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The purpose of this paper is to enhance the performance and tracking efficiency of solar photovoltaic systems. This aim can be
achieved by operating the photovoltaic array at its optimum power and reducing the output ripple problem of DC-DC
converters that affect and stress sensible electronic loads. In view of that, an advanced maximum power point (MPP) tracking
(MPPT) scheme, which can guarantee zero oscillation tracking of the accessible MPP and less ripple magnitude on the output
side of the DC-DC boost converter, is used. Various simulations are carried out under three conditions of solar irradiance
variation, namely, standard test conditions (STC), rapid, and Sin scenarios, using the MATLAB/Simulink® environment, to
assess and benchmark the robustness of the tracking of the new MPPT scheme over the celebrated Increment of Conductance
(INC) MPPT scheme. Based on the simulation results, the proposed scheme can significantly improve tracking accuracy and
reduce the magnitude of ripples on both sides of the boost converter compared to the INC scheme. Certainly, the proposed
scheme can provide a shorter time response (0.011 seconds) to locate and track the expected MPP, which is 2.55 times less
than that of the INC scheme; a zero power magnitude oscillation instead of 15.9 watts of the INC scheme; and six-time
minimization of the magnitude of output voltage ripples compared to the INC scheme. Furthermore, the suggested MPPT
scheme has the better tracking efficiency in all scenarios; 99.86%, 99.60%, and 99.62% in the STC, rapid, and Sin scenarios,
respectively, with an average value of 99.69% compared to the INC MPPT scheme, which has 94.23%, 95.28%, and 97.87% in
the STC, rapid, and Sin scenarios, respectively, with a moderate average tracking efficiency of 95.79%. Finally, the accuracy and
tracking performance of the proposed MPPT scheme are verified by real-time examination using the RT-LAB simulator.
According to the results obtained, the proposed scheme provides the highest tracking efficiency of 99.80% and 97.77% under
the STC and sudden insolation change scenarios, respectively, compared to the INC scheme, which shows, respectively, 97.8%
and 96.5% under both scenarios.

1. Introduction

Due to their sustainability and cleanness, renewable energies
have multiple benefits for the environment and economic
sectors. According to the analysis of the International
Renewable Energy Agency (IRENA), renewable energy is
becoming an essential pathway for deployment, besides the
decrease in energy related to CO2 emissions can reach more
than 90% [1, 2]. Without a doubt, and in fewer years, renew-
able energy resources will be the ground zero of electrical
energy generation. Indeed, this can be reasonable in view

of the tremendous research and applications that have been
conducted in this field, in addition to the accelerated devel-
opment in the smart technologies used. In this context, solar
photovoltaic energy is considered the most attractive and
interesting among other renewable energy resources because
of its cleanliness, ease of implementation, and low cost.
However, the effectiveness of the photovoltaic system is
greatly dependent on two climatic conditions: solar irradia-
tion and ambient temperature [3]. Moreover, because of
the nonlinearity of the power versus voltage (P-V) character-
istics of the photovoltaic module, a single optimal power
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point (MPP) can appear in the P-V curves. To follow and
extract this MPP, a specific tracking mechanism called max-
imum power point tracking (MPPT) is required [3].

