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ABSTRACT Due to improved efficiency of solar photovoltaic (PV) systems, this article proposes a modified
perturb and observe (MPO) maximum power point tracking (MPPT) algorithm. The MPO algorithm in
question adopts a tracking approach that divides the power-voltage curve into four operational regions
based on the estimated open-circuit voltage. Additionally, this algorithm enhances the maximum power point
(MPP) trackingmethod by reducing unnecessary step-size calculations, focusing only on a 10% section of the
power-voltage curve that contains the MPP. Consequently, the two regions located far from the MPP, below
90% of the power-voltage range, utilize a large fixed step-size to ensure swift tracking speed. Furthermore,
in the regions close to the MPP, the remaining areas employ a similar tracking strategy as the adaptive P&O
algorithm, aiming to achieve minimal steady-state oscillations around the optimal MPP. The performance
of the proposed MPO algorithm is demonstrated by validating it against sinusoidal, ramp irradiance, and
one-day (10 hr.) irradiance profiles using MATLAB/SIMULINK. The simulation results confirm that the
proposed algorithm outperforms recently published techniques in terms of convergence speed, achieving the
shortest time of 15 ms, and slightly higher tracking efficiency of the PV system under uniform irradiation,
reaching 99.8%.

INDEX TERMS PV system, large-scale PV array, grid-tied systems, MPPT, P&O, boost converter.

NOMENCLATURE
VMPP PV voltage at MPP.
Voc Open circuit voltage of PV array.
Iph Photo-generated current.
Isat Reverse saturation current.
Isc PV short circuit current.
G Global insulation.
Teff Tracking efficiency.
BC Boost converter.
MPPT Maximum Power Point Tracking.
CPO Conventional step-size P&O.

The associate editor coordinating the review of this manuscript and

approving it for publication was Min Wang .

MPO Modified P&O.
LS-PO Large-step P&O.
SS-PO Small-step P&O.

I. INTRODUCTION
The growing global power demand, resource depletion, and
environmental concerns related to traditional energy sources
have led to a significant push for the widespread adoption of
renewable energy resources [1], [2], [3]. As a result, renew-
able energy sources such as wind, solar, tidal, and geothermal
energy have emerged as sustainable and environmentally
friendly alternatives to conventional resources. Among these,
solar photovoltaic (PV) systems offer a promising solution for
harnessing solar energy due to their simplicity, convenience,
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scalability, pollution-free operation, and low maintenance
requirements. However, a major drawback of PV systems is
their relatively lower conversion efficiency of solar cells [4],
[5]. Typically, solar cells have an efficiency ranging from
9% to 17%, which is influenced by weather conditions [6].
Moreover, the dependency of solar energy generation on
weather conditions makes PV systems an unreliable power
source. Therefore, efficient control strategies are crucial
to ensure the effectiveness and reliability of PV system
operation.

The I-V and P-V characteristics of solar cells are
nonlinear and dependent on factors like applied radiation and
temperature [7], [8]. As a result, there exists a specific point
on the P-V curve known as the maximum power point (MPP),
where the solar cell can extract the maximum power [9].
To operate at this MPP, maximum power point tracking
(MPPT) algorithms have been developed and implemented
in PV control systems. Various MPPT techniques have been
introduced to track the MPP of solar panels under different
irradiance profiles. These techniques can be broadly catego-
rized into two main groups: conventional MPPT techniques
and soft computing MPPT techniques. Conventional MPPT
techniques, such as fractional short-circuit current, fractional
open-circuit voltage, perturb and observe (P&O), and hill
climbing strategies, are known for their simplicity and low
implementation cost [1], [10].
The main limitations of fractional short-circuit current

and fractional open-circuit voltage techniques are their low
tracking accuracy and limited applicability in low power
situations. Despite the widespread use and effectiveness of
Hill climbing (HC), P&O, and Incremental Conductance (IC)
methods under consistent sunlight, they are ineffective when
faced with rapidly changing sunlight conditions and partial
shading.

