,
has been a substantial research challenge. Consequently,
numerous studies have been conducted to explore
potential solutions to this issue [9, 10].

Energy consumption has increased due to the
widespread use of electricity. The problem of energy
conversion and storage has led to research and development
of new supply sources [11, 12]. This interest grew in response
to the inevitable exhaustion of fossil fuels, their
environmental impact, and the waste they generate. In the era
of sustainable development, PV is rapidly progressing due to
its significant potential as a RES capable of producing
electricity by converting a portion of solar irradiation through
a PV cell [13, 14]. PV panels have specific nonlinear
electrical characteristics and, therefore, a special operating
point called the MPP. Among the most widely employed
MPP tracking (MPPT) algorithms in the PV literature is the
extreme algorithm known as Perturb & Observe (P&O). This
algorithm works by continuously perturbing the PV operating
point and monitoring the resulting variation in electrical
output or current to determine the direction that leads to the
MPP. Despite its simplicity and common usage, P&O may
exhibit fluctuations around the MPP under certain conditions,
leading to suboptimal performance in dynamic environments.

According to [15], P&O control forces the operating
point to oscillate about the MPP at steady state due to the
periodic MPP search procedure repetition, causing the system
to continuously oscillate to the MPP. This behavior
contributes to power transfer losses. In cases of infrequent
climate changes, especially abrupt changes in irradiation
levels, this algorithm may track in the wrong direction and
generate further power loss. Authors [16] proposed modular
solutions using a PI controller for PV-DC choppers to
monitor the MPPT algorithm. Conventional analysis of the
system’s stability and dynamic performance is difficult,
making it necessary to operate the system at a chosen point
and proceed with successive linearization to simplify the
nonlinearity issues [17]. The work [17] introduces an MPPT
technique based on the Interconnection and Damping
Assignment Passivity-Based Control (IDA-PBC). The
primary principle of the IDA-PBC controller is to regulate the
overall power of the system to maintain stability around an
equilibrium point [18]. According to published works, IDA-
PBC controllers have shown promising results in various
applications because they ensure stability and optimize
performance in dynamic systems. Table 1 compares
conventional, modern and hybrid categories MPPT control
algorithms, highlighting their advantages and disadvantages.

Our contribution is focused on the application of the
P&O-MPPT in conjunction with the IDA-PBC, using the

boost converters. There are several key objectives served
by this combination.

Table 1
Advantages and disadvantages of MPPT control
Type Algorithm Advantages Disadvantages
P&O [19], Easy to Steady state
incremental implement, oscillation, no

resistance [20],
climbing [21],
incremental
conductance [22],
voltage/short circuit
current [23], hill and
fractional open
circuit [24]

simple structure,
and low-cost

guarantee for
convergence, drift
problem, reduced
efficiency

Conventional algorithms

Particle swarm Robust, no Large search
g |optimization (PSO) | steady-state and | space, high cost
<= |[25], grey wolf transient
§n optimization [26], |oscillations, high
< |cuckoo search [27], tracking
g fuzzy logic control | efficiency, and
g |[28], sliding mode | few parameters
= |control [29], particle | require turning
swarm [30]
» |P&O-humpback Higher tracking High cost,
E whale [31], accuracy difficult to control
'g P&O-ant-colony reduced power
%D optimization [32], oscillation, and
< [P&O-PSO [33] tracking
8 efficiency is
E’ higher than 98 %

It facilitates the efficient capture of the MPP of solar
panels even under fluctuating climate conditions and
varying loads. This capability ensures optimal energy
extraction from the solar array.

By reducing undulations around the MPP, the
system’s stability is significantly enhanced. This stability
is crucial for maintaining consistent and reliable power
generation from the PV system.

The integration of IDA-PBC with the boost converters
leads to a reduction in energy losses. As a result, not only
does the system become more efficient, but also costs are
reduced, making the system more economically viable.

Additionally, this approach improves the system’s
response time, allowing it to adapt quickly to changes in
environmental conditions or load requirements. This
responsiveness ensures that the system operates at peak
performance levels, maximizing energy production.
Moreover, the boost converter’s ability to raise voltage
levels further enhances the system’s efficiency by
minimizing the need for a series connection of solar
panels. This feature simplifies system design and
installation while also reducing overall system costs.

