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Solar panels have non-linear voltage-current features with only one distinctive point where maximum
power is obtained. This optimal power point alters with oscillations in temperature and radiation
intensity. Various techniques have been proposed for online, offline and hybrid maximum power
point tracking. In this paper a new hybrid method based on fuzzy logic for maximum power point
tracking of photovoltaic systems has been proposed. At first, this algorithm presents a comparison
of two components, including work point calculation and accurate adjustment. Then, work point
calculation estimates the maximum power point. Finally, accurate adjustment follows the accurate
value of maximum power based on Fuzzy Logic (FL) method. The method proposed in this study is
simulated in MATLAB/SIMULINK work space. The proposed method is able to improve the dynamic
response and steady-state response of the PV systems and a comparison is made between the results
of simulation and the existing techniques and the efficacy of the proposed method has been discussed.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Energy crisis and environmental factors like pollution, global
warning and the greenhouse effect are provocative elements
that draw the attention of governments to renewable energy re-
sources for replacing conventional fossil-fueled electricity genera-
tion. Among available renewable energy generation technologies,
solar photovoltaic (PV) arrays have been widely adopted because
solar energy is readily available, clean, and PV technologies are
low maintenance (Tey et al, 2018; Seyedmahmoudian et al,,
2019b; Radjai et al., 2014; Safari and Mekhilef, 2011; Seyedmah-
moudian et al.,, 2015). So, Photovoltaic (PV) system has received
much attention from among these sources. The PV system must
be controlled in different conditions to work on its maximum
power point and the output characteristics of PV solar panel rely
on many operating conditions such as irradiance, temperature,
Spectral of sunlight, dirt, and shadows. Therefore, an adaptable
converter and selection of an impressive and valid (maximum
power point tracking, MPPT) algorithm are required to accede
and transfer the maximum power from the PV panel to the
load under any changes of weather conditions (Radjail et al.,
2015). Several issues like the low energy conversion efficiency
and heavy dependence on environmental factors, including solar
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irradiance and ambient temperature of PV systems remain a
serious preventive to utilization of PV power generation and
achieving the accurate maximum power point tracking(MPPT) is
vitally important (Seyedmahmoudian et al., 2016, 2019a).

This maximum power point, which relies on the load condi-
tions, cell temperature (T) and solar radiation (G), is tracked by
MPPT (Koofigar, 2016). The duty-cycle (D) computed by MPPT
controller is given to PWM pulse, which is used to adjust the
produced band width by PWM. Then, the pulse with controlled
width is given to boost the convertor to track the maximum
power point. To decrease the costs of PV systems, a critical
issue in designing optimal systems is extracting maximum power
from a solar panel. In this literature, various methods have been
introduced for maximum power point tracking (MPPT). These
techniques are differentiated based on different features, such
as different kinds of the required sensors, convergence velocity,
value, effectiveness range, requirements of hardware implemen-
tation and popularity (Tey and Mekhilef, 2015). However, MPPT
methods can be classified into online, offline and hybrid types.
These techniques are also categorized as Open Circuit Voltage
(0CV), Short Circuit Current (SCC) and Artificial Intelligence (Al)
methods. Online techniques, also called model-free methods, typ-
ically use temporal voltage value or PV output current to produce
control signal. Online methods include IC, ESC and P&O (Tey and
Mekhilef, 2015). Hybrid methods are also a blend of online and
offline methods. In Jain and Agarwal (2007) and Kim (2007),
MPPT was presented for PV systems by sliding mode controller

2352-4847/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Fig. 1. Photovoltaic system.

Fig. 2. Solar panel equivalence circuit.

current method. Intelligent systems such as neural networks (NN)
and fuzzy logic controllers (FLC) have been used successfully
in tracking the maximum power point of PV to decrease com-
putation power requirement, while increasing the speed and
efficiency of the tracking. They are robust and relatively simple
to design. This is because that this paper presents a Fuzzy Logic
Controller (FLC) for tracking maximum power point. FL controller
in the mentioned studies uses voltage and PV current to calculate
output current variations I (k) - I (k — 1) and output voltage
variations V (k) - V (k-1). Studies (Bahgat et al., 2005, 2004)
estimated MPPT by NN method. This study proposed a fuzzy
logic-based hybrid method for maximum power point tracking.
In this method, the maximum power point is approximate using
offline short circuit current and then accurate value of maximum
power is calculated based on FL method.