In addition, the primary limitations of conventional meth-
ods include slow tracking speed and significant steady-state
oscillations. To address these shortcomings, soft computing
techniques have been introduced, such as fuzzy logic
control, sliding mode control, artificial neural networks,
and metaheuristic-based algorithms like particle swarm
optimization and genetic algorithms [11], [12], [13]. These
approaches are effective in dealing with system nonlinearity
and achieving the global optimum maximum power point,
particularly in the presence of partial shading conditions.
However, the use of soft computing MPPT techniques
raises concerns regarding computational burden and com-
plexity [14].
Various MPPT algorithms have recently been introduced

for efficient tracking of PV-MPP [5], [15], [16]. In [17], a new
IC-MPPT technique was presented for rapidly changing
irradiance profiles, adjusting the DC-DC converter duty
cycle. However, it has slower time response compared
to other MPPT techniques. Reference [18] proposed an
advanced P&O MPPT technique to improve system effi-
ciency under fast-changing irradiation conditions. However,
it exhibits relatively slow time response and high steady-state

oscillations. Reference [19] suggested an improved IC-
MPPT technique to enhance system dynamic response under
fast-changing irradiance profiles. However, the presented
topology requires a specialized controller, increasing system
installation cost due to multiple calculations. [20] introduced
a novel MPPT algorithm for accurate dynamic behavior
and system efficiency. Nevertheless, it has a relatively
slow MPPT speed. Reference [21] proposed a new MPPT
technique using the photodiode as a current sensor, reducing
the number of required sensors in PV systems. However,
it is only applicable to simple configurations and low-
power PV systems. Reference [2] presented a modified
P&O MPPT algorithm to minimize steady-state oscillations
by considering variable duty cycle perturbation step-size.
Reference [22] proposed a novel MPPT technique based on
the particle swarm optimization strategy, enhancing system
tracking efficiency. However, it requires a controller with
higher specifications, leading to increased installation cost.
Reference [23] introduced an advanced MPPT technique
based on scanning, while [24] proposed a novel hybrid
MPPT technique based on direct P&OMPPT. Reference [25]
suggested an improved auto-scaling variable step-size P&O
MPPT technique for enhancing system dynamic response
and stability. However, it complicates controller calculations,
increases execution time, and requires a higher specifi-
cation controller. Reference [26] presented an improved
P&O MPPT technique with efficient open-circuit voltage
estimation for grid-connected PV systems, utilizing variable
step-size for duty cycle perturbation, reducing required sen-
sors and enhancing steady-state oscillations. Reference [9]
proposed an improved P&O MPPT technique for boosting
PV system efficiency by concentrating the search area
to 15% containing the MPP and starting perturbations
within this limited search space. Furthermore, several
computational-based MPPT algorithms have been suggested
for efficient operation in standalone and grid-integrated
applications [27], [28], [29], [30], [31]. However, they suffer
from control complexity and increased controller execution
time.

Based on a comprehensive review of existing literature,
this paper introduces an advanced perturb and observe (P&O)
MPPT technique that incorporates an adaptive duty cycle
perturbation, resulting in a reduced search area. The proposed
modified P&O (MPO) algorithm aims to minimize the
computation of excessive step sizes by focusing the MPP
tracking search area on only 10% of the power-voltage curve.
To achieve this, the power-voltage curve is divided into
four operating regions based on the estimated open-circuit
voltage. The outer two regions, located far from the MPP and
representing below 90% of the power-voltage range, utilize
a large fixed step size, ensuring rapid tracking speed. The
remaining regions, closer to the MPP, employ a methodology
similar to the adaptive P&O algorithm to achieve low steady-
state oscillations around the optimal MPP.

To validate the effectiveness of the proposed MPO
algorithm, sinusoidal, ramp irradiance, and one-day
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FIGURE 1. PV model [26].

(10 hr.) irradiance profiles are simulated using MATLAB/
SIMULINK. The results demonstrate that the application
of the proposed MPO algorithm enhances the system’s
tracking speed while minimizing steady-state oscillations.
This confirms the superiority of the proposed algorithm
compared to recently published techniques.