By integrating the P&O-MPPT with IDA-PBC, this
work provides a comprehensive solution to optimize PV
system performance. With its ability to address power
capture efficiency, stability, energy losses, response time,
and system complexity, this approach holds significant
promise for advancing solar energy utilization.

The goal of this study is to enhance the efficiency
and stability of MPPT in PV systems by integrating the
P&O algorithm with IDA-PBC. Unlike previous
approaches that relied on traditional P&O [19],
incremental resistance [20], climbing [21], incremental
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conductance [22], voltage/short circuit current [23], hill
and fractional open circuit [24], this study introduces a
novel strategy combining passivity theory and dynamic
voltage tracking to improve convergence speed and
reduce power oscillations.

PV system modeling. Figure 1 depicts the system
under study. It consists of a PV generator (PVG) that
supplies power to a load through a boost converter, which
acts as an impedance stage. The boost converter and the
load together influence the PVG (PVG operating point
under changing climatic conditions). IDA-PBC is
proposed to address the P&O voltage output behavior
issue at steady-state caused by load variations.

Demme Load

PYG

3

Jur

: P&O/IDA-PBC MPPT

Fig. 1. PV system

Figure 2 shows a PV cell single-diode model,
operating within the 1st quadrant of the current-voltage
characteristics [34, 35].

IPhT [dl lIRp Rs E» ! +
@® v |& Vo
VD
\ A=

Fig. 2. Electrical equivalent model of PV module

The mathematical model for the same situation is:

. [0|:exp(q(V+I~Rs)]1:|V+I-Rs R

A-k-T Rp

where 1, is the cell photocurrent; I, is the diode saturation
current; R, is the series resistance; R, is the shunt
resistance; ¢ is the electron charge; I is the PV cell current;
V is the PV cell output voltage; k is the Boltzmann
constant; 4 is the diode ideality factor; T is the temperature.
Figure 3 illustrates the boost converter scheme.
Output voltage V,, is linked to its input voltage V' [36, 37]:
Ve/V =1/(1- 1), 2
where u is the carrier signal controlling the energy switch
duty cycle in the boost converter.

Fig. 3. The boost converter scheme
The boost converter model is:

1 1
X =——uxy +=V;
1= AT
1 3)
Xy =———Xy+— X,
where x| = I is the inductor current, which corresponds to
the PVG current; x, = V,, is the boost converter output

voltage, which corresponds to the load voltage.

Traditional P&O MPPT algorithm. Several
techniques are commonly utilized for MPPT in PV
systems. Among these techniques are:

1) P&O. This technique involves perturbing the
operating point of the PV and observing the resulting
change in energy output. The operating point is then
adjusted accordingly to approach the MPP.

2) Incremental conductance. This strategy utilizes
the incremental conductance of the PV system to
determine the direction in which the operating point
should be adjusted to approach the MPP. It is particularly
effective in tracking the MPP under rapidly changing
environmental conditions.

3) Constant voltage. In this approach, the voltage
across the PV system is maintained at a constant value,
and the current is adjusted accordingly to maximize
power output. This method is suitable for applications
where maintaining a stable voltage is critical.

4) Constant current. Similar to the constant voltage
technique, the constant current technique maintains a
constant current output from the PV system and adjusts
the voltage to maximize energy output. It is often used in
applications where a stable current supply is required.

These MPPT techniques vary in their complexity,
performance under different operating conditions, and
hardware requirements. Researchers continue to explore
and develop MPPT methods to ameliorate the PV systems
efficiency and reliability [38, 39].

The P&O method is widely regarded as the simplest
and most useful MPPT technique in the field of PV
systems due to its straightforwardness and ease of
application. The fundamental principle of P&O involves
applying a perturbation to the voltage of the operating
point and then observing the resultant impact on power. If
the energy increases, the P&O control is moving the
search in the correct direction (right) to track the true
MPP. It is evident that the disturbance has shifted the
operating point toward this MPP. The P&O algorithm will
persist in disturbing the voltage in the similar way.
Conversely, if the energy decreases, the disturbance has
moved the operating point away from the true MPP,
necessitating a reversal in direction [40].

Figure 4 shows the P&O control flowchart [41]. The
P&O offers the advantage of being straightforward to
implement in software or into microcontrollers. However,
as drawbacks, it oscillates around the MPP, which
introduces power losses and presents slow response times
in reaching the MPP. It may even track in the wrong
direction under rapid changes in irradiance.