The scientific literature contains many MPPT schemes
for applications in the photovoltaic system [4–6]. From
these MPPT algorithms, it can distinguish between three cat-
egories: direct, indirect, and intelligent MPPT techniques
[7]. Direct MPPT schemes, such as perturbation and obser-
vation (P&O) [8], increment of conductance (INC) [3, 9],
and hill climbing (HC) [10], are widely used due to their
simplicity, ease of implementation, and photovoltaic panel
independence. However, these techniques have serious prob-
lems that reduce their tracking performance. For that rea-
son, many improved versions of algorithms based on the
aforementioned traditional direct methods are suggested
[11–16] including indirect MPPT schemes, such as frac-
tional open-circuit voltage (FOCV) [17] and short-circuit
current (FSCC) [18]; intelligent techniques MPPT schemes
include fuzzy logic controller (FLC) [19, 20], partial swarm
optimization (PSO) [21, 22], firefly algorithm (FA) [23],
ant colony optimization (ACO) [24], neural network algo-
rithm (NNA) [24], hybrid adaptive neurofuzzy inference
system flower pollination algorithm (ANFIS-FPA) [25],
and hybrid adaptive neurofuzzy inference system (ANFIS)
and artificial bee colony (ABC) algorithm [26]. These MPPT
schemes differ in some factors, such as fluctuations in
steady-state operation, convergence speed, especially under
fast irradiation or temperature change, complexity, required
sensors, time response, and tracking of the real MPP at par-
tial shading effect [2]. The latter dramatically affects the P-V
curves of the photovoltaic array, which exhibits at least two
MPPs. The first, which has a lower level of power, is called
the local MPP (LMPP), while the other is named the global
MPP (GMPP), at which the maximum power can be
reached. In this sense, tracking MPP under partial shading
conditions (PSC) is a complex task for traditional schemes
such as P&O, INC, and HC, which generally do not track
GMPP [27]. For this reason, improved techniques are pro-
posed to track MPP under PSC [28–32].

However, fluctuations around the MPP at steady-state
operation, convergence speed, and time response remain
the main drawbacks affecting MPPT efficiency. Moreover,
many conventional MPPT schemes complain of another
drawback, which is rarely discussed in the literature review,
such as high ripple magnitude and nonstability in the output
of DC-DC converters, as reported by Abdelkhalek et al. [2].
The existence of a high ripple magnitude in the output of the
DC-DC converter can significantly affect the performance of
the system and destroy sensible DC loads, which need a sta-
ble input from the converter.

In this regard, and to address the aforementioned short-
comings, an advanced MPPT scheme published recently by
Chellakhi et al. [8] is used. This latter can provide a good
compromise between MPP tracking and fewer output ripple
magnitudes of the boost converter compared to conven-
tional MPPT schemes such as INC MPPT, as reported in a
previously published paper [2].

This paper is an extension of the work originally pre-
sented at the 2020 International Conference on Electronics,

Control, Optimization, and Computer Science (ICE-
COCS’20) [2].

Hence, this work presents the following contributions
and novelties:

(i) More simulation cases with detailed comparison
results are added to investigate the performance of
the proposed MPPT strategy according to the
MPP tracking accuracy and ripple magnitude miti-
gation in the output of the DC-DC boost converter

(ii) A detailed and comprehensive numerical simulation
analyses of ripple problem using a new proposed
MPPT scheme and the INC MPPT technique

(iii) A real-time verification based on the RT-LAB simu-
lator environment is also carried out to evaluate the
capability and performance of the suggested MPPT
scheme in real-time implementation

This paper is organized as follows: Section 2 shows the
analysis of the components of the photovoltaic system. Sec-
tion 3 explains the principles of the proposed MPPT and
INC MPPT schemes. Next, the simulation and discussion
are presented in Section 4, while the real-time verification
using the RT-LAB simulator environment is described in
Section 5. Finally, the conclusion of this study is reported
in Section 6.

2. Analysis of Photovoltaic System Components

The overall photovoltaic system used in this study is
depicted in Figure 1, where five essential components are
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Figure 1: Schematic diagram of the complete photovoltaic system
used.
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Figure 2: Photovoltaic solar cell equivalent circuit.
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depicted: photovoltaic generator, DC-DC converter, MPPT
controller, PWM generator, and load. In this section, two
subsections are reported. The equivalent circuit model and
characteristics of the photovoltaic cell will be described in
the first section, while a brief overview of the DC-DC boost
converter will be found in the second section.

2.1. Photovoltaic Cell Model. The photovoltaic module con-
tains numerous units of solar cells, also called photovoltaic
cells, placed in parallel and/or series to obtain the desired
photovoltaic module with the required current and voltage.
Due to the insufficient power of a single photovoltaic mod-
ule, this latter will be joined with other photovoltaic modules
to form a photovoltaic array system.