The article is structured as follows: Section II provides
a mathematical model of the solar PV system. Section III
focuses on the modeling of the boost converter. The grid
side modeling is discussed in Section IV. In Section V,
various P&O MPPT algorithms, including the conventional
P&O algorithm, adaptive P&O algorithm, and the proposed
MPO algorithm based on open circuit voltage estimation
method, are examined. Section VI presents the simulation
results of the proposed MPO algorithm using different solar
radiation profiles. Section VII demonstrates the superior
performance of the proposed MPO algorithm compared to
recently published P&O algorithms. Finally, Section VIII
summarizes the key findings of the article.

II. MODELING OF SOLAR CELL
Solar cells are crucial components in photovoltaic (PV)
systems as they directly convert sunlight into electricity. They
are connected in parallel and series combinations to increase
the output voltage and current, creating solar arrays. In the
literature, the commonly used solar cell models are the single
diode and double diode models [1]. Figure 1 illustrates the
equivalent circuit of a single diode model. Mathematically,
the output voltage and current of a PV module can be
described as follows:

I0 = NpIph − NpIsat

[
e
q(V+Rs·I0)
A·k·T ·Ns − 1

]
− Np

[
q(V + Rs · I0)

Ns · Rsh

]
(1)

where I0 is the output current of the PV array,V is the terminal
voltage of the PV array, Np and Ns are the parallel and series
connected modules of the PV array, Iph is the photo-generated
current, Isat is the reverse saturation current andRs andRsh are
the series and shunt resistance of the PVmodule, respectively.
k, q,A andT are the Boltzmann’s constant, electron charge,
p-n ideality factor and cell temperature, respectively.

The photo-generated current Iph, which is function of the
solar irradiance G and the cell temperature can be described

TABLE 1. Canadian CS5P-220M PV module characteristic.

mathematically as follows;

Iph =
G

1000
(Isc + Ki(T − Ti)) (2)

where Isc is the short circuit current at standard temperature
and irradiance (G = 1000 W/m2 and Ti = 298 K), ki is the
short circuit current temperature coefficient and Ti is the cell
reference temperature. The reverse saturation current varies
with cell temperature and it is described as follows;

Isat. =
Isc + Ki(T − Ti)

exp
(
Voc+Kv(T−Ti)

Vt

)
− 1

(3)

Where Voc is the open-circuit voltage, Kv is the open-circuit
voltage coefficient and Vt is the thermal voltage (Vt =

K .T/q). The short-circuit current is expressed in terms,
of irradiation G and temperature T :

Isc (G,T ) =
G

G(stc)
[Isc(stc) + µIsc

(
T − T(stc)

)
] (4)

The open-circuit voltage is expressed in terms, of irradia-
tion G and temperature T () [2]:

Voc (G,T ) = Voc(stc) + C1 ln (
G

G(stc)
) + C2 ln

(
G

G(stc)

)2

+ C3 ln
(

G
G(stc)

)3

+ µVoc

(
T − T(stc)

)
(5)

where the constants values as follow; C1 = 5.468511×10−2,
C2 = 5.973869 × 10−3, and C3 = 7.616178 ×10−4 for
silicon. Isc and Isc(stc) are short-circuit current of a PVmodule
and its value at standard test conditions ,Voc and Voc(stc) are
the open-circuit voltage of a PV module and its voltage at
standard test conditions.

G and G(stc) are solar irradiance (W/m2) and irradiance at
standard test conditions (STC) (1000 W/m2). T and T(stc) are
the temperature of the PV module (K) and its temperature
at STC (25oC or 298.15 K). µVoc , µIsc are the thermal
coefficient of the open-circuit voltage (V/oC) and short-
circuit current (A/oC). A PV array composed of 60 modules
based on the Canadian CS5P-220M PVmodule is used in this
study. The module characteristics at fixed irradiance level of
1000 w/m2 are presented in Table. 1.

