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This paper presents an enhanced perturb and observe (P&O) method for reconciling the trade-off problem between the dynamic
response and steady-state oscillations in maximum power point tracking (MPPT). The constraint of having to sacrifice either the
dynamic response or the steady-state oscillations has been solved. The method uses the relationship between the open-circuit
voltage and maximum power voltage from the fractional open-circuit voltage (FOCV) MPPT method to establish a valid,
reduced, and confined search space within which an enhanced P&O via dynamic adaptive step size terminates the search for
the maximum power point. The feasibility of the proposed method has been validated by comparing its performance with the
conventional P&O algorithm. It was noted that the proposed method increased the operational efficiency of the PV module to
99.89%, reduced the tracking time to 1.8ms, and preserved the good steady-state response with a power attenuation of less
than 0.10W or relative 0.16% under MATLAB environment. An experimental setup was used to collect real irradiance and
temperature data which was used in real-time simulations. The enhanced P&O method was able to resist abrupt changes in
irradiance and temperature as it effectively and efficiently followed the maximum power point (MPP). Finally, to appreciate the
supremacy of the proposed method, it was compared to nineteen different MPPT methods from literature. The comparison
showed that the enhanced P&OMPPT method is highly efficient and effective for MPPT in photovoltaic (PV) generation systems.

1. Introduction

Renewable energy stands as an important springboard to
accelerate the world toward a net zero greenhouse gas emis-
sions as we fight against climate change and its dangers.
Therefore, a fast transition from fossil fuels, which contrib-
utes at least 80% of the world’s primary energy to renewable
energy, becomes an indispensable step. Solar energy has

become an indispensable energy source among other
sources. This is due to its cleanliness, abundance, and consis-
tency (US Department of Energy quantifies an hourly 430
quintillion joules of energy from the sun hitting the earth
compared to 410 quintillion joules consumed by humans
yearly) [1, 2]. The solar cell, which is the building block of
photovoltaic (PV) module, has been essential in the conver-
sion of solar energy from the sun into electrical energy [3, 4].
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Two objective parameters of the PV module have attracted
the attention of researchers during this recent decade: con-
version and operational efficiency, the latter being the abso-
lute interest of this paper. The conversion efficiency of
commercially available solar panels is very low, limited to
22% [5], with the theoretical limit reaching the possibility
of 48.48% [6]. Numerous researches are being done on PV
cell design and configuration to optimize the PV cell effi-
ciency [6–10]. Operationally, the PV module is subjected
to random environmental conditions such as irradiance
and temperature, imposing nonlinearities on the current-
voltage characteristics of the PV module. From an energy
productivity point of view, the nonlinear behavior implies
a nonlinear variation of the delivered power. Therefore, the
operational efficiency of a PV module is defined as a mea-
sure of how close the actual operating point is to the maxi-
mum power point. This operational efficiency is directly
related to the cost of installation of the PV system. Consid-
ering the very high cost of installation of solar energy sys-
tems, a PV module, therefore, has to be operated at
maximum efficiency to compensate for its natural cost and
this is possible using an MPPT method.

MPPT has attracted the focus of researchers during the
recent decades characterized by the deployment of numer-

ous MPPT methods in literature such as fractional open-
circuit voltage methods (FOCV) [11, 12], fractional short-
circuit current (FSCC) [11, 12], perturb and observe
(P&O) [13, 14], Ripple Correlation Control (RCC) [15], sys-
tem oscillation [16], temperature method [17], current
sweep [17, 18], curve fitting method [19], incremental con-
ductance [20], and look-up table method [21]. From the
above methods, FOCV and FSCC are the simplest methods
for MPPT. However, these methods present serious draw-
backs as they require either disconnecting the PV from the
load or short-circuiting the PV terminals for a fraction of
seconds, a process accompanied by significant energy losses.

P&O has become the most widely used maximum power
point algorithm and an inspiration for numerous MPPT
methods available in the literature [22, 23]. Perturb and
observe algorithm works by disturbing the PV voltage and
observing consequent PV power. The P&O is widely
installed in commercial inverters and charge controller
modules. Despite the popularity of the algorithm, it is greatly
challenged by the problem of the trade-off between oscilla-
tions at steady-state and dynamic response. The oscillation
constraints in the P&O algorithm introduce challenges in
the choice of the perturbation parameter. This is because
the lower the perturbation size, the lower the oscillations at
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Figure 1: Flowchart of the perturb and observe algorithm [22, 23].

2 International Journal of Photoenergy



steady state to the detriment of the dynamic response, unlike
a large perturbation parameter that introduces larger oscilla-
tions at steady state while increasing the dynamic response.
From an energy productivity point of view, oscillation repre-
sents energy loss. An alternative to the P&O is the incremen-
tal conductance (INC). This method relies on the fact that
the derivative of the P-V curve is zero at the maximum
power point (MPP). The INC method suffers similar chal-
lenges as the P&O: oscillations and tracking inefficiency.
However, under certain frequencies, the power extracted
by INC is higher than its P&O counterpart [20]. However,
when the sampling frequency of the INC is well chosen,
the differences in power response time between the INC
and P&O are almost negligible [20].