Figure 2 illustrates the equivalent circuit of a photovol-
taic cell, which contains two resistances and a diode. The
RS series resistance signifies the losses of the metal grid, con-
tacts, and the current collecting bus, where the RP parallel
resistance characterizes the flow of small leakage current
through the parallel path losses [2, 8].

From the equivalent circuit of the photovoltaic cell pre-
sented in Figure 2, the mathematical expression of the pho-
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Figure 3: Characteristics of the photovoltaic module used (a) I-V and (b) P-V under G = 1 kW/m2 and T = 25°C.
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Figure 5: Illustration of the MPP zone in P-V curves under
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tovoltaic cell output current Ipv can be given as follows
[33–35]:

Ipv cellð Þ = Iph − Is exp
Vpv + Ipv × RS

Vt

� �
− 1

� �
−

Vpv + Ipv × RS

� �
RP

: ð1Þ

Basically, a photovoltaic panel module is made by link-
ing several solar photovoltaic cells in parallel ðNpÞ and in
series (Ns). Thus, and according to Equation (1), the math-
ematical expression of the output current of the photovoltaic
module can be written as follows [33–35]:

Ipv moduleð Þ =Np × Iph −Np × Is exp
Vpv + Ipv × RS

Ns × Vt

� �
− 1

� �

−Np ×
Vpv + Ipv × RS

Ns × RP
,

Vt =
A × K × T

q
,

ð2Þ

where Vt is the thermal voltage of the photovoltaic cell.
When a photovoltaic module is exposed to different var-

iations of environmental conditions, especially to different
sun irradiations, its output P-V and I-V characteristics show
noticeable affectations, as reported in Figure 3.

2.2. DC-DC Boost Converter. The maximum power point
(MPP) of the photovoltaic module can be far from the oper-
ating point (OP) when the photovoltaic module is directly

connected to a DC load. This OP will be the intersection
of the I-V curve of the photovoltaic module with the DC
load line [36]. For this purpose and to enhance the accuracy
of the photovoltaic system, DC-DC converters are usually
used between the photovoltaic module and load. Due to its
simplicity and high reliability regarding other more complex
configurations, the DC-DC Boost converter is the most used
among several converters. It guarantees a better transfer of
energy between the photovoltaic module and the load by
matching the OP with the MPP of the photovoltaic module.
Figure 4 depicts the circuit of the DC-DC boost converter
connected to a load [2, 8].

The relationships between the input and output sides of
the boost converter in the case of current and voltage with
the duty ratio are given as follows:

Vout =Vpv
1

1 − d
, ð3Þ

Iout = Ipv 1 − dð Þ: ð4Þ

By division of Equation (3) by Equation (4), it results in
Equation (5).

Rout = Rload =
Vout
Iout

= 1
1 − dð Þ2 ×

Vpv

Ipv
, ð5Þ

where Rload is the charge resistance.
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In the basis of Equation (5), the DC-DC boost converter
duty ratio can be given as follows:

d = 1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V kð Þ/I kð Þ
RLoad

s
: ð6Þ

3. Proposed MPPT and INC MPPT
Scheme Principles

3.1. Proposed MPPT Scheme Principle. The principle of the
suggested MPPT scheme is detailed in the previous work
of Chellakhi et al. [8]. As illustrated in Figure 5, the essen-
tial idea of the suggested scheme is based on the P-V
characteristics at different levels of insolation with a fixed
ambient temperature level, where it should be noted that
the interval of the MPPs (zone of MPPs) is very narrow
and it is limited by two values of voltage, Vmppmin and
Vmppmax [8].

The block diagram of the suggested MPPT scheme is
presented in Figure 6, where it can be seen that the suggested
MPPT scheme has a direct control strategy to track the
expected MPP. By far, after the measurement and voltage
regulation stages, Equation (7) is used to directly calculate
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Figure 7: Flowchart of the INC MPPT scheme.

Table 1: Parameters of the 1soltech 1sth-215-p photovoltaic
module at STC, DC-DC boost converter, and load.

