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This paper presents modeling and evaluation of more widely used Maximum power Point tracking
(MPPT) algorithms. These algorithms are simulated in Matlab/Simulink environment in order to provide
a comparison in terms of sensors required, ease of implementation, efficiency, and the dynamic response
of the Photovoltaics (PV) systems to variations in temperature and irradiance. This simulation based
evaluation can be useful in specifying the appropriateness of the MPPT algorithms for the different PV
system applications. It can be used as a reference modeling for future research related to the PV power
generation. Furthermore, a novel artificial intelligence technique based on Adaptive Neuro-Fuzzy Infer-
ence System (ANFIS) is presented in this work. The solar irradiance and cell temperature are used as
input to predict the duty cycle of the electronic switch of the DC–DC converter adopted in the system.
The proposed technique provides high accuracy, stability, very fast tracking algorithm.
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Fig. 1. Proposed PV system.

Fig. 2. Equivalent circuit of a PV cell using the single exponential model.
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1. Introduction

The key solution to overcome energy related problems of the
world is the Renewable energy technologies [1]. However, only
about 14% of total world energy demand are supplied by renew-
able energy resources [2]. Solar energy provides an unlimited,
clean and environmentally friendly energy, So, it is regarded as
one of the most promising renewable energy technologies [3–8].

The Photovoltaics systems appear to be one of the most pro-
mising technologies due to many reasons such as the electrical
energy production close to where it is required, so that transport
expenditure and energy losses can be avoided, no greenhouse gas
emission, low maintenance cost and no noise because it do not
require any moving parts [9]. The main applications of PV systems
are in solar vehicles, water pumping, street lighting, remote areas
electrification and space stations [10]. However, there are many
drawbacks of PV systems: nonlinear behavior, the variation of the
maximum power point with the climatic conditions which com-
plicates the tracking task, low conversion efficiency which is less
than 17% [11]; and high installation cost. So, it becomes necessary
to use MPPT system in order to ensure the efficient operation of
the solar array. MPPT is a switch-mode power converter can be
used for extracting the maximum power despite the continuous
changes in irradiance and temperature by the control technique
which adjusts the power and achieves its greatest possible value
[12]. Several MPPT algorithms have been proposed in the literature
such as Fractional open circuit voltage algorithm [13], Perturb and
Observe (P&O) algorithm [14], Incremental Conductance (IncCond)
algorithm [15], Fuzzy Logic Control (FLC) based algorithm [16],
Temperature measurement based algorithm [17] and ANFIS-based
algorithm [18].

Both fractional open circuit voltage and fractional short circuit
current algorithms are modified by Sayal [19] in order to overcome
their limitations.

A modified P&O MPPT algorithm with variable perturbation
step size is presented by Zhang et al. [20] in order to reduce the
power oscillation around the MPP. A similar technique is devel-
oped by Piegari et al. [21].

Elgendy et al. [22] presented an experimental evaluation of the
operating characteristics of the IncCond algorithmwhen employed
by a PV pumping system.

In [23], Farhat et al. presented a single input fuzzy logic con-
troller (SIFLC) based on the constant voltage algorithm. It is used
as a MPPT control scheme for a stand-alone PV system.

In [24], Bin-Halabi et al. proposed an ANFIS-based MPPT
algorithm.

These algorithms vary in complexity, sensors required, con-
vergence speed, ease of implementation, popularity, and in
other respects. The objective of this paper is to analyze, simulate
and evaluate PV system employing different maximum power
point tracking algorithms under varying operating conditions.
The simulation tool SIMULINKs allows the direct evaluation of
more widely used MPPT algorithms under the same operating
conditions. Furthermore, this paper introduce a novel MPPT
algorithm based on Adaptive Neuro-Fuzzy Inference system
which can predict and track the maximum power point of PV
system under rabidly changing environmental conditions in
short time with minimum error and low oscillations. To be able
to properly simulate the PV system, detailed mathematical
model for the PV panel is presented and used to study the effect
of different influences of the environmental conditions on its
output characteristics.
2. Mathematical model of PV system

PV systems consist of PV panels, DC–DC converters, control
technique and loads. A typical operation of MPPT system is
depicted in Fig. 1, where the measured values of the output vol-
tage and/or current of the PV panel are fed to the MPPT technique
which updates the duty cycle (D) of the DC–DC converter to
maximize the power delivered to the load [25].

2.1. PV panel model

The PV panel is composed of several PV cells connected in
series or parallel or both. The equivalent circuit of the single-diode
model for PV cells is shown in Fig. 2. The most commonly used
expression of the output current Ipv and output voltage Vpv of a PV
panel with Ns cells in series and Np strings in parallel based on the
single exponential model is found from Eq. (1) which describes the
current–voltage characteristics of a PV module [26].