The Ripple Correlation method (RCC) makes use of the
power oscillations induced by the inverter to follow the
MPP. It uses a high-pass filter to detect and pass power rip-

ples. Based on the derivative of the P-V curve, it determines
the operating point of the PV module. Although the RCC
method converges faster in tracking the MPP, the initializa-
tion time is very low compared to the INC and P&O [11].
The system oscillation MPPT employs a similar methodol-
ogy as the RCC as they both rely on filters to pass voltage
oscillations and estimate the operating point of the PV mod-
ule. An additional drawback to this method is its mathemat-
ical complexity.

The temperature-based method is among the numerous
MPPTs available in the literature. works based on the math-
ematical relationship exiting between the PV module maxi-
mum power point voltage and temperature. Although this
method is simple and requires only one sensor in computa-
tion, it is very inefficient.

The current sweep method is a direct online method. It
works by estimating the current-voltage (V-I) curve of the
PV and updating it periodically. Although this method follows
the maximum power point (MPP), it suffers power loss during
the sweeping process; more so, its convergence speed is very
slow due to increased complexity. Another less complex
MPPTmethod in literature is the curve fittingmethod or poly-
nomial approach as found in [19]. This method is inspired by
mathematical interpolation. It interpolates the nonlinear char-
acteristics of the PV module offline. Although the method is
very simple, it depends on empirical data, which makes the
tracking very inefficient. More so, the accuracy of the tracking
depends on the order of the polynomial [21].

The above discussed algorithms and methods are chal-
lenged by two main problems throughout: dynamic response
(speed) and steady-state oscillation that is directly related to
power loss from an energy productivity point of view. The
aforementioned problems have prompted researchers to
look into other alternative solutions to maximum power
point tracking.

As an alternative to addressing the dynamic and steady-
state constraints of the MPP tracking, Fuzzy logic methods
[24], artificial intelligence using artificial neural networks
(ANN) [25, 26], and intelligent methods like particle swarm
optimization [27], grey wolf optimizer [28], and ant colony
have been deployed [29].

The methods of artificial intelligence and fuzzy logic
provide satisfactory results in tracking MPP. However, the
most important problem of these methods is the conflict
between computation load and accuracy. More so, the
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Figure 2: Photovoltaic system made up of PV module, DC/DC Converter, load, and MPPT controller [41].

Table 1: Characteristics of the MSX-60W solar panel at STC from
datasheet.

PV parameter Value

Maximum power Pmaxð Þ 60W

Voltage at maximum power Vmpp
À Á

17.1W

Current at maximum power Impp
À Á

3.5 A

Open-circuit voltage Vocð Þ 21.1V

Short-circuit current Iscð Þ 3.8V

Temperature coefficient of Voc Avð Þ -80mV/°C

Temperature coefficient of Isc Aið Þ 0.065%/°C

Number of cells Nsð Þ 36

V

RSIP

RP

IDIph

Figure 3: Single-diode equivalent circuit of the solar cell [42].
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Figure 4: Continued.
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effectiveness of these methods relies on the deep knowledge
of the engineer. On the other hand, particle swarms optimi-
zation (PSO), grey wolf optimization (GWO), and ant col-
ony optimization (ACO) belong to optimization
algorithms. These algorithms are confronted by a similar
problem of computational load. Even though they are able
to track the MPP with great accuracy, the methods still face
low convergence speed.

Therefore, to concretely address maximum power tracking
in PV systems, reconciliation must be attained between the
dynamic response (tracking speed) and steady-state oscillations.

In a PV grid integrated setting, a self-tuned P&O method
[30], learning-based P&O [31], learning-based INC [32, 33],
and learning-based hill climbing (HC) MPPT algorithm [34]
were developed to concretely address the trade-off problem
between steady-state oscillation and dynamic response as well

as fixed step size challenges in the P&O, HC, and INC MPPT
algorithms. In [30–34], the operating strategy is based on the
detection of two conditions, which correspond to the steady-
state and dynamic condition when system operation condi-
tions change. Although their method proved to successfully
decay the steady-state oscillations in finite time and improved
the PV-MPPT system in abrupt changes in irradiance
(dynamic conditions), it did not address the transient regime
for a given and fixed operating condition, usually character-
ized by low tracking speed and transient perturbation. More-
over, the complexity and high computational demand of the
method are a serious limitation to their method.

The objective in this paper is to develop a simple, less
complex, efficient, and enhanced P&O algorithm. The
enhanced scheme is considered as a significant assistance
to the conventional P&O method such that it tracks the
maximum power point at very fast speed while minimizing
the oscillations at steady state. The assistance will be inspired
fromthe relationship between the open-circuit voltage and
the maximum power point voltage. The efficiency and effec-
tiveness of the proposed method will be tested with real-time
simulations using measured irradiance and temperature
conditions. To show the effectiveness of the proposed
enhanced P&O method, its performance will be compared
with the conventional P&O and nineteen other different
methods in literature.

The rest of the paper is organized as follows: the conven-
tional P&O algorithm is discussed in Section 2. Somemodified
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Figure 4: Current-voltage (a) and power-voltage characteristics (b) (case of constant irradiance and variable temperature) and current-
voltage (c) and power-voltage characteristics (d) (case of variable irradiance and constant temperature).
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Figure 5: Circuit diagram of the DC-DC boost converter [49].

Table 2: Characteristics of the DC-DC converter.