Parameters Value

Photovoltaic module

Maximum power (Pmpp) 213.15W

Voltage at MPP (Vmpp) 29V

Current at MPP (Impp) 7.35A

Open circuit voltage (Voc) 36.3V

Short circuit current (Isc) 7.84A

Temperature coefficient of Voc -0.36099 (%/°C)

Temperature coefficient of Isc 0.102 (%/°C)

DC-DC converter

Input capacitor 47μF

Output capacitor 470μF

Inductance 1mH

Switching frequency 10KHz

Load

Resistive load 30Ω
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the new duty ratio by substituting the sensed current, the
regulated voltage, and the load charge value.

d k + 1ð Þ = 1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V kð Þ/I kð Þ
RLoad

s
: ð7Þ

3.2. INC MPPT Scheme Principle. The increment of conduc-
tance (INC) scheme has been used in many works [3, 37]

to deal with the disadvantages of the conventional P&O
MPPT scheme, the steady-state fluctuation around the
MPP and the loss of tracking under an abrupt change in
solar irradiation. The INC MPPT scheme employs the
slope of the power versus voltage (P-V) curves to track
the expected MPP. Its principle is related to the derivative
of dP/dV of the power curve of the PV module or array,
which is equal to zero at the MPP, less than zero when the
MPP stays on the right side, and greater than zero when
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the MPP stays on the left side [3]. The latter can be math-
ematically expressed as

dP
dV

= I +V
dI
dV

= 0,

dI
dV

≅
ΔI
ΔV

= −
IMPP
VMPP

,

ΔI
ΔV

= −
I
V

AtMPP,

ΔI
ΔV

>− I
V

Left of MPP

ΔI
ΔV

<− I
V

Right of MPP:

8>>>>>><
>>>>>>:

, ð8Þ

Based on the comparison of the instantaneous conduc-
tance (I/V) value with the incremental conductance
(ΔI/ΔV) value, the MPP can be followed as described in
the block diagram of the INC MPPT scheme depicted in
Figure 7.

4. Simulation and Results

To illustrate the effectiveness of the suggested MPPT
scheme, a comparison with the INCMPPT scheme is carried
out under different atmospheric conditions. The first sce-
nario was the STC conditions, then a rapid insolation change
was adopted as the second test, and the final scenario was a
Sin test, which is a slow solar irradiation change. It is note-
worthy to mention that the ambient temperature was con-
sidered fixed at 25°C. MATLAB/Simulink® software
(R2018a) was used in the numerical implementation. The
1Soltech 1STH-215-P photovoltaic module and the DC-DC
boost converter with load specifications are listed in Table 1.

4.1. Standard Test Conditions (STC). The simulation results
of the suggested MPPT scheme compared with the INC
MPPT scheme are presented in Figures 8 and 9. These fig-
ures illustrate the output power of the photovoltaic module
and the output power, voltage, and current of the boost
converter.

Based on the simulation results described in Figure 8, it
is clear that the INC MPPT scheme has a long tracking time
(0.026 seconds) to track the MPP, and it shows noticeable
steady-state ripples in the output power of the photovoltaic
module and boost converter, leading to high power losses.
On the contrary, the suggested MPPT scheme can track
the real MPP with a fast tracking time (0.012 seconds) and
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Table 2: Comparison of the STC simulation results of the proposed
MPPT and INC MPPT schemes.

INC MPPT Proposed MPPT

Photovoltaic module output

Power ripple magnitude (W) 15.9 Neglected

SSE (W) 6.55 1.6

Boost converter output

Power ripple magnitude (W) 76 10

Voltage ripple magnitude (V) 15 2.5

Current ripple magnitude (A) 0.5 0.1

Time response (s) 0.028 0.011

Steady-state average efficiency (%) 94.23 99.86
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Figure 11: Rapid variation of solar irradiation profile.
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zero steady-state ripples around the MPP. Moreover, the
proposed MPPT scheme is able to eliminate the large ripple
magnitude obtained in the case of using the INC MPPT
scheme and to provide good stability in the output power,
current, and voltage of the boost converter, as depicted in
Figures 8 and 9. This good stability can greatly minimize
the stress of the electronic components.