IPV ¼ GIphg� Iog eΛg Vpv þ IpvRsgð Þ�1
� �

� Vpvþ IpvRsg

Rshg

� �
ð1Þ

where Λg ¼ q=nKT; Λg ¼Λ=Ns; Rsg ¼ Ns=Np
� �

Rs; Rshg ¼ Ns=Np
� �

Rsh;
Iog ¼NPIo; and Iphg ¼NpIph [20].

where Iph is the light generated PV current, Io is the reverse
saturation current, n is the diode ideality factor, q is the charge of
electron, K is the Boltzmann constant, T is the cell temperature, G
is the solar radiation and Rs, Rsh are the series and parallel
equivalent resistances of the solar cell respectively. The main
electrical parameters of SM55 PV module used are summarized in
Appendix A.

2.2. DC–DC converter

DC–DC converter is used for regulating the PV voltage by
varying the duty cycle (D) using MPPT technique in order to
maintain the operating point at the MPP of the PV panel.

DC–DC converters are classified into three types: boost con-
verters, buck converters, buck–boost converters and ćuk converter.
The performance parameters of each type can be described by:
voltage gain (Av), boundary filter inductance (Lb) and minimum
filter capacitance (Cmin) [27].
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These parameters can be calculated using the relationships
which are summarized in [27], Boost DC–DC converter, shown in
Fig. 3, is chosen in the present work because its sensitivity to
changes in D is larger than buck and buck–boost converter [27].
3. Simulation model of PV system

The proposed system mainly consists of SM55 solar module,
Boost converter and resistive load. The control signal generated by
each MPPT technique fed to a PWM for controlling the boost
converter's switching MOSFET. The system was simulated in
MATLAB/SIMULINK software environment as shown in Fig. 4.

The output characteristics of the PV module strongly influenced
by changes in environmental conditions, as shown in Fig. 5. It is
noted that MPP of the PV module is influenced by the irradiance
(G) and temperature (T) changes and show that either the PV
voltage or PV current can represent the MPP.
4. Main MPPT algorithms

MPPT is a switch-mode power converter introduced between
the PV panel and the load. A typical operation of MPPT system is
depicted in Fig.1, where the measured values of the output voltage
and/or current of the PV panel are fed to the MPPT technique
which updates the duty cycle (D) of the DC–DC converter in order
to match the characteristics of the electrical load with those of the
PV panel at MPP for maximum power transfer [25].

4.1. Modified Fractional Open Circuit Voltage Algorithm

Fractional open circuit voltage algorithm (FOCV) is based on the
approximately linear relationship between the voltage at MPP
(VMPP) and the open circuit voltage (Voc) of the PV panel under
varying irradiance and temperature levels as described by the
following equation:

VMPPffiK1 � VOC ð2Þ
where K1 is proportionality constant, which depends on the
characteristics of the PV panel being used. The value of K1 ranges
Fig. 3. Circuit diagram of boost DC–DC converter.

Fig. 4. Configuration of the PV sys
from 0.73 and 0.81 for SM55 PV module over a temperature range
of 25–75 °C and irradiation levels from 200 to 1000 W/m2 as
shown in Fig. 6.

The modified fractional open circuit voltage algorithm is used
to overcome the loss of power problem by measuring the tem-
perature and irradiance in order to calculate VOC using the fol-
lowing equations [19]:

VOC ¼ CTVCGVV
STC
OC ð3Þ

CTV ¼ VOC

VSTC
OC

¼ 1þ KV

VSTC
OC

T�25ð Þ ð4Þ

CGV ¼ 1þβTαG G�1000ð Þ ð5Þ

αG ¼ΔT = G�1000ð Þ ð6Þ

where CTV is the variation of VOC with temperature, VSTC
OC is the

open circuit voltage at standard test conditions (1000 W/m2,
25 °C), KV is the temperature coefficient of VOC (it is taken
�0.077 V/°C for SM55 PV module), CGV is the variation of VOC with
solar irradiance, and ΔT is the temperature change due to change
in irradiance. The values of βT and αG taken are 0.0016 and 0.006
respectively.

Once VOC is calculated, VMPP can be determined using (2) and it
can be reached using PI controller which minimize the error
between the output voltage of the PV panel and VMPP by adjusting
the duty cycle of the power converter. Fig. 7 shows the config-
uration of the modified FOCV algorithm in Simulink according to
the flow chart shown in Fig. 8.