Converter parameters Value

Input coupling capacitance (Cin) 300 μF

Boost inductor (L) 0.3mH

Switching frequency (Fs) 10 kHz

Boost output capacitance (Co) 30 μF

Load resistance (R) 10Ω, 15Ω
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P&O and INC algorithms from literature are reviewed in Sec-
tion 3. The PV system and PV cell modelling follow presented
in Section 4. Section 5 presents the analysis of the enhanced
MPPT. The results of the investigations are presented in Sec-
tion 6 while the discussions are done in the same section.
Finally, the paper is concluded in Section 7.

2. Conventional P&O Algorithm

The P&O MPPT algorithm is the most feasible MPPT algo-
rithm in terms of implementation and incorporation in com-
mercial charge controllers that explains why a special
consideration is given to its study in this work. As invoked
in the introduction, the P&O and many other derivatives suf-
fer a trade-off between dynamic response (speed) and steady-
state oscillations. That is, a sacrifice made between the
dynamic response and speed. Three performance parameters
will be used to characterize the performance of MPPT algo-

rithm: tracking time (dynamic response), steady-state oscilla-
tions, and efficiency. These three parameters form the basis
for performance evaluation of MPPT through this paper.

The tracking time constitutes an essential performance
evaluation parameter for the MPPT algorithm as defined
according to [21], as the time taken by an MPPT algorithm
to reach 95% within the maximum average power at MPP.

ηMPPT =
Ð T
t1p tð Þd tð ÞÐ T

0 pmax tð Þd tð Þ
: ð1Þ

The oscillation in this paper is quantified as the peak-to-
peak power in watts at steady state, while the efficiency
(ηMPPT) of the algorithm is the ratio between the area under
the power response curve within a specific period of time to
the area under the maximum available power over the same
period of time as shown in Equation (1) [35].

The flowchart for P&O algorithm is presented in
Figure 1. The algorithm measures the PV module current
and voltage and consequently the power at every instant.
The measured power is compared with the power at the pre-
vious instant. Depending on the sign of the change, a linear
perturbation displaces the operating point till the maximum
power is attained as presented in the flowchart. The perfor-
mance of the P&O inherently depends on the perturbation
size presented as δD in the flowchart. The larger the value
of δD, the larger the oscillations at steady state, while the
lower the value of δD, the smaller the oscillations and the
slower the dynamic response.

3. State of Art Modifications to the
Conventional P&O and INC

Many modifications to the conventional P&O and INC algo-
rithm have been proposed in literature. In this section, some
of these modifications are discussed while highlighting their
shortcomings.

In [36–38], the authors addressed the dynamic-steady
state oscillation problematic by proposing a simple dynamic
adaptive step size. The fundamental idea of their variable
step size is to adjust the step size according to the change
in PV power as shown in Equation (2). The fundamental
idea of this method is to make large iteration step size during
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Figure 6: Variation of the MPPT voltage within the search space with variable temperature.

Table 3: Validation of the search space region for MSX-60W
panel.

Temperature (°C) Voc (V) Vmpp (V)

10 21.28 17.302

20 21.22 17.302

25 21.16 17.302

30 21.1 17.302

35 21.04 16.88

40 20.97 16.88

45 20.91 16.88

50 20.85 16.88

55 20.78 16.88

60 20.71 16.458

Table 4: Estimation of the PV module open-circuit voltage.

Temperature (°C) 10 25 40 60

Current (A) 2.0 1.98 1.96 1.93

Actual Voc 21.28 21.16 20.97 20.71

Voc by Equation (19) 20.37 20.32 20.26 20.19

Relative error (%) 4.28 3.97 3.39 2.5
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the transient stage (large change in power) and then a small
iteration step size during the steady state when the change in
power is relatively small.

d kð Þ = d k − 1ð Þ +MΔP, ð2Þ

where ΔP = PðkÞ − Pðk − 1Þ is the change in PV module
power, dðk − 1Þ is the previous value of the duty cycle, and
M is the performance parameter of the adaptation. The
modification proposed by [36–38] still leaves behind oscilla-
tions at steady state.

In 2004, while addressing the trade-off problematic
between the dynamic response and steady-state oscilla-
tion, Jain et al. in [39] developed a novel MPPT method
based on a new parameter which they called β governed
by Equation (3).

β = ln
ipv
vpv

 !
− c:VPV, ð3Þ

where c = q/K:T:n.
ipv and vpv are the PV module current and voltages,

respectively, n is the diode quality factor, and K and T are
the Boltzmann constant and temperature. This method cal-
culates two prior parameters βmin and βmax to determine
the boundary between the transient and the steady-state
regime. In the transient regime, the error between βmin and
βmax (Equation (4)) tunes the duty cycle, while in the
steady-state regime, it is adjusted by any conventional algo-

rithm such as INC or P&O.

error eð Þ = βmax − βmin,

d kð Þ = d k − 1ð Þ + e · k:
ð4Þ

The reliability of the β method makes it one of the most
successful approaches in neutralizing the trade-off between
dynamic response and oscillations in MPPT. However, its
critical drawback lies in its implementation and coordina-
tion regarding calculation of the value of β [40]. Moreover,
its traceability to the PV module current and voltage compli-
cates the approach [40].