In addition to the aforementioned performances, the
proposed MPPT scheme can enhance the tracking efficiency
by 5.63% compared to the INC MPPT scheme as shown in
Figure 10. Moreover, it shows great ripple mitigation in the
output boost converter power, current, and voltage com-
pared to the INC MPPT scheme, as reported in Table 2.
According to the latter, the reduction in ripple in output
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power, current, and voltage using the suggested MPPT
scheme instead of the INC MPPT scheme is 32.1%,
16.26%, and 16.8%, respectively.

The ripple magnitude (h) in an output signal can be cal-
culated as follows [38]:

h = h1 − h2, ð9Þ

where h1 and h2 are the upper and lower bounds of the rip-
ple in the output signal.

The steady-state error (SSE) of photovoltaic power can
be calculated as follows [38]:

SSE = PMPP − h2 +
h1 − h2

2

� �
, ð10Þ

where PMPP is the photovoltaic power at MPP.

4.2. Rapid Irradiance Change Scenario Analysis Results. The
rapid solar irradiation scenario shown in Figure 11 is carried
out to examine the tracking ability and the speed
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convergence of the suggested MPPT scheme to track the
MPP under an abrupt sun irradiation change.

Figures 12 and 13 show the simulation results of both
MPPT schemes. It should be noted that the suggested MPPT
scheme shows good tracking of the MPP during the whole
scenario, and according to Figure 12, it is noticeable that
the PV power curve is close to the MPP curve. Moreover,
the proposed MPPT scheme can greatly reduce the ripple
magnitude of the boost converter output current and voltage
compared to the INC MPPT scheme, which shows large
fluctuations in the output current and voltage that lead to
nonstability of the system. Besides, the INC MPPT scheme
has a slow time response, as depicted in Figure 12. On the
contrary, the suggested MPPT scheme can obviously
enhance the convergence time under all conditions of sud-
den irradiance change.

The curves obtained for the dynamic tracking efficiency
under sudden insolation change of both MPPT schemes
are presented in Figure 14. In this context, as can be seen
from Figure 14, the suggested MPPT scheme shows the best
dynamic tracking efficiency with an average of 99.60%. In
contrast, the INC MPPT scheme shows a moderate dynamic
tracking efficiency, which can drop down to 88%, especially
at the sudden change of insolation, with its average tracking
efficiency of about 95.28%.

A detailed comparison of the performance of the sug-
gestedMPPT scheme over the INCMPPT scheme in the cases
of the reduction of ripple magnitude in photovoltaic and boost
converter output power, current, and voltage is depicted in
Figures 15 and 16. As can be seen, the proposedMPPT scheme
greatly reduces the ripple magnitude compared to the INC
approach, leading to high stability of the overall system.
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4.3. Sin Irradiance Change Scenario Analysis Results. In
order to show the dynamic behavior of the suggested MPPT
scheme and to assess its robustness and performance, a Sin
form of sun irradiation change scenario is suggested, where
the insolation levels ranged from 0.5 kW/m2 to 1.1 kW/m2

as shown in Figure 17, while the temperature was fixed at
25° C.

Figure 18 illustrates the curves extracted from the output
power of the photovoltaic module using both MPPT
schemes. It is obvious that the suggested scheme tracks the
available MPP of the photovoltaic module by immediately
following the solar irradiation variation profile. Indeed, it

can extract the real MPP with zero oscillations and better
performance, as illustrated in the zoomed-in views of
Figure 18 and it provides faster time converging to the
MPP. On the contrary, despite following the insolation var-
iation profile, the INC MPPT scheme shows a slow time
response and high oscillation amplitude around the MPP,
especially for high irradiance levels, leading to significant
power losses.