III. MODELING OF BOOST CONVERTER
The PV module and grid-side inverter are connected through
a step-up chopper, also known as a boost converter. This

79410 VOLUME 11, 2023



A. I. M. Ali et al.: Enhanced P&O MPPT Algorithm With Concise Search Area for Grid-Tied PV Systems

FIGURE 2. The proposed grid-connected system [26].

converter consists of a PWM-controlled IGBT switch,
an input inductor, an output capacitor, and a diode (refer to
Fig. 2). The primary purpose of the boost converter is to
track the MPP as the irradiance level changes. Additionally,
it boosts the output voltage from the PV module to a suitable
level for grid connection. The IGBT switch can be toggled
between ON and OFF states, and by adjusting its duty cycle,
the output voltage can be controlled. The switch position is
denoted by a switching state variable (u), which is set to
zero when the switch is open and one when it is closed. The
dynamic behavior of the boost converter can be described
using Kirchhoff’s laws [34].

diL
dt

=
Vpv − Vo

L
+
Vo
L

∗ u (6)

dVo
dt

=
iL
Co

−
iL
Co

∗ u (7)

where;

u =

{
0, IGBT is swiched − OFF
1, IGBT is switched − ON

where, Vo is the boost converter output voltage and iL is the
input inductor current. The output voltage Vo is function of
the PV array voltage Vpv and the duty cycle D as expressed
in (8) [1].

Vo
Vpv

=
1

1 − D
(8)

IV. GRID SIDE CONTROL
The PV generation system is linked to the grid using a grid-
side inverter (GSI). The GSI plays a crucial role in controlling
the active and reactive power injected into the grid, while also
regulating the DC bus voltage to its reference value, even

in changing weather conditions. The regulation of the DC
voltage is achieved through a DC voltage control loop, which
incorporates a PI outer controller loop. On the other hand, the
control of the active and reactive power injected into the grid
is carried out using an inner vector control loop. This control
loop utilizes two PI controllers to regulate the d-axis and
q-axis currents.

To achieve the unity power factor operation of the GSI, the
quadrature current reference Iq−ref is set to zero. The block
diagram of the grid-side control is depicted in Fig. 2. The
phase voltages of the GSI as a function of grid voltages and
currents are formulated in Eq. (9).

Va
Vb
Vc

 =
[
Rf

]  ia
ib
ic

 +

 λ̇a

λ̇b

λ̇c

 +

Vga
Vgb
Vgc

 (9)

where Va, Vb and Vc are the GSI output voltages, Vga, Vgb
and Vgc are the grid phase voltages. ia, ib and ic are the
grid line currents. λ̇a = Lf

difa
dt , λ̇b = Lf

difb
dt and λ̇c =

Lf
difc
dt , Rf and Lf are the filter resistance and inductance,

respectively. By transforming Eq. (9) from the stationaryABC
phase coordinate system to the dq rotating coordinate system.
The grid voltages are formulated as:[

Vgd
Vgq

]
=

[
Vd
Vq

]
−

[
rf

] [
id
iq

]
−

[
λ̇d − ωgψq

λ̇q + ωgψd

]
(10)

Where (Vgd , Vgq) and (Vd , Vq) are the d-axis and q-axis of
the grid voltages and GSI voltages, respectively. ωg = 2π fg,
ψq = lf iq, ψd = lf id , λ̇d = lf ddt id , λ̇q = lf ddt iq. The
instantaneous active and reactive power injected to the grid
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FIGURE 3. Conventional P&O MPPT technique [26].

TABLE 2. Scheme of the conventional P&O algorithm.

are given by:

Pg =
3
2
(V gd id−Vgqiq) (11)

Qg =
3
2
(V gd iq−Vgqid ) (12)

V. MPPT CONTROL
A. CONVENTIONAL P&O ALGORITHM [1]
The Conventional Perturb & Observe (CPO) algorithm is
widely adopted due to its simplicity, as depicted in Fig.3. The
strategy of the CPO algorithm can be summarized as follows:

• Continuously observe power variations (1P).
• Perturb the reference voltage until the maximum power
point (MPP) is tracked.

During the tracking process, the direction of voltage pertur-
bation is determined by the sign of 1P. If 1P is positive,
the voltage perturbation continues in the same direction.
Conversely, if 1P is negative, it indicates that the MPP is far
away, and the voltage perturbation should be reduced to track
the MPP. Table 2 provides a summary of the CPO algorithm’s
operations.