As we raised in the introduction, [30–34] proposed
advanced variants of the P&O, INC, and HC while address-
ing trade-off between steady-state oscillations and dynamic
response. Their methods rely on the detection of the
steady-state and dynamic condition determined by upper, l
u, and lower duty cycle band, ll, whose values are determined
at every iteration using Equation (5) and (6):

lu = 100 +
Voc

1 − dbase

� �
−Voc

� �
×

100
Vmpp

 !
×

1
100

, ð5Þ

ll = 100 +
Voc

1 − dbase

� �
−Voc

� �
×

100
Vmpp

 !
×

1
100

: ð6Þ

where Voc is the open-circuit voltage; Vmpp, the maximum
power voltage; and dbase, a based step size, taken as a fixed
size of step change in either the conventionally INC, P&O,
or the HC. As presented in their different flowcharts, at the
beginning of the algorithm, lu and ll are initialized parame-
ters. Equation (5) is a function of the open-circuit voltage; as
such, the feasibility and accuracy of lu and llmust depend on
the accuracy of the measured or estimated open-circuit volt-
age. The first obscurity in the works of [30–34] lies in the
fact that their method for obtaining the open-circuit voltage
was undeclared; as such, it becomes difficult to evaluate the
feasibility of their proposed scheme. Moreover, it can as well
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Figure 9: Simulink setup of the proposed enhanced P&O MPPT method.

Table 5: Parameters of the enhanced P&O algorithm.

Parameter Value

T1 42%

T2 0.005%
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be seen that both Equations (5) and (6) are functions of the
maximum power voltage. The objective of an MPPT algo-
rithm is to drive the PV operating point at the maximum

power point at which lies the maximum power voltage.
The presence of Vmpp in these equations, in addition to the
undeclared method for their determination, is a serious lim-
itation to their method. Averagely, from their presented
results, a successful decay of the steady-state oscillation
and improved dynamic condition were attained, however
leaving behind a slow transient response characterized by a
tracking time of approximately 0.1 seconds.

In this work, we proposed a method that does not only
preserve a feasible, simple MPPT scheme but also one that
will resolve the conflicts of trade-off and as well fasten the
tracking process in an effective and efficient way. The clarity
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Table 6: Performance comparison of the enhanced P&O MPPT
with the conventional P&O.

MPPT
algorithms

Tracking
time

Peak-to-peak
oscillations

Efficiency

Perturb &
observe

2.5ms 1.5W (2.5%) 97.90%

Modified P&O 1.8ms <0.10W (0.17%) 99.89%
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of the work and the estimations of open-circuit voltage are
well presented and justified.

4. PV System Model

Figure 2 shows the basic topology of a photovoltaic (PV) sys-
tem. It consists of a DC/DC converter, load, PV module, and
the MPPT control unit.

4.1. Modelling of PV Cell. Operationally, the PV module is
exposed to random variations of environmental parameters

such as irradiance and temperature. Manufacturers of solar
panels only make available functional parameter such as
open-circuit Voc, short-circuit current Isc, voltage at MPP
Vmpp, current at MPP Impp, the temperature coefficients of
open-circuit voltage, and short-circuit current, Av and Ai,
respectively. In addition, these parameters are only available
under standard test conditions (STC), 1000W/m2 and 25°C.
To accurately design the proposed enhanced method, a
detailed study of the PV module is carried out under diverse
atmospheric conditions.
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In this paper, MSX-60W is selected as the PV module of
consideration. Its electrical characteristics at STC from data-
sheet are presented in Table 1.

The solar cell is the basic building block of a solar mod-
ule. A typical module is an assembly of solar cells. Due to its
accuracy, the single-diode model has been widely used to
model the solar cell as reported in [43–48]. In this work,
the single mode shown in Figure 3 is adopted for this study.
The model consists of an ideal current source ðIphÞ, in paral-
lel with a diode ðDÞ and a shunt resistor ðRsÞ forming a
series network with a series resistor ðRpÞ. The current source
supplies current in response to solar irradiance (G) which is
also a function of temperature (T). The diode models are the
semiconductor. The mathematical equations for the PV cell
model are presented in Equations (7)–(13) [42].

I = Iph − ID − Ip, ð7Þ

Ip =
V + I:Rs

Rp
, ð8Þ

ID = IS exp
V + I:Rs
nVT

� �
− 1

� �
, ð9Þ

where ID is the diode current, Iph is the photocurrent, Ip is
the shunt resistor, VT is the thermal voltage, V is the cell
output voltage, Is is the diode saturation current, and n is
the nonlinearity factor of the diode. The thermal voltage
depends on temperature and can be written as

VT =
KBT
q

, ð10Þ

where T represents the actual cell temperature in kelvin Tref ,
the temperature at STC; KB is the Boltzmann constant with
value 1:381 × 10−23 J/K; q is the electron charge with funda-
mental value 1:602 × 10−19 C; and Eg is the semiconductor’s
bandgap energy.

The short-circuit current being inherently dependent on
the irradiance G is written as

Iph = Iscr − Ai T − Tið Þ½ � G
1000

, ð11Þ

where Iscr is te reference short-circuit current at STC and G
is the solar irradiance in watt per square meter. Moreover,
the saturation current ðIsÞ is written in terms of the short-
circuit current and the open-circuit voltage as follows:

Is = Is ref
T
Tref

� �3
e qEg/nKBð Þ 1/Trefð Þ− 1/Tð Þð Þ½ �, ð12Þ

where Is ref is the reference saturation current.
Combining the above equations results in the mother

equation governing the characteristics of the solar cell as

presented in the following equation:

I = Iph − IS exp
V + I:Rs
nVT

� �
− 1

� �
−
V + I:Rs

Rp
: ð13Þ

The characteristic graph obtained in Figure 4 is based on
the mathematical equations of the PV cell. I-V and P-V
curves for variable temperature between 25 and 65°C at fixed
irradiance of 1000W/m2 are presented in Figures 4(a) and
4(b). Intuitively, it can be seen that despite the nonlinear
characteristics, there exists a point on the curve where there
is maximum available power. More so, the graph shows that
variation in temperature affects the position of the MPP
point. Figures 4(c) and 4(d) show the characteristics of the
same PV module under variable irradiance in the range
200-1000W/m2 at a fixed temperature of 25°C. The four
graphs in Figure 4 indicate that the maximum power point
(MPP) varies with both changes in temperature and irradi-
ance, respectively.