Furthermore, the photovoltaic output current and volt-
age with duty cycle waveform simulation results are depicted
in Figure 19, while the boost converter output power, cur-
rent, and voltage simulation results are shown in Figure 20
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Table 3: Summary of the simulation results comparison of INC and the proposed MPPT schemes under the Sin scenario.

Sin test INC MPPT Proposed MPPT

Average tracking efficiency (%) 97.87 99.62

Time response (seconds) 0.028 0.012

Average ripple magnitude of the boost output current (A) 1.85 0.08

Average ripple magnitude of the boost output voltage (V) 14.38 2

Average ripple magnitude of the boost output power (W) 54.52 10.62

Average ripple magnitude of the photovoltaic voltage (V) 3.5 Neglected

Average ripple magnitude of the photovoltaic current (A) 0.35 Neglected

Average ripple magnitude of the photovoltaic power (A) 10.8 Neglected

Figure 21: RT-LAB platform.
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for both MPPT schemes. On the basis of these figures, it can
be seen that the proposed MPPT scheme significantly mini-
mizes the ripple magnitude on the output side of the boost
converter and provides good stability for the whole system.
On the other hand, high ripple magnitude with nonstability
is observed in the power, current, and voltage of the output
boost converter side in the case of using the INC MPPT
scheme.

Table 3 shows the summary of the simulation results
comparison of the INC method and the proposed MPPT
scheme during the Sin scenario. In light of this comparison,
it is worth mentioning that the proposed MPPT scheme can
considerably enhance the overall efficiency of the photovol-
taic system and reduce the loss of power energy.

5. Real-Time Verification Using the RT-LAB
Simulator Environment

RT-LAB (Real-Time-Laboratory) [39] is a software environ-
ment of the OPAL-RT simulation system, as shown in
Figure 21. It is fully integrated with MATLAB software
and compatible to work with fixed-step solvers in the Simu-
link environment. Furthermore, it has been considered one
of the most adequate and relevant real-time simulators used
to date to perform and evaluate many power system engi-
neering applications, such as renewable energy, robotics,
aerospace, and automotive applications [40–42]. Further-
more, the application of the RT-LAB platform in renewable
energy, especially solar photovoltaic systems, has gained
more consideration and has become an interesting tool to
be used in the implementation and examination of the con-
trol performance of the entire photovoltaic system, for
example, the MPPT controller [41, 43, 44].

Figure 22 presents the Simulink schematic modeling-
based RT-LAB simulator of the complete photovoltaic sys-
tem, which consists of two main subsystems: SM (Master
Subsystem) and SC (Console Subsystem). The SM subsys-
tem’s role is summarized in the real-time calculation and
data synchronization, whereas the SC subsystem’s role is

considered as the unique user interface to interact with the
system during execution [42]. To get synchronization com-
munication between the two SM and SC subsystems, the
OpComm block depicted in Figures 23 and 24 should be
used. The contents of the SM block with the SC block con-
tents before and after RT-LAB compilation are shown in
Figures 23, 24, and 25, respectively.

To validate the results obtained using the simulation in
the previous section, real-time validation was carried out
using the RL-LAB simulator, in which the accuracy and per-
formance of the novel MPPT scheme were compared with
the INC scheme under different weather conditions.

5.1. Results of Standard Test Conditions (TSC) Analysis.
Figures 26, 27, and 28 illustrate the results obtained during
the STC (1 kW/m2, 25°C). Figures 26 and 27 depict the
waveforms of the PV module and boost converter output
power, current, and voltage in addition to the duty ratio gen-
erated by both MPPT schemes. Furthermore, the tracking
efficiency is presented in Figure 28.

With regard to these results, it is clear that the real-time
implementation of the two MPPT schemes using the RL-
LAB environment was executed accurately. Certainly, the
INC scheme can track the MPP, but bulky fluctuations and
obvious disturbances in the output waveforms of the photo-
voltaic module and DC-DC boost converter are manifest.
Consequently, a mediocre average tracking efficiency of
97.80% is achieved, as shown in Figure 28. In contrast, when
using the novel MPPT scheme, the aimed MPP is tracked
perfectly without oscillations, and the average tracking effi-
ciency can reach 99.80%. Furthermore, good stability of the
output current and voltage of the photovoltaic module with
significant reduction in output ripple magnitude of the cur-
rent, voltage, and power of the DC-DC boost converter is
obtained.