This study includes three sections. Section 2, introduces the PV
system. Section 3, presents the proposed method for maximum
power point tracking and Section 4, and discusses the simulation
and its results.

2. Photovoltaic system

A photovoltaic system includes solar panel, battery, DC-DC
voltage converter and controller. Fig. 1 illustrates the photovoltaic
system used in this study.

As indicated in Fig. 1, the system comprises of various parts,
each of which will be explained separately.

2.1. Solar panel

The physical structures of a solar panel and a diode are similar
in that p—n junction is exposed to light. Observed energy results

I p e 160
L sC max 0
3 / :
1
25| 1 - 45
__________________________ 1 —
2 \ i %
) Ivpp | 1908
=15 MPF !
1
1| v H 15
MPP 1 Yoc
5 \ 1 \
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0 5 10 15 20 5 30
V(V)

Fig. 3. Voltage-current and voltage-power characteristics of a 60 W solar panel.

from light intensity in this part cause carrier production and
transition and collect them in the output terminal. Egs. (1) and
(2), which define semi-conductor theory, describe the features of
an ideal cell I-V (Villalva et al., 2009).

I = Ipv,cell - Id (1)

\%
Io= Io.ceu[exp(z—q) —1] 2)

where Iy, et is the current produced from light radiation, Iq is
diode current modeled by the equation for a Shockley diode, I ce
is saturated reverse current or leakage current, q is the charge
of an electron, k is Boltzmann constant, T is temperature of p-
n junction and “a” is diode ideality factor. Fig. 2 indicates the
equivalent circuit of a solar panel. A photovoltaic panel consists of
several photovoltaic cells, each including internal series, parallel
junction or series—parallel. Considering the parameters of Fig. 2
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Fig. 5. Boost converter.

in Eq. (1), the properties of the solar panel are obtained and
illustrated in Fig. 3 (Moradi et al., 2013).

V + R ) V + Rl
aVy Ry
where I, is photovoltaic current, I, is saturated reverse current,

(3)

I = I, — I[exp(

Vi = NS” is thermal voltage, N is the number of series cells and

Ry and Rp are the series and parallel equivalent resistance related
to the solar panel. I, and I, are given by the relation below:

G
Ipv = (Ipv,n + KIAT)* (4)
Gn
T 1 1
Iy = Ipn(— (=== 5
0 o,n(Tn [aK(T T)] (5)

where I, , is photovoltaic current under standard conditions
(Gn = 1000 W/m? and T, = 25 °C), K; is the temperature
coefficient of the short circuit current, AT = T — T, is deviation
from standard temperature, G is light intensity and E, is the
band gap energy of semiconductor in units electron-volts. I, , is
saturated reverse current and is given by the following equation.

_ Isc,n (6)

where I, , is the circuit current and V, , is the open circuit volt-
age under standard conditions. “a” is a constant between 1 and
1.5, which depends on the other parameters of the model (Carrero
et al.,, 2007). Proper selection of “a” enhances the accuracy of the
model. Instead of Eq. (5), the following relation, in which K; is
the temperature coefficient of the open circuit voltage, increases
the accuracy of the model (Villalva et al., 2009).
Le.n + K AT
I, = : (7
exp(Voc.n + Ky AT)/aV; — 1

The Open Circuit Voltage and Short Circuit Current are significant
elements related to the IV properties of the solar panel. These
elements change with changes in atmospheric conditions. The
Short Circuit Current and Open Circuit Voltage can be calculated
under different atmospheric conditions using Eqgs. (8) and (9)
which are derived from the modeled equations.

G
Ie = (Isc.n + KIAT)CT (8)

n

Voc = Voc,n + KVAT (9)

Fig. 4 shows I-V and P-V properties for various light intensity val-
ues and temperatures. As indicates in the figure, the Open Circuit
Current has an inverse association with temperature (Fig. 4(a)),
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Fig. 7. Proposed method algorithm.

i.e. as temperature increases, Open Circuit Voltage and maximum
power reduce, but there is a direct relationship between Short
Circuit Current and light intensity. (Fig. 4(b)) Short Circuit Current
and maximum power increase with a rise in light intensity.