The oscillation levels around the MPP and the settling time
response are determined by the amplitude of the voltage or
duty cycle step size used in the CPO algorithm. Therefore, the
CPO algorithm utilizes a fixed step size, which can be either
small or large.When a small step size is employed, it results in
lower steady-state oscillation levels but slower convergence
time and increased power loss. On the other hand, using a
large step size reduces the convergence time but leads to
higher oscillation levels. Consequently, several researchers
have explored modifications to the CPO algorithm to address
the limitations of response time and steady-state oscillation
levels.

B. ADAPTIVE P&O ALGORITHM [2]
To overcome the limitations of conventional P&O algo-
rithms, various adaptive P&O algorithms have been devel-
oped, utilizing either duty cycle or voltage perturbation
approaches [4], [5], [6], [7]. These adaptive algorithms
aim to address issues related to dynamic tracking response
and steady-state oscillations. They intelligently adjust the
perturbation step size during the tracking process based on the
proximity to the MPP. In order to maximize tracking speed,
a large perturbation step size is used when the operating
point is far from the MPP. As the operating point gets
closer to the MPP, the perturbation step size is dynamically
reduced to a smaller value. Adaptive P&O algorithms employ
varying perturbation step sizes according to the operating
point, allowing for fast tracking with minimal steady-state
oscillations.

In a specific study [35], the adaptation of the perturbation
step size is achieved through a relationship between the
variations in power (1P) and voltage (1V).

1Vn+1 = M
1Pn
1Vn

(13)

where, M is an accuracy constant.
Another method can be used in [7] which mainly based on

the logarithmic function,

1Vn+1 = M ln
(
1Pn
1Vn

)
(14)

Adaptive P&O algorithms provide fast dynamic response
and good steady-state stability. However, they require
additional calculations when operating far from the MPP.
To reduce these calculations, a fixed step-size can be used
in the far region from the MPP, resulting in a smaller search
area for the MPP curve where adaptive step-size is applied.

C. PROPOSED P&O ALGORITHM
To overcome the limitations of the CPO method and
minimize the computational burden associated with step-
size calculations in adaptive perturb and observe (P&O)
algorithms, the authors have introduced a modified P&O
(MPO) algorithm in their research. This MPO algorithm
offers a rapid dynamic response with minimal steady-state
oscillations, while maintaining simplicity. The approach
employed in the proposed MPO algorithm involves dividing
the power-voltage curve into four operating regions based on
an estimated open circuit voltage. The two regions located
far from the maximum power point (MPP) employ a larger
fixed step-size, enabling faster tracking speed and reducing
unnecessary step-size calculations. On the other hand, the
remaining regions closer to the MPP operate similarly to
the adaptive P&O algorithm, resulting in reduced steady-
state oscillations around the peak point. By combining
elements from both the CPO and adaptive P&O algorithms,
the proposed MPO algorithm effectively addresses their
drawbacks and improves dynamic response performance.
However, a significant challenge in implementing the MPO
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TABLE 3. Literature review defined the factor KOC.

algorithm lies in accurately determining the values of the
open circuit voltage and maximum output voltage.

1) ESTIMATING THE OPEN CIRCUIT AND MAXIMUM
OUTPUT VOLTAGES
To implement the proposed MPO algorithm effectively, it is
crucial to initially determine the values of VMPP (output
voltage at maximum power) and VOC (open circuit voltage)
for each solar radiation. This helps in dividing the MPP
tracking curve into different operating search areas, allowing
individual control over their applied step-size and tracking
strategy. Numerous literature reviews indicate that the output
voltage at maximum power VMPP is directly proportional to
the open circuit voltage VOC, expressed as follows:

VMPP = KocVoc (15)

where, Koc is constant that determined based on the
characteristics of the PV array and can be found in Table 3.
The proposed method described in [26] can be employed
to estimate the open circuit voltage, enabling the direct
determination of the output voltage at maximum power
using (15) with being approximately 0.76. This reduction in
the number of required voltage and current sensors decreases
the implementation cost of the PV system. Both VMPP and
VOC are determined for the tracking strategy in the proposed
MPO algorithm.