5.2. Results of Sudden Irradiance Change Analysis. To exam-
ine and assess the performance of the novel MPPT scheme,
another test was carried out under sudden solar irradiation
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Figure 26: RT-LAB real-time results of the PV array and TLBC power waveforms of both MPPT schemes under STC.
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Figure 27: RT-LAB real-time results of the output current and voltage waveforms of both MPPT schemes under STC: (a) PV array and (b) TLBC.
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with duty ratio curves and (b) boost converter output current and voltage waveforms.

17International Journal of Photoenergy



variation, where the insolation varies abruptly from 1kW/
m2 to 0.5 kW/m2 in a real-time simulation process. The
results obtained throughout these test conditions are
described in Figures 29 and 30.

According to the dynamic response curves of the PV
module output power depicted in Figure 29, it is notable that
the proposed MPPT scheme successfully tracks the expected
MPP without fluctuation during the overall test time. In
addition, it offers a fast tracking speed reaction under the
sudden change in solar irradiation, unlike the INC scheme,
which shows a slow tracking reaction under the rapid irradi-
ance change; in the same fashion, huge oscillations manifest
around the MPP at a high level of insolation (1 kW/m2).
Additionally, the output power, current, and voltage of the
DC-DC boost converter suffer from a large ripple magnitude
with noticeable instability when the INC scheme is used as
revealed in Figure 30. On the contrary, when using the pro-
posed scheme, minimized ripples with good stability appear
in the output power, current, and voltage of the DC-DC
boost converter. This is due to the adequate generated duty
ratio by the proposed scheme, as revealed in Figure 30(a).

Table 4 shows the summary of the average performance
of the proposed MPPT scheme compared to the INC MPPT
scheme under real-time verification using the RT-LAB sim-
ulator. Here, the average tracking efficiency, the output rip-
ple magnitude of the DC-DC boost converter, and the
photovoltaic array are considered in the performance com-

parison. This comparison shows that the proposed MPPT
scheme outperforms the INCMPPT scheme in terms of pro-
viding high tracking efficiency and minimizing the DC-DC
boost converter and PV array output ripple amplitude. In
this context, the proposed MPPT scheme has the highest
tracking efficiency with the lowest output ripple magnitude
from the DC-DC boost converter and the PV array,
respectively.

5.3. Performance Evaluation. The performance analysis of
the proposed MPPT scheme compared to previously pub-
lished MPPT techniques is reported in Table 5. In light of
this comparison, it is worth mentioning that the proposed
scheme can noticeably improve the tracking performance
compared to other techniques in the cases of static and
dynamic tracking efficiency, tracking time, and steady-state
fluctuation. Indeed, the proposed MPPT scheme provides
the highest tracking efficiency and velocity with the lowest
tracking time compared to other published MPPT
techniques.

6. Conclusion

In this paper, a novel MPPT scheme is used to enhance the
tracking performance of the photovoltaic system under vary-
ing solar irradiation. In addition, it is used to overcome the
high ripple magnitude problem on the output side of the

Table 4: Summary of the performance comparison of the proposed MPPT and INC MPPT schemes during real-time verification using the
RT-LAB simulator.

INC MPPT Proposed MPPT

Test conditions STC
Sudden insolation change

(1➔ 0.5 kW/m2)
STC

Sudden insolation change
(1➔ 0.5 kW/m2)

Average tracking efficiency (%) 97.80 96.5 99.80 97.77

Ripple magnitude of the boost converter
output current (A)

1.66 1.66-0.31 0.63 0.63-0.31

Ripple of magnitude of the boost converter
output voltage (V)

17.33 17.33-2.3 6.29 6.29-2.3

Average ripple of magnitude of the boost
converter output power (W)

118 118-14.9 56.6 56.6-14.9

Average ripple magnitude of the photovoltaic
voltage (V)

2.61 2.61-neglected Neglected Neglected

Average ripple magnitude of the photovoltaic
current (A)

0.86 0.86-neglected Neglected Neglected

Average ripple magnitude of the photovoltaic
power (A)

8.8 8.9-neglected Neglected Neglected

Table 5: Performance comparison of the proposed MPPT scheme with other MPPT schemes.