Measure ¥(¢), I(?)
P(n) = V0)-1(0)

AP = P(1) - P(+-1)
AV = V(1) - V(t-1)

Fig. 4. P&O control flowchart
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The enhanced P&O MPPT algorithm, as proposed,
builds upon the conventional algorithm by incorporating
an IDA-PBC controller. This controller aims to minimize
the error between the PV voltage and the voltage
produced by the MPPT block. The models are simulated,
and the different results are presented next.

Proposed MPPT design strategy. The enhanced
IDA-PBC is presented here for a DC-DC boost converter
using a P&O algorithm, modeled using a passivity-based
control Hamiltonian system framework. The proposed
nonlinear regulator guarantees system stability and rapid
response even under significant load disturbances and
variations in illumination levels. This enhancement builds
upon the traditional P&O method, offering improved
performance and robustness in PV systems.

Model of DC-DC converter with IDA-PBC control.
The PBC establishes a regulator design methodology aimed
at stabilizing the system by rendering it passive [42, 43].
This approach ensures a stable and well-behaved system
response. The IDA-PBC approach involves identifying the
system’s natural energy function, referred to as H(x), where
the inductor and capacitor total energy are represented by
the Hamiltonian function.

The port-controlled Hamiltonian system is derived
from the following equation:

{x = [/ ()= RUIVH + gl

T
y=g' (x)VH.
Stabilization in the IDA-PBC control is attained by
targeting the closed-loop dynamics [44]:

{x =[J4(x)- Ry (x)IVH 3

T
y=g (x)VH,,
where H,(x) is the desired total power function that
reaches its minimum at x*, while J,=-J, and R, = R,7 >0
are the wanted interconnection and damping matrices
respectively.
The boost converter depicted in Fig.3 is represented
by its averaged model, which is given by:
" (6)
X+ ,
0

Loy, [fo —ux) [® 9
0o ¢/ 0)|0 ——
# Rch

A o
X2 C'Vch Vch

The control objective is to maintain internal stability
while regulating the generator voltage to the desired optimal
value. This entails stabilizing the desired equilibrium point
x". So that the wanted equilibrium point is [45]:

x*:(xr,x*)z{z'l/;,c'f/d} (®)

where V, is the output MPPT-P&O voltage delivered to
the passivity block command system. The boost converter
dynamic can be expressed in the form of port-controlled
Hamiltonian (4). To achieve this, the Hamiltonian
function of the boost can be described as [46]:

(4)

)

where:

1xt 1x3 1 7,

H(x)z—x—1+—x—2=—xTD 1x; 9)
2L 2C 2

and

<)o ) o)

Hence, the damping matrix is modified as bellow:
R,=R+R, (10)
where R, is the damping matrix added by the controller.
The aim is to represent the boost converter dynamics
as the Port-Hamiltonian system:
oH
5= (u)- Ry L), (11)

X

The new H/(x) exhibits a local minimum at the
desired equilibrium point x". That:
H;,=H+H, (12)
The primary aim of the IDA-PBC is to determine a
command z(x), R,, J,(x) and a vector K(x) satisfying the
partial differential equation:

Vi)~ R K= RS g (13)
where:
K=" () (14)
X
Verifying:
oK oK I
E- 50 as
From (16), result:
T
H _[aH_d(x)} R, Mi<o. (e
ox ox

It has an asymptotically stable equilibrium at x” if:

T
{—Md (x)} R, oy (x)=0=>x=x". (17)
Ox
The desired power function is expressed as:
Hd:%(x—x*YD*I(x—x*). (18)
The coefficient matrices and vector are:
Ja(x)=0; (19)
n O
R, = ; (20)
0 I"2
Hd:%(x—x*)TD_l(x—x*). @1
So:
oH

(x)=D7'x and K(x)=a(x)=—px".
X ox

Inserting (14) into (11) results to:

[‘]d Ry ]D_IX* = _[Ja -R, ]D_lx +gE. (22)
From (22), the dynamic duty ratio is:

1((. .*) )
=—\Wli—1i +Vpy].
u v i PV

Using (23) we can compute the converter duty cycle
required to maximize the power from the PVG.