4.2. Perturb and observe algorithm

The perturb and observe algorithm (P&O) is based on periodical
measuring the PV panel voltage V(k) and current I(k) to calculate
the current PV output power P(k), and perturbing (increasing or
decreasing) the switching duty cycle (D) of the power converter to
change the system operating point and then observing the output
power variation (ΔP¼P(k)–P(k-1)). If the power increases (ΔP is
positive), the MPP will be approached, therefore the perturbation
should be kept the same for the following stage; otherwise the
perturbation should be reversed. This process is repeated until the
MPP is reached [15].

Fig. 9 shows the flow chart the P&O algorithm, where the
configuration of the P&O algorithm in Simulink environment is
shown in Fig. 10.

4.3. Incremental conductance algorithm

The Incremental conductance algorithm (IncCond) is based
tem in Simulink environment.



Fig. 5. The output characteristics of SM55 PV module for various values of solar irradiance and temperature: (a) I–V characteristics and (b) P–V characteristics.

Fig. 6. The ratio of voltage at MPP to the open circuit voltage as functions of
irradiance and temperature.

Fig.7. Configuration of the modified FOCV MPPT algorithm in Simulink
environment.
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on the fact that the slope of the PV panel's power–voltage
characteristics (dP/dV), represented by Eq. (7), is zero at the MPP.

dP
dV

¼ d IVð Þ
dV

¼ IþV
dI
dV

¼ 0-
dI
dV

¼ � I
V
atMPP ð7Þ

dP
dV

40-
dI
dV

4� I
V
left of MPP ð8Þ

dP
dV

o0-
dI
dV

o� I
V
right of MPP ð9Þ

where ð� I=VÞ is the reverse of the instantaneous conductance and
ðdI=dVÞ is the incremental conductance of the PV panel. The duty
cycle of the converter should be increased or decreased according
to Eqs. (8) and (9) for tracking the MPP. Fig. 11 shows the flow
chart the IncCond algorithm, where the configuration of the
IncCond algorithm in Simulink environment is shown in Fig. 12.
4.4. Temperature measurement based algorithm

Temperature measurement based algorithm is based on the
fact that the PV output voltage is directly proportional to the
temperature on the PV surface. A simple temperature measure-
ment based technique called MPPT-temp is proposed in [17]. In
this technique, the current sensor is substituted by a temperature
sensor fixed on the PV back surface. The system starts measuring
the PV output voltage VPV and temperature T then evaluates the
VMPP by Eq. (10) and depending on the difference between the
measured value of the PV output voltage VPV and the desired



Fig. 8. Flow chart of Modified FOCV MPPT algorithm.

Fig. 9. Flow chart of P&O MPPT algorithm.

Fig.10. Configuration of the P&O MPPT algorithm in Simulink environment.

Fig. 11. Flow chart of IncCond MPPT algorithm [14].

Fig. 12. Configuration of the IncCond MPPT algorithm in Simulink environment.

M.A. Enany et al. / Renewable and Sustainable Energy Reviews 58 (2016) 1578–15861582
maximum power point voltage VMPP, the duty cycle D is updated in
order to keep the PV output voltage as close as possible to VMPP.

VMPP ¼ VSTC
MPPþuv T�25ð Þ ð10Þ

where VSTC
MPP is the maximum power point voltage at standard test

conditions (1000 W/m2, 25 °C) and uv is the temperature coeffi-
cient of VMPP (PV panel's datasheet information).

Fig. 13 shows the flow chart the temperature measurement
based MPPT algorithm, where the configuration of the temperature
measurement based MPPT algorithm in Simulink environment is
shown in Fig. 14.

4.5. Fuzzy logic control based algorithm

Fuzzy logic control (FLC) consists of three stages: fuzzification,
decision-making and defuzzification as depicted in Fig. 15.

In this algorithm, the FLC rules and membership functions are
designed taking into account the behavior of the PV panel at dif-
ferent environmental conditions to provide fast and stable



Fig. 13. Flow chart of temperature measurement based MPPT algorithm in Simu-
link environment.

Fig. 14. Configuration of temperature measurement based MPPT algorithm in
Simulink environment.

Fig. 15. The basic configuration of fuzzy logic controller.

Table 1
Rule base used in the fuzzy logic controller.