Scenario Ref [31] Ref [34] Ref [30] INC method Proposed

Steady-state oscillation Small Small Neglected Big Neglected

Static tracking efficiency (%) 99.70 95.43 99.52 94.23 99.86

Tracking time (s) 0.12 0.08 0.016 0.028 0.011

Dynamic tracking efficiency (%) 96.61 98.95 99.68 95.28 99.60

Tracking velocity under fast change in irradiance Medium Medium Fast Medium Very fast
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boost converter, which most conventional MPPT schemes
suffer from. The implementation of the suggested MPPT
scheme with the whole photovoltaic system is carried out
under two tools, namely, the MATLAB/Simulink® and RT-
LAB simulator. The first tool is used to offer simulation ver-
ification, while the second tool is used to provide real-time
verification. The performance and accuracy of the proposed
MPPT scheme have been carried out through various tests
with different solar irradiance scenarios and compared with
those of the INC MPPT scheme. In light of the comparative
results in both environments, it should be noted that the
proposed MPPT scheme can obviously enhance the tracking
performance and overcome the ripple problem in the output
of the boost converter. Indeed, it provides the fastest time
response to locate the MPP and the best tracking efficiency
under the overall scenarios, with an average tracking effi-
ciency of 99.69% and 98.78% using the MATLAB/Simulink®
and RT-LAB simulator tools, respectively, whereas the INC
MPPT scheme can only have an average tracking efficiency
of 95.79% and 97.15% using both tools, respectively. Future
research work will focus on three main points: an experi-
mental evaluation of the proposed MPPT approach’s perfor-
mance with the complete photovoltaic system, an
improvement to its tracking performance for use in PSC,
and an additional comparison of its performance with newly
published MPPT techniques.

Nomenclature

ABC: Artificial bee colony
ACO: Ant colony optimization
FOCV: Fractional open-circuit voltage
FLC: Fuzzy logic control
FSCC: Fractional short-circuit current
GMPP: Global maximum power point
HC: Hill climbing
INC: Increment of conductance
LMPP: Local maximum power point
MPP: Maximum power point
MPPT: Maximum power point tracking
NNA: Neural network algorithm
OP: Operating point
P&O: Perturb and observe
PSC: Partial shading conditions
PSO: Particle swarm optimization
STC: Standard test conditions
RT-LAB: Real-Time-Laboratory
I-P: Current versus power characteristics of the pho-

tovoltaic module
P-V: Power versus voltage characteristics of the pho-

tovoltaic module
Ipv: Photovoltaic cell output current [A]
Iph : Current of photovoltaic cell [A]
NP,NS : Numbers of solar power cells in parallel and in

series
Q: Electronic charge value [1:6 × 10−19C]
Vpv : Photovoltaic cell output voltage [V]
A: Dimensionless junction material factor

k: Boltzmann’s constant ½8:65 × 10−5eV/K�
T : Temperature of the p-n junction [K]
ki : Short-circuit current temperature coefficient

[%/°C]
Tr : Cell reference temperature [°C]
G: Solar irradiation [W/m2]
Is: Saturation current [A]
Rout: Boost converter output resistance [Ω]
Rload : Load resistance at instant (t) [Ω]
dðkÞ: Duty cycle of the boost converter at instant (k)
dIpv: Change in photovoltaic current [W]
dVpv : Change in photovoltaic voltage [W]
dPpv: Change in the photovoltaic power [W]
Cin, Cout: Input and output capacitor of the boost converter

[F]
Ppv : Photovoltaic output power [W]
Vt : PV cell thermal voltage (V).
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