4.2. DC-DC Boost Converter. The boost converter is a DC-
DC step-up converter. From an energy point of view, it is
used to control the transfer of energy from the PV module
to the load at high efficiency. Figure 5 shows the circuit dia-
gram of the boost converter. It constitutes capacitor Cin and
inductor L, a transistor SW, an ouput capacitor Co, and a
load R. Vpv, Ipv, Iout , and Vout are the PV current, voltage,
output current, and voltage. Consider an ideal boost con-
verter such that the power input ðPinÞ equal to the power
output Pout, and their representation in terms of current
and voltage is written mathematically as

Pin = Pout, ð14Þ

IpvVpv = IoutVout: ð15Þ

At steady state, the following equation holds for the con-
verter

Vpv = 1 − dð ÞVout: ð16Þ

The resistance seen by the PV module is formulated
based on Equations (15) and (16):

Rpv = 1 − dð Þ2 · R: ð17Þ

The boost converter represents an impedance emulator,
modifying the resistance seen by the PV according to the
duty cycle (d ) of the switching signal as shown in Equation
(17). This equation is the basis for voltage variation in max-
imum power point tracking algorithm. The parameters of
the converter are chosen such that the converter operates
in continuous conduction mode (CCM). These parameters
are presented in Table 2.

11International Journal of Photoenergy



56

54

52

50
0.09 0.092 0.094 0.096 0.098 0.1

60

50

40

30

20

10

0
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

P&O
Enhanced P&O
MPP power

Time (s)

Po
w

er
 (W

)

×10–3

60

40

20

0
0 0.5 1.51 2

Figure 15: Tracking of MPP power with P&O, ideal MPPT, and enhanced P&O MPPT method under Test 2.

Time (s)

0

5

10

15

20

V
ol

ta
ge

 (V
)

P&O
Enhanced P&O
MPP Voltage

0.02 0.025 0.03
17

17.5

18

18.5

0.09 0.095 0.1

17

18

19

0.10.090.080.070.060.050.040.030.020.010

Figure 16: Tracking of MPP voltage with P&O and enhanced P&O MPPT method under Test 2.

Time (s)

900

920

940

960

980

1000
Ir

ra
di

an
ce

 (W
/m

2 )

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Figure 14: Sinusoidal variation of solar irradiance.

12 International Journal of Photoenergy



5. Analysis of the Enhanced MPPT Method

The proposed enhanced P&O algorithm is analyzed in two
descriptive steps: search space confinement and stabilized
perturb and observe algorithm.

5.1. Search Space Confinement. The dynamic response of the
P&O MPPT algorithm depends inherently on the search
space. In this study, the relationship between the open-
circuit voltage and maximum power point voltage (Equation
(18)) from the FOCV method defines the confined valid
search space.

Vmppt = KpvVoc, Kpv ∈ 0:8 0:9½ �, ð18Þ

where Kpv is a numeric value in the range Kpv ∈ ½0:8 0:9�,
according to [50].

By mathematical intuition, if Kpv is limited by the open-
circuit voltage established in Equation (18), we demonstrate

by simulation that the maximum power voltage must be
found in the vicinity of this region set by Kpv , that is, Voc1
and Voc2 as presented graphically in Figure 6. Voc1 and
Voc2 are the lower and upper confined limits, respectively,
of the maximum power point voltage set by Kpv . V65 and
V25 are considered the respective MPP voltage at 65°C and
25°C, respectively. The idea of search space confinement
was randomly invoked and used by [51]. However, the
authors failed to elaborate the description behind the search
space confinement as they randomly choose and set a search
space region. In this paper, the choice of the search space is
defined by the relationship between the open-circuit voltage
and maximum power point voltage. Moreover, we give a
serious consideration to the variability of search space in
order to always guarantee that the algorithm does not track
the wrong MPP point.

The graphical schematic to elaborate the variability of
the MPP voltage with temperature within the search region
is presented in Figure 6. Considering the blue P-V curve to
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represent the PV characteristic at 25°C, at 25°C, the MPP is
at C, where the MPP voltage V25 lies. Following the search
space in Equation (18), Voc1 and Voc2 establish the search
region, [B-D]. In addition, considering that in another
instant, temperature increases from 25°C to 65°C, under this
new operating temperature, the new P-V characteristics
become the green curve presented in Figure 6, with its max-
imum power point at A. If the previous search space [B-D]
will not change because of this increase in temperature, the
MPPT algorithm will track a wrong maximum power a seri-
ous problem that was not considered in [51]. This problem

will be very critical in conditions characterized by large
and rapid changes in temperature because the algorithm will
experience large drifts, slowing its response and contributing
to energy losses.