2) IMPLEMENTATION OF THE PROPOSED MPO ALGORITHM
Upon determining the open circuit voltage and the output
voltage at maximum power, the power-voltage curve is
divided into four regions. The objective of the proposed
MPO algorithm is to restrict the search space for the
maximum power point (MPP) within only 10% of the power-
voltage curve. This approach enhances both the tracking
speed and the reduction of steady-state oscillations around
the MPP.

Specifically, Area (1) and Area (4) correspond to 90% of
the power-voltage curve area. In these regions, a large fixed
step-size is employed since the operating point is situated far
from the MPP. The purpose is to minimize the response time.

TABLE 4. Search area distribution of power-voltage curve.

FIGURE 4. MPO algorithm strategy.

The duty cycle value is perturbedwith1DL if the operating
voltage (Vpv) is (0 <Vpv < V1) and (V2 < Vpv < Voc).
The magnitudes of V1 and V2 are defined and tuned,
as discussed in the literature review, to obtain the best
performance of the proposed MPO algorithm as given in
Table 4. By moving towards the MPP, the search area is
limited to 10%. Area (2) and Area (3) are operated as same
as the strategy of the adaptive P&O algorithm that reduces
the steady-state oscillations. Hence, the duty cycle step-size
is perturbed with value S. The magnitude of S is calculated as
Eq. (16). Area (2) is defined when V1 < Vpv < VMPP, while
Area (3) is defined when VMPP < Vpv < V2. The approach
of the proposed MPO algorithm is shown in Fig.4 (a) while
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FIGURE 4. (Continued.) MPO algorithm strategy.

the complete operation flow chart is given in Fig.4 (b).

S = M
1Pn
1Vn

(16)

The operational approach of the proposed MPO algorithm
can be summarized as follows:

• Estimating the Voc..
• Dividing the power-voltage curve into four regions.
• Designating the two regions that are farther away from
the MPP to be operated with a large fixed step-size.

• For the remaining regions closer to the MPP, employing
an adaptive P&O algorithm.

• Perturbing the duty cycle using an appropriate step-size.
• Updating the control variables accordingly.

VI. RESULTS AND DISCUSSION
The grid-tied PV system is modeled and the effectiveness
of the Proposed MPO algorithm is validated using the
MATLAB/SIMULINK environment. The parameters of the
overall system and the characteristics of the simulated PV

array can be found in Appendix [1]. The performance of the
developed MPO algorithm is evaluated under various solar
irradiance profiles, including step change, sinusoidal, and
real solar irradiance profiles, all at an ambient temperature
of 25 ◦C. The results obtained from the proposed MPPT
algorithm are compared with those obtained from the
conventional P&O algorithm, both with large and small step
sizes.

Furthermore, grid-side results are showcased to illustrate
the effectiveness of the proposed MPO algorithm.

A. THE ROPP TEST
The proposed algorithm is tested under varying solar
insolation conditions, both gradual changes and sudden step
and ramp changes. Figure 5(a) shows the solar insolation
profile used for testing. Figure 5(b) displays the output power
of the PV system with both the conventional and proposed
MPO algorithms.

Using the large step conventional P&O (LS-PO) algorithm
results in high tracking speed (15ms), but it also leads to large
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FIGURE 5. MPO algorithm strategy.

oscillations around the maximum power point (MPP), which
reduces overall system efficiency.

On the other hand, the small step conventional P&O (SS-
PO) algorithm eliminates steady state oscillations compared
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to LS-PO, but the tracking speed drops significantly (120 ms)
due to the smaller step size.

The proposed MPO algorithm combines the advantages
of both LS-PO and SS-PO. It achieves a tracking speed
similar to LS-PO (15 ms) while significantly reducing power
oscillations even more than SS-PO, thanks to the adaptive
step.

The performance analysis of the proposed technique can
be further conducted by examining the solar array output
voltage, as shown in Figure 5(c). The peak-to-peak voltage
ripple for the conventional techniques with large and small
fixed steps is observed to be 20 V and 3 V, respectively,
as indicated in the zoomed region. In contrast, when applying
the proposed algorithm, a smaller voltage ripple of 2 V is
experienced, as depicted.