Results. To assess the enhanced PV system
performance (Fig. 1), MATLAB software was used. The PV
system parameters are listed in Table 2. A comparative study
was undertaken to evaluate 3 different MPPT techniques:
P&O, P&O with PI control, and P&O with an IDA-based
PBC algorithm. This comparison focuses on the efficiency

(23)
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and dynamic response characteristics of each technique
during a simulation time 7 = 0.5 s. Notably, all results were
obtained under a dynamic load condition of 40 Q.

Table 2
The PVG module parameters
Parameters Rated value
Short-circuit current /.., A 3.24
Maximum energy P, W 62.2
Open-circuit voltage V.., V 24.93
Current [, at Prgy, A 3.04
Voltage V., at Py, V 20.21

Influence of variation in solar irradiation. The
variation in irradiation levels is modeled according to the
function shown in Fig. 5, while the temperature remains
constant at 25 °C throughout the simulations. The results
of the simulations for power, voltage and current are
depicted individually for each of the 3 MPPT algorithms
in Fig. 6-8, respectively. Additionally, it is worth
mentioning that the variation in irradiation levels, as
represented by the function in Fig. 5, plays a significant
role in determining the PV system performance under
different conditions. By keeping the temperature fixed at
25 °C, the focus of the analysis is directed toward the
impact of irradiation level changes on the system’s power
generation capabilities.

1050 G’ W/mz i i

1000

950

900

850

800

750

700,

0 0.05 0.1 0.15
Fig. 5. Changes on irradiation level

Furthermore, the simulation results presented in Fig. 68
offer a comprehensive comparison of the effectiveness and
efficiency of the MPPT algorithms under consideration. By
examining the variations in power, voltage and current
across different irradiation levels, insights can be gained into
the dynamic response and overall performance
characteristics of each MPPT technique.

Overall, these simulation results provide valuable
information for optimizing the operation of PV systems
under varying environmental conditions, thereby
contributing to the advancement of RES technologies.

In Fig. 6 (zoom a), it can be observed that the output
energy of the PVG controlled by the P&O/IDA-PBC
reaches the MPP at 4.2 ms, compared to the P&O/PI and
P&O, which achieve the same MPP at 20 ms and 25 ms,
respectively. The P&O/IDA-PBC provides the best
tracking of maximum power and voltage compared to the
P&O/PI and P&O.

As can be seen in Fig. 6 (zoom b), the P&O/PI and
P&O continue to perturb the system in the same direction,
resulting in large energy losses during the linear decrease in
radiation levels from 1000 W/m® to 900 W/m’. However,
the P&O/IDA-PBC overcomes this behavior by
significantly reducing undulations around the MPP, thus

minimizing energy losses. At the end of the simulation time
(0.4-0.5 s) in Fig. 6 (zoom c¢), as the irradiation level
increases to 1000 W/m? it can be observed that the
P&O/IDA-PBC controls the PVG to maintain more stable

power than the P&O/PI and P&O algorithms.
70 T T T T T

I e B S S B ==+ P&O A
v ! ! ! ! ! | ——P&O/PLPBC
0 | | | | | | | | | t, §|
0 005 01 015 02 025 03 035 04 045 05
Fig. 6. PVG output power
30 ' . . . , .
| | | | ' !
V.,V —— P&O/IDA-PBC

P&O

55 — P&O/PI

1 1 1
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Flg 7. PVG output voltage
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Fig. 8. PVG output current

The percentage reduction in energy of the PVG
output power is 2.49 % (P&O), 0.43 % (P&O/PI) and
0.014 % (P&O/IDA-PBC).

As shown in Fig. 7, the ripple rates in PVG voltage
are 643 % (P&O), 5.19 % (P&O/PI) and 0.44 %
(P&O/IDA-PBC). For the PVG current, these rates are
6.18 %, 1.95 % and 0.29 %, respectively. The proposed
strategy demonstrates the best control performance of the
PV system, as it achieves the fastest MPPT speed with the
least fluctuations and energy losses under the influence of
variations in solar irradiation.

Influence of temperature variations. The variation
in temperature is modeled according to the function
illustrated in Fig. 9, while the solar irradiation remains
constant at 1000 W/m? throughout the simulations.
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Fig. 9. Temperature variation function

Figures 10-12 show the simulation results for the
PV system’s output power, voltage and current, controlled
by the 3 algorithms under consideration. These results
provide insights into how changes in temperature impact
the performance of the MPPT and its ability to optimize
the energy output of the PV system.