To get rid of this problem, a mechanism that enables the
confined search space to change following variations in tem-
perature must be introduced. In this paper, the dynamics of
the confined search space is ensured by estimation of the PV
module open-circuit voltage at every cycle of the algorithm.
Firstly, to confirm that the MPP voltage will always lie in the
vicinity of the confined search space, investigations are
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carried out with the MSX-60W solar module whose charac-
teristics are presented in Table 1. As presented in Table 3, it
is found that the MPP voltage lies within 75-85% of the
open-circuit voltage. Moreover, it can be seen from the same
table that this range is preserved even under worst tempera-
ture and irradiation conditions. Therefore, the said range is
adopted in this paper. However, for all practical and experi-
mental purpose, the range 75-90% can always guarantee that
the maximum power voltage lies in the search region.

The open-circuit voltage was estimated using Equation
(19) as reported in [51].

Voc = Voc STC + nVtIn
IPV

ISC−STC + Ai T − TSTCð Þ
� �

+ AV T − TSTCð Þ,

ð19Þ

where GSTC,Voc STC, and TSTC are the solar irradiance,
open-circuit voltage, and temperature at reference (STC).
These parameters are directly obtained from the datasheet.
n, Av, Ai T , andG are the diode ideality factor, temperature

coefficient of open-circuit voltage, temperature coefficient
of short-circuit current, PV temperature, and irradiance,
respectively.

The estimated values of the open-circuit voltage accord-
ing to Equation (19) under different variations of tempera-
ture are presented in Table 4. The empirical values are
close to the actual values. However, under extreme condi-
tions, Equation (19) introduces a relative error of 4.28%, as
presented in Table 4. The relative error is less than 5%,
which is acceptable and satisfactory for a PV module. From
a speed of response point of view, the presented search space
confinement method can guarantee an enhanced P&O algo-
rithm. However, to simultaneously enhance the steady state,
by reducing the oscillations, a stabilized routine is intro-
duced. The stabilized routine comes in to solve the trade-
off problematic between dynamic response and steady state.

5.2. Stabilized P&O Subroutine. Once the confined search
region is established, the P&O is further enhanced via a sta-
bilized routine in order to terminate the search for maxi-
mum power. The adaptive step size that ensures
stabilization is presented in the following equation:

d kð Þ = d k − 1ð Þ ± B · T2, ð20Þ

B =
dVffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

dP2 + dV2
p , ð21Þ

where T2 is the stabilization step size (predifined constant)
and B the dynamic adaptive parameter. A good choice of
T2 ensures that the steady oscillations are minimized. This
paper does not provide an exact approach to estimateT2.
However, it was found from simulations and trials that
Equation (23) is a realistic guide for choosing the value of
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T2. In Equation (23), T1 is the acceleration step size used by
the search space confinement routine .

Considering the search space region and Equation (19),
we have

W =VOC1 = 0:75VOC

Z = VOC2 = 0:85VOC

)
, ð22Þ

T1 ≫ T2, ð23Þ
where W and Z are the lower and upper bound of the con-
fined search space.

In Figure 7, the flowchart of the novel algorithm is pre-
sented shown as a combination of search space confinement
and stabilized P&O subroutine. The algorithm computes the
PV module voltage, current, and power with the corre-
sponding estimation of the open-circuit voltage. If the actual
voltage is lower than the lower bound of the search space (W
), the duty cycle is decreased, controlled byT1, to increase
the PV module voltage until the condition is satisfied. An
increase of duty cycle occurs when the PV module voltage
is instead greater than the upper bound (Z) such that the
PV voltage is reduced and driven into the search region.
Once the operating point lies within the search region, a var-
iable step size as shown in Equations (20) and (21), respec-
tively, is used to terminate the search for the MPP point.
Therefore, in the proposed method, the temperature is
sensed and uses for the computation of the open-circuit volt-
age according to Equation (19). Globally, the enhanced
MPPT method receives the estimated open-circuit voltage,
PV module current, and voltage, respectively, and runs the

algorithm as presented in the flowchart of Figure 7, to con-
trol the gate of the transistor as shown schematicaly in
Figure 8.

The Simulink setup for the proposed enhanced P&O is
presented in Figure 9, while its parameters are displayed in
Table 5, respectively.

6. Results and Discussions

The performance of the proposed enhanced P&O has been
tested within the MATLAB/Simulink environment via
numerical simulations with a sample time of 1μs. A simula-
tion time of 0.1 s was considered for both virtual and real-
time variations of irradiance and temperature. The
MATLAB Simulink setup is presented in Figure 9. For every
simulation, the maximum power point (MPP) variable is
presented. They have been represented in red dotted lines
for all the figures. These variables, MPP current and volt-
ages, have been estimated mathematically as functions of
the operating conditions, G and T , according to [52].
Though the method is an approximation, the objective was
to have a primary MPP reference.

The various simulations carried are divided into three
main subsections. Illustration of the trade-off problematic
in conventional P&O is presented in Subsection 6.1. In Sub-
section 6.2, the enhanced P&O MPPT is compared with the
conventional P&O under various conditions of virtual tem-
perature and irradiance. The performance of the proposed
method is validated in Subsection 6.3, via real-time simula-
tion. Finally, the efficiency and the enhanced MPPT are
compared with 19 other methods in the literature.

Table 7: Comparison of the enhanced MPPT algorithm with other MPPT methods in literature at STC.