ΔP ΔV

NB NM NS ZE PS PM PB

NB NS NM NS PS PS PM PS
NM NM NS NM PS PM PS PM
NS NB NB NS PS PS PB PB
ZE PB PB PB PS NB NB NB
PS PE PM PS NS NS NM NB
PM PM PS PM NS NM NS NM
PB PS PM PS NS NS NM NS

Fig. 16. Configuration of FLC based MPPT algorithm in Simulink environment.
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tracking for MPP of PV system. The inputs of the fuzzy logic con-
troller are chosen to be the change in the PV output power ΔP and
the change in the output voltage ΔV which are defined by Eqs. (11)
and (12) and the output is the change in the duty cycle of the
power converter ΔD as proposed in [16].

ΔP ¼ P Kð Þ�P K�1ð Þ ð11Þ

ΔV ¼ V Kð Þ�V K�1ð Þ ð12Þ

The triangular membership function is used for its simplicity
and it can be defined using a minimal amount of information as
compared to other membership functions. Seven fuzzy levels are
chosen to control each variable: NB (negative big), NM (negative
medium), NS (negative small), ZE (zero), PS (positive small), PM
(positive medium), PB (positive big).

Once ΔP and ΔV are calculated and converted to linguistic
variables, the fuzzy logic controller output ΔD can be looked up in
a rule base table such as Table 1 which is proposed for the boost
converter used in this work.

These rules are based on the fact that if the change in the
voltage causes the power to increase, the moving of the next
change is kept in the same direction otherwise the next change is
reversed. Fig.16 shows the configuration of the FLC based MPPT
algorithm in Simulink environment.

4.6. Proposed ANFIS based algorithm

The proposed ANFIS-based MPPT algorithm uses the irradiance
level (G) and the cell temperature (T) of PV module as input
parameters and the optimal load resistance (Ropt) as output
parameter.

The optimal load resistance can be calculated by solving two
Eqs. (13) and (14) using the equations solver (solve) in Matlab on
order to get the maximum power point voltage and current (Vmp,
Imp) at different irradiance levels and temperature;

Imp ¼ GIphg� Iog eΛg Vmp þ ImpRsgð Þ�1
� �

� Vmpþ ImpRsg

Rshg

� �
ð13Þ

Imp

Vmp
¼

ΛgIogeΛg Vmp þ ImpRsgð Þþ 1
Rshg

1þΛgRsgIogeΛg Vmp þ ImpRsgð Þþ Rsg

Rshg

ð14Þ

The ANFIS function (Genfis1) in Matlab toolbox is used to
generate Sugeno-type fuzzy inference system which initializes the
membership function parameters [28]. The ANFIS function uses
actual data of G, T and Ropt to learn the ANFIS model by adapting
the membership functions parameters and the output parameters
of Sugeno output equations by applying a hybrid learning rule
algorithm. The least-squares optimization method calculates the
consequent parameters in the forward pass. The back-propagation



Fig. 17. Configuration of ANFIS based MPPT algorithm in Simulink environment.

Fig. 18. Solar irradiance and temperature behavior during the simulation.
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gradient descent method uses the error between the training data
and predicted output in backward pass to calculate the error in
different nodes and update the membership functions parameters
[29].

After predicting the optimal resistance of the load using the
ANFIS model at specific irradiance level and temperature, the duty
cycle D can be calculated as follows:

Rop ¼ Rload 1�Dð Þ2 ð15Þ
The generated ANFIS model is imported to Simulink, as

depicted in Fig. 17
Fig. 19. The PV output power in changes of irradiance and temperature with dif-
ferent MPPT algorithms.

Table 2
The maximum power point parameters at different test conditions.

Test conditions Parameters

G (W/m2) T (oC) Pmax (W) Imp (A) Vmp (V)

1000 25 54.95 3.158 17.4
600 25 31.79 1.874 16.96
800 50 38.03 2.502 15.20
5. Simulation results and discussion

In this section, the simulations were performed on a PV system
for comparing the MPPT algorithms in terms of their efficiency,
dynamic response based on simulations in the Matlab/Simulink
software. The comparison results are summarized in a table which
can be used as a selection guide.

5.1. Model description

The PV system used in the simulations is shown in Fig. 4. This
system consists of SM55 solar module which provides a maximum
power of 55 W, a DC–DC boost converter operating at 10 kHz, a
filter inductance of 2 mH, a filter capacitor of 1000 mF and a
resistive load of 20 Ω. The input of the power converter is con-
nected to the PV panel, the output is connected to the resistive
load and the control signal generated by each MPPT technique fed
to a PWM for controlling the boost converter's switching MOSFET.
The system was simulated in MATLAB/SIMULINK software
environment.

5.2. Simulation results

The following different types of changes in the solar irradiance
and temperature are used during the simulation to test the MPPT
algorithms at different operating conditions as shown in Fig. 18.