The superiority of the proposed MPO algorithm becomes
evident in Figure 5(d), which illustrates the PV output current.
Comparing with the conventional techniques, the proposed
algorithm exhibits improved tracking efficiency.

Figure 5(e) presents the efficiency of the conventional
and proposed MPO techniques over the operation period,
calculated according to the reference [1]. Due to large steady-
state oscillations, the conventional large fixed step P&O
technique demonstrates lower efficiency compared to both
the small step P&O and the proposed algorithm. The average
efficiency values for the conventional large and small fixed
step algorithms are 98.8% and 99.3%, respectively. However,
the proposed technique achieves higher average efficiency at
99.8% due to its fast tracking response and smaller steady-
state oscillations.

To validate the strategy of the proposed MPO algorithm,
the perturbation duty cycle step-sizes are depicted in
Figure 5(f), as investigated in section V-C. It is noteworthy
that the large fixed step-size is utilized below 90% of the
power-voltage curve, while closer to the MPP, adaptive step-
sizes are employed, with the smallest values being ±2e-7.
A summarized comparison of the three tracking algorithms

in terms of voltage ripple, settling time, and tracking
efficiency is provided in Table 5.

The proposed MPO algorithm was used to evaluate the
performance of the analyzed system on the grid side. This
evaluation involved examining the power injected into the
grid, as well as the voltages and currents, including the dc-link
voltage. The results of the grid side analysis with the proposed
algorithm can be seen in Fig.6. The performance of the dc-
link voltage is shown in Fig.6 (a), where the capacitor dc
voltage remains at the reference value of 750 V regardless
of changes in irradiance levels. Fig.6 (b) displays the total
active and reactive power injected into the grid. It is evident
that the active power varies according to solar irradiance
changes, while the reactive power remains close to zero
due to the unity power factor operation of the grid side
inverter. This can be observed in Fig.6(c), which illustrates
that the voltage and current are always in phase. Additionally,
Fig.6(d) demonstrates that the q-axis current remains at zero,
while the d-axis component follows the reference value.

FIGURE 6. Grid-side system results.

B. SINE IRRADIANCE PROFILE
To evaluate the tracking performance of the proposed
algorithm under real environmental conditions, a sinusoidal
irradiance profile, as shown in Figure 7(a), is applied. This
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TABLE 5. Comparison among CPO and MPO algorithms.

TABLE 6. Comparison between the proposed algorithm and the recent published techniques.

profile introduces nonlinear changes in solar irradiance,
in contrast to the linear changes analyzed in the previous
profile. Figure 7(b) illustrates the output power obtained
from the conventional and proposed MPPT algorithms. It is
evident that the proposed algorithm exhibits superior tracking
performance in terms of both tracking speed and steady-
state oscillations compared to the conventional techniques.
Upon closer examination of the zoomed regions, it can be
observed that the algorithm with a large fixed step size
suffers from incorrect tracking direction and higher steady-
state oscillation. On the other hand, the algorithmwith a small
fixed step size experiences lower tracking speed as its main
drawback.

C. ONE-DAY IRRADIANCE PROFILE
To further evaluate the proposed MPO technique, a daily
irradiance profile spanning ten hours is utilized, as depicted
in Fig.8 (a). This profile represents actual irradiance data for
a day characterized by intermittent clouds and showers. The
solar irradiance gradually increases in the morning, remains
relatively stable during the afternoon, and then linearly
decreases in the late afternoon. Fig.8 (b) illustrates the output
power, enabling a comparison of the tracking performance
between the conventional and proposed algorithms.

Both the conventional and proposed algorithms are capable
of tracking the maximum power point (MPP). However,
the conventional algorithm with a large fixed step P&O
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FIGURE 7. Results of sine irradiance profile.

FIGURE 8. Results of realistic irradiance profile

technique exhibits greater oscillation, resulting in increased
power losses and reduced tracking efficiency. In contrast,

both the small fixed step and proposed MPO techniques
demonstrate efficient tracking performance, as evident from
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the zoomed-in regions in Fig.8 (b), where changes due to
intermittent clouds and showers are captured accurately.