Ref Year DC-DC converter type MPPT algorithm Tracking time (ms) Oscillations (W) Efficiency (%)

[51] 2021 Boost Novel MPPT tactic 9.6 x 99.86

[53] 2022 Boost Innovative MPPT 10 x 99.75

[54] 2021 Boost Thermal imaging-based P&O 0.22 x x

[55] 2018 Boost Variable universe fuzzy logic x x x

[56] 2022 Boost Modified P&O 18 x 99.80

[57] 2019 Boost Modified P&O 13 x x

[58] 2016 Boost Improved beta 500 x x

[59] 2015 Buck-boost Improved P&O x x 99.4

[60] 2018 Boost Modified P&O 9 x x

[61] 2021 Boost Modified variable INC 12.6 1.6 (0.8%) 99.73

[62] 2008 Boost Variable INC 120.3 3.3 99.45

[63] 2016 Boost Variable INC 18.4 2.1 (1.5%) 99.65

[64] 2017 Boost Variable INC 27.3 2.8 (1.86%) 99.53

[65] 2014 Buck INC 2.5 2.7 (3.4%) 98.8

[66] 2013 Boost PI controller-based P&O 20 20 (10%) 95%

[67] 2012 Buck Fuzzy-based P&O 1500 2 (1.3%) 98.5

[68] 2014 Boost Adaptive P&O-fuzzy 20 1 (0.5%) 95.1

[69] 2014 X TS fuzzy-based INC 2000 1 (2.5%) 97.5

[70] 2011 Buck Load current-based MPPT 80 0.04 (0.4%) 97

Proposed — Boost Modified P&O 1.8 0.1 (0.17%) 99.89
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6.1. Trade-Off Problematic in the Conventional P&O. To
demonstrate the dynamic response and trade-off problem
in the conventional P&O, two distinct perturbation sizes
were used to control the switching signal of the conventional
P&O algorithm as presented in Figure 10. When the step
size perturbation is varied (reduced) from 0.02% to
0.002%, it was calculated that the tracking time reduced
(TD) by 2ms while the oscillation dropped from 1.5W to
0.15W, reducing the efficiency from 97.89 to 90.90%. Intui-
tively, the relatively smaller the step size perturbation
of0.002%, reduced the steady-state oscillation but sacrificed
the dynamic speed, a serious problem that this paper
addresses. This variation in the MPPT performance param-
eters is critical, it may be perceived as very small values in
magnitude. However, its consideration becomes very funda-
mental when the PV system contains an array of modules
operating at relatively high orders of power. In this work,
special consideration is given to reduce the steady-state
oscillations to a negligible value, accelerating the dynamic
speed while boosting the PV system efficiency.

6.1.1. Standard Test Conditions (Test 1). In this test termed
Test 1, simulations are carried out under standard test con-
ditions (STC). At STC, the solar module’s maximum power,
voltage, and current are depicted on datasheet or Table 1,
60W, 17.1V, and 3.5A. The results are compared with the
conventional perturb and observe algorithm. From
Figure 11, it can be seen that the proposed enhanced MPPT
method increases the dynamic response while almost sup-
pressing the steady-state oscillations. The performance com-
parisons of the two algorithms are further presented in
Table 6. The enhanced P&O increases the tracking efficiency
of the MPPT from 97.90% to 99.89% while reducing the
tracking time to 1.8ms. The power oscillations of 1.5W peak
to peak sustained in the conventional P&O are reduced to
almost zero (<0.1W) in the proposed MPPT, hence validat-
ing the conflict resolution between dynamic response and
steady-state oscillation.

It is worth noting that the enhanced P&O leaves a
steady-state offset or deviation in voltage by 0.2V as could
be seen in Figure 12 and 0.14A of steady-state current offset,
Figure 13. These deviations are reflected in the power curve
of Figure 11, as a small drop in the steady-state power by
0.07W was recorded. These deviations are relatively small
values and almost negligible, principally because the effi-
ciency of the PV system remained very high.

Furthermore, it can be seen from the voltage tracking
curves in Figure 12 that the P&O introduces large oscilla-
tions at steady state unlike the enhanced P&O; the oscilla-
tions are reduced cancelled to almost zero. This
observation can be further confirmed in Figure 13, in which
the corresponding current tracking curve is presented, an
almost zero steady-state oscillation for the enhanced scheme
while the P&O continues to oscillate at steady state.

Therefore, the supremacy of the enhanced MPPT is
obvious as it preserves the tracking stability of the PV system
by following the MPP voltage and current unlike the con-
ventional P&O that showed large oscillations even with the
best choice of the perturbation parameter.

6.1.2. Sinusoidal Irradiance Test (Test 2). In the second test,
termed Test 2, the P&O and enhanced P&O MPPT algo-
rithms are exposed to sinusoidal variations in irradiance
and fixed temperature (25 degrees Celsius) as presented in
Figure 14.

The main objective of the sinusoidal test is to demon-
strate the effectiveness of the enhanced MPPT compared
with conventional P&O under sinusoidal increasing and
decreasing irradiance.