Moreover, the simulation results comparison
obtained from the 3 MPPT algorithms allows for a
comprehensive evaluation of their efficiency and
effectiveness under varying temperature conditions.

In Fig. 10 (zoom a), the MPP is reached after 4.2 ms
for the P&O/IDA-PBC and after 20 ms and 25 ms for the
other MPPTs. These results show that the P&O/IDA-PBC
converges very quickly to the MPP compared to the
P&O/PI and P&O.

At the time interval 0.2-0.3 s in Fig. 10 (zoom b), when
the temperature increases linearly from 40 °C to 60 °C, it
can be noticed that the P&O/IDA-PBC algorithm tracks
the MPP in the correct direction and exhibits fewer
oscillations compared to the P&O/PI and P&O.

Figure 10 (zoom c¢) shows that at the simulation
interval 0.4-0.5 s, the efficiency of the system controlled
by P&O/IDA-PBC is 99.97 %, compared to 99.7 %
(P&O/PI) and 97.59 % (P&O). This demonstrates that the
PVG output power oscillation in P&O/IDA-PBC is more
reduced compared to the P&O algorithm.
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Fig. 10. PVG output power
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In Fig. 11 the ripple PVG voltage rate are 5.09 %
(P&O), 2.52 % (P&O/PI) and 0.74 % (P&O/IDA-PBC).
In Fig. 12, the ripple PVG current rate are 6.51 % (P&O),
1.62 % (P&O/PI) and 0.48 % (P&O/IDA-PBC). These
results also prove that enhancing P&O with a PBC
strategy significantly reduces oscillations and is more
efficient than the P&O.
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Fig. 12. PVG output current

Abrupt increase in load. The performance
evaluation of the system during a load variation at a fixed
temperature of 25 °C and irradiation of 1000 W/m? is
shown in Fig. 13. An abrupt increase in the load was
applied by adding a resistor of 5 Q at = 0.26 s.

The results show that the use of P&O/IDA-PBC is
the most effective compared to P&O and P&O/PI. As
shown in Fig. 13 (zoom), the P&O/IDA-PBC ensures a
very fast convergence to the MPP, with almost no
oscillations around the MPP and, hence, less losses. It is
to remark that when the value of the load increases, the
decrease in power is important. Furthermore, the system
controlled by P&O/IDA-PBC has 99.99 % efficiency
compared with the P&O and P&O/PI algorithms are
96.95 % and 99.57 % respectively. It can be concluded
that the P&O/IDA-PBC exhibits superior characteristics
compared to P&O and P&O/PI.
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Fig. 13. PVG output power under robustness test
for sudden changes of the load
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Conclusions. Multiple MPPT algorithms were
employed to optimize the PVG energy output. Among
these algorithms, the P&O exhibits drawbacks such as
inadequate support for sudden variations in irradiation
levels and oscillations in power around the actual MPP.
The passivity-based control strategy represents a viable
approach for enhancing the P&O algorithm.

This work demonstrates the feasibility of leveraging
passivity-based control strategies to enhance the
characteristics of the P&O technique. Passivity theory has
been applied in detail to the boost converter, which serves
as an adjustment stage between the load and the PVG. The
P&O delivers the measured reference voltage to the
designed passivity block in order to significantly improve
system efficiency. By applying passivity theory, we
developed a P&O variant based on passivity, named the
P&O/IDA-PBC technique.

Simulations were performed by comparing the
efficiency of the studied system using 3 types of MPPTs:
P&O/P], classical P&O, and the proposed P&O/IDA-PBC.
The results support that IDA-PBC greatly improves P&O
performance, reduces power losses caused by ripples in the
power of the operating MPP, and considerably increases
convergence time. It is also worth noting that P&O/IDA-
PBC is more robust than P&O/PI and classical P&O, as
demonstrated by a set of tests, including temperature
dependence on irradiation levels, abrupt variations in
irradiation, and changes in load.

According to the simulated results, it can be
concluded that the P&O/IDA-PBC method can correctly
track the MPP under various operating conditions,
providing the best efficiency in tracking the MPP,
minimizing power loss, reducing oscillations around the
MPP, and ensuring a more stable operating point
compared to classical P&O and P&O/PI. Future work
involves the practical implementation using the process in
the loop technique to test and validate the proposed
P&O/IDA-PBC method performance.
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