VII. COMPARATIVE STUDY
Table 6 presents a detailed comparison among various
MPPT algorithms in terms of perturbation type, controlled
variable, converter type, convergence speed, and tracking
efficiency to demonstrate the superior tracking performance
of the proposed MPO algorithm compared to existing
published algorithms. Some P&O algorithms rely on voltage
perturbation, which can lead to voltage oscillations, resulting
in incorrect tracking, increased computational time, and
memory usage. In contrast, the proposed algorithm, like
certain other algorithms, utilizes duty cycle perturbation. This
approach effectively reduces tracking oscillations and ensures
accurate perturbation operation without being affected by
voltage oscillations.

The simulation results of [26] closely resemble those
of this article, with slight differences in perturbation type,
convergence speed, and tracking efficiency. In [26], a voltage
perturbation type with variable step-sizes and constant
magnitude in each search area is employed. However, this
approach can directly influence the tracking process and
oscillation levels, particularly during rapid solar radiation
fluctuations. Additionally, the algorithm focuses the MPP
search area on only 15% of the total curve. Consequently, the
proposed MPO algorithm exhibits several advantages over
other algorithms, which can be summarized as follows:

• Estimating the open circuit voltage poses a significant
challenge.

• The proposed MPO algorithm utilizes the estimated
open circuit voltage to guide the tracking process by
dividing the power-voltage curve into four regions in
both forward and backward perturbation directions. This
approach concentrates the search area of the maximum
power point (MPP) to only 10% of the total curve.

• When operating below 90% of the power-voltage
curve, a large fixed step size is employed to achieve
high tracking speed and minimize overall step-size
calculations.

• For operation above 90% of the power-voltage curve,
the adaptive step-size is applied to ensure minimal
oscillations around the MPP.

• The proposed MPO algorithm is designed to operate
effectively under various atmospheric conditions.

• The algorithm demonstrates the smallest convergence
speed of 15 ms and slightly higher tracking efficiency of
the PV system under uniform irradiation (99.8%) with
peak-to-peak voltage fluctuations of (V).

VIII. CONCLUSION
This paper has introduced the MPO algorithm, an advanced
P&O algorithm designed to improve tracking strategy and
performance for achieving high tracking speed and minimal
oscillations around MPP. The MPO algorithm enhances the
tracking process by dividing the power-voltage curve into
four operating areas based on estimated open-circuit voltage.

It also reduces unnecessary step-size calculations by limiting
the search area to only 10% of the power-voltage curve that
contains the MPP. In areas far from the MPP (below 90% of
the power-voltage range), a large fixed step-size is used to
ensure fast tracking speed.

Furthermore, in the proximity of the MPP, the remaining
areas utilize a similar tracking strategy as the adaptive P&O
algorithm to achieve minimal voltage fluctuations around the
optimal MPP. To assess the effectiveness of the implemented
MPO algorithm, MATLAB/SIMULINK simulations are
conducted using sinusoidal, ramp irradiance, and one-day
(10 hr.) irradiance profiles. The simulation results confirm
the superiority of the proposed MPO algorithm over recently
published methods, demonstrating the fastest convergence
speed (15 ms) and slightly improved tracking efficiency of
the PV system under uniform irradiation (99.8%).

For future work, further enhancements can be explored
to enhance the performance of the MPO algorithm. One
potential direction is to investigate the algorithm’s behavior
under non-uniform irradiation conditions, such as par-
tial shading or dynamic weather conditions. Additionally,
the algorithm could be tested with different types of
PV systems and configurations to evaluate its versatil-
ity and adaptability. Furthermore, considering the real-
world implementation of the algorithm and its integration
with hardware controllers should be a focus for future
research. Overall, these avenues for future investigation
will contribute to a deeper understanding and optimization
of the MPO algorithm for improved photovoltaic system
performance.

APPENDIX

TABLE 7. Grid-tied PV array parameters.

TABLE 8. PV array characteristics.
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