In Figure 15, it can be seen that the enhanced MPPT
algorithm follows the MPP under sinusoidal irradiance con-
ditions. On the other hand, the P&O gets stuck and lacks
behind the MPP. In terms of dynamic response, it can be
seen that the enhanced MPPT is faster than the conventional
P&O. Under this dynamic condition, the enhanced MPPT
reconciles the dynamic response (speed) and steady-state
oscillation. From Figure 16, magnifying the potion of the
voltage curve between the time instant, 0.09 to 1 s, it is seen
that the enhanced P&O follows the MPP voltage in an
increasing manner. It can also be confirmedin the same fig-
ure that during this same span, the P&O exhibits large
steady deviation from the MPP voltage, a natural problem
of the conventional P&O that has been termed “Drift” in
the literature of MPPT.

A similar drifting can be perceived in the current track-
ing curve in Figure 17, within the time span 0.09 to 0.1 s.
Under this same span, it can be seen the enhanced P&O con-
tinuously follows the MPP current.

6.1.3. Sinusoidal Irradiance and Variable Temperature (Test
3). In the last test, termed Test 3, the algorithms are investi-
gated based on their potential to follow the MPP power
under sinusoidal changing irradiance as is presented in
Figure 14 as well as variable temperature as shown in
Figure 18. Figure 18 is a blend of both slowly changing tem-
perature and rapidly changing temperature. The justification
for simulation under both changing irradiance and temper-
ature lies in the fact that faced to practical conditions, envi-
ronmental parameters(temperature and irradiance) are not
constant. Therefore, simulations under dynamic conditions
give a better evaluation of the MPPT algorithm. To that
end, the objective of Test 3 is to see and appreciate the extent
to which the algorithms can resist both changes in irradiance
according to a sinusoidal profile and fast and slowly chang-
ing temperatures.

When the P&O and enhanced P&O are subjected to both
variable irradiance and temperature, firstly, it can be seen in
Figure 19 that the proposed enhanced P&O continues to seek
for the MPP while the conventional P&O continues to lack
behind. Magnifying the region of the curves between 0.08
and 0.1 seconds shows that the enhanced P&O is void of oscil-
lations as opposed to the P&O that sustains large oscillations.
The drift problem is further seen from the potion of the curve
0.09 s to 0.1 s. The P&O completely lost the tracking direction.
From the same figure, it can be seen that the enhanced P&O is
a significant assistance to the conventional P&O as it is able to
solve the drift problem.

In Figure 20, a similar condition of drift away from the
MPP voltage can be perceived for the P&O algorithm.
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Furthermore, magnifying the region between 0.01 s and
0.03 s shows that the P&O does only loss direction but oscil-
lates as well. Although the enhanced P&O shows minor
deviations, it continues to seek for the MPP. A similar sce-
nario can be observed in Figure 21.

Figures 19–21 validate that the enhanced P&O is not
only superior to the conventional P&O but can also with-
stand abrupt changes in temperatures and irradiance condi-
tions, as it effectively follows the MPP under this conditions.

6.2. Response to Real Irradiation and Temperature
Conditions. An experimental setup was mounted in the site
of the University of Buea to collect real irradiation and tem-
perature on site. Data were collected at intervals of 15
minutes, from 9:30 am-4 pm on 25/02/2022, which is a
period of the dry season in the site location, University of
Buea, Cameroon. The daily data was used to generate a sig-
nal of 29 data points spaced between 0 and 0.1 s to represent
the time period of 9:30 am-4 pm. The experimental setup
consisted of a sample solar panel, PYR1307 pyrometer for
irradiance measurement, and a digital thermometer based
on LM35 temperature sensor for temperature measurement
on the PV panel. The experimental setup to achieve the
aforementioned data collection is presented in Figure 22.

The collected solar irradiance and temperature are pre-
sented as curves in Figure 23. The proposed algorithm is
subjected to the real operating conditions in Figure 23. The
result of the simulations under the aforementioned condi-
tions for power tracking is presented in Figure 24. It can
be seen in the same figure that both the P&O algorithm
and the enhanced P&O MPPT follow the maximum power
point (MPP) as presented in red on the graph. However,
the enhanced MPPT tracks the MPP more efficiently than
the P&O. Moreover, under real conditions, it is seen that
the P&O sustains power oscillations, a drawback which is
almost reduced to zero in the enhanced MPPT scheme.

The evolution of the duty cycle for the P&O and the pro-
posed enhancedMPPT under real irradiance and temperature
is presented in Figure 25. It can be seen in this figure that the
proposedMPPT greatly improves the dynamic behavior of the
PV system, hence validating the conflictresolution between
dynamic response and steady-state oscillations.

To appreciate and generalize the performance of the pro-
posed enhanced P&O MPPT algorithm, it is compared with
19 available MPPT algorithms in the literature as shown in
Table 7. From a comparative point of view, it can be seen
that the enhanced P&O MPPT algorithm is superior to the
available MPPT methods in literature.

7. Conclusion

In this paper, an enhanced P&O MPPT algorithm for PV
systems has been presented. The enhanced method uses
the relationship between open-circuit voltage and maximum
power voltage from fractional open-circuit voltage to set a
reduced and confined valid search space, within which an
enhanced P&O using dynamic adaptive step size terminates
the search for the maximum power point. Simulation results
under virtual environmental conditions generated in

MATLAB as well as in real conditions proved the feasibility
of the proposed method. Moreover, the proposed method
resolved the conflict of trade-off between steady-state oscilla-
tions and dynamic response, suffered by the classical INC
and P&O. Finally, the proposed method is compared to 19
other MPPT methods from the literature. Averagely, the
enhanced MPPT method proved to significantly increase
the efficiency of the PV system.
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