The MPPT algorithms have been simulated and the results have
been depicted in Fig. 19. After the transient, it is noted that the PV
output power is established on the maximum power point power
Pmax locus according to Table 2.
6. Discussions

In the previous section, the performance of various MPPT
algorithms was simulated in SIMULINK

s

under varying environ-
mental conditions. These algorithms vary in complexity, sensors
required, convergence speed of tracking the MPP, ease of imple-
mentation, efficiency. In this section, the various MPPT is com-
pared according to these specifications.
6.1. Dynamic response

The simulation results indicate that the modified FOCV algo-
rithm, the IncCond algorithm, the FLC based algorithm, the pro-
posed ANFIS-based algorithm as well as the temperature based
algorithm are all able to track the MPP for fast changes in the solar
irradiance and temperature but the P&O algorithm fails to do that
as depicted in Fig. 19.

The accuracy of the modified FOCV algorithm and the tem-
perature based algorithm suffers because their equations are
approximated; however, they have excellent convergence speed.
Furthermore, the P&O algorithm has the worst tracking speed and
it can be improved by increasing the perturbation step size. In



Table 3
The characteristics of the simulated MPPT algorithms.

MPPT Algorithm Type PV panel parameters knowledge Convergence speed Efficiency (%) Digital or Analog Number of sensors

Proposed ANFIS-based MPPT Artificial Intelligence Necessary Very fast 99.4 Digital 3
Modified FOCV Computational Method Necessary Fast 98.46 Both 3
FLC based MPPT Artificial intelligence Not necessary Fast 98.1 Digital 2
IncCond Hill Climbing method Not necessary Medium 97.6 Digital 2
P&O Hill Climbing method Not necessary Low 97.5 Both 2
Temp.-based MPPT Computational method Necessary Fast 96.2 Both 2
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terms of the tracking speed consideration, the MPPT algorithm can
be ranked as follows:

(1) the proposed ANFIS-based algorithm,
(2) the modified FOCV and temperature based algorithms,
(3) the FLC based algorithm,
(4) the IncCond algorithm,
(5) the P&O technique.

6.2. Efficiency

The efficiency of the MPPT technique is a very important con-
sideration for special PV system applications such as the power
supply used in space stations and satellites. It can be determined
by the following equation [30]:

η¼ 1
m

Xm
i ¼ 0

Pi

Pmax;i
ð15Þ

where Pi is the PV output power, Pmax is the maximum power and
m is the number of samples.

The simulation results indicate that the proposed ANFIS based
algorithm, FLC based algorithm as well as the modified FOCV
algorithm has the best efficiency as compared to the other
algorithms.

6.3. Implementation

The ease of implementation of the MPPT technique has a large
impact on the overall cost of the PV system. Whether the MPPT
algorithm is an analog or digital implementation and the sensor
requirements are important factors specifying its ease of imple-
mentation. The analog implementation is easier and cheaper than
the digital one as it does not need microcontroller and
M
R
R
S
O
T

programming. As a result, the P&O algorithm as well as the tem-
perature measurement based algorithm is easier and cheaper than
the other algorithms because they are analog implementation and
need double sensors.

Different characteristics of the simulated MPPT algorithms
determined from the simulations are summarized in Table 3.
7. Conclusion

In this work, the most widely used MPPT algorithms have been
modeled and evaluated according to simulations in Matlab/Simu-
link environment based on the dynamic response of the PV sys-
tem, the tracking speed of convergence, the efficiency and the ease
of implementation.

The results indicate that the modified fractional OC voltage
algorithm, the FLC based algorithm and the IncCond algorithm
provide an excellent tracking performance independently on the
climatic conditions. The temperature measurement based algo-
rithm is characterized by its simplicity of implementation but it
has the lowest efficiency because of its bad accuracy. Finally, the
performance of the P&O algorithm depends on the perturbation
step size.

A novel ANFIS-based MPPT algorithm was proposed and com-
pared with the other algorithms. The deviation from the MPP, as
observed with the conventional techniques, did not occur. More-
over, it provides a very fast response under rapidly changing
environmental conditions. This made the efficiency of the pro-
posed algorithm to be above 99%.

Finally, this simulation based evaluation can be useful in spe-
cifying the appropriateness of the MPPT algorithm for the various
PV system applications.
Appendix

Electrical parameters of the SM55 PV module [31].
aximum power rating, Pmax
 55 W

ated current IMPP
 3.15 A

ated voltage, VMPP
 17.4 V

hort circuit current, ISC
 3.45 A

pen circuit voltage, VOC
 21.7 V

emperature coefficient of ISC
 1.2 mA/OC

emperature coefficient of VOC
 �0.077 V/ OC
T
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