2.2. DC-DC voltage converter

The choice of DC-DC voltage converter is dependent on the
amount of voltage variations. Existence of converter is essential
for matching the panel curve, battery and output load at max-
imum power point (Tasi-Fu and Yu-Kai, 1998). Moreover, the
converter is responsible for impeding and control matching. DC-
DC voltage converters are divided into three groups, including
boost converters, buck converters and buck-boost converters. In

this study, boost DC-DC voltage converter was utilized to match
the load and solar panel, indicated in Fig. 5.

According to boost DC-DC voltage converter equation, where
D is duty cycle, we have:

Vs 1

_ 10
Vi 1-D (10)
Vi =Vy%(1-D) (11)
IF V] = VMPP ThenD:DMpp (12)

The above equations show that the solar panel power point can be
changed by D value variation. Also according to Vipp uniqueness,
there is only one unique value for Dypp, Which puts the solar
panel power point in MPP.



M.H. Parvaneh and P.G. Khorasani / Energy Reports 6 (2020) 1619-1632 1623

18 . . , , ,
161 T=10C |
T=30C
14} T=50 C -
12 G = 300 W/m32 g
S
T 101 E
(o))
ko
5 8f i
>
6 ) .
G = 150 W/
4t ]
2r V=V,/2 1
0 1 1 I\ 1 1
0 5 10 15 20 25 30
Current(A)
1 . . , , ,
T=10C
G = 300 W/m? T=30C
O-BR =
S 06f .
[}
D
ko
S G = 150 W/m?
> 04 .
0.2} .
V=V,/2
0 1 1 1 \ 1 1
0 5 10 15 20 25 30
Current(A)

Fig. 8. V-P and V-I characteristics of solar cell in low light intensity and D =
0.5.

2.3. Load and battery

In order for the photovoltaic system to perform as a real
source, i.e. to have a constant level of voltage in various loads,
battery is used. Battery is also required to store energy and carry
out sectional compensation (Moradi and Reisi, 2011). The voltage
of battery is usually considered to be an exhausted battery or
an empty battery. When internal resistance increases, the output

A(1-D).Ti

E>0

E>0

Fig. 9. Power and error curve.

voltage is not constant. In this case, a DC source and a resistance
are used to model the battery.

2.3.1. Equivalent circuit of load and battery

Equivalent Thevenin circuit can be used to model the battery
and load, which consists of voltage source Vi, and resistance
Rin. The elements of this equivalent circuit changes with battery
charging and discharging. In other words, charging and discharg-
ing the battery results in Vi, variations and Ry, alters with changes
in load and battery exhaustion. In order to obtain Ry, and Vi,
voltage and output current must be obtained in two conditions
in which irradiation and temperature variation is intense and put
it in Eq. (6).

Therefore we have two equations of two unknowns, where Ry,
and Vi, can be obtained easily.

Vo = Rep x o + En (13)

In the solar panel voltage current, merely one power point exists,
in which voltage-current curve characteristics have to cross this
point in order to obtain it. An inverter can change the observed
load so as to achieve maximum power point. Fig. 6 illustrates this
issue.

2.4. MPPT algorithm

Generally, various types of MPPT algorithms can be classified
into three categories depending on the model which is offline,
independent of the model which is online and the model which
is hybrid (Moradi and Reisi, 2011). Various online and offline

Fuzzy Rules
Fuzzifier Defuzzifier
: Fuzzy
Input ><>< Output
:: v ::> Inference |::> EI;>
: : Engine

Fig. 10. General scheme of fuzzy controller.
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methods have been investigated in Esram and Chapman (2007),
some of which will be discussed below. Using the primary data
and solar panel input variables such as light intensity, temper-
ature, Open Circuit Voltage and Short Circuit Current, the of-
fline methods control the signal, and this signal is utilized to
control the output power of the panel during the system ex-
ploitation. Open Circuit Voltage (OCV), Short Circuit Current (SCC)

and methods based on Artificial Intelligence (Al) like Neural Net-
work (NN) and Fuzzy Logic (FL) are Offline methods (Schoeman
and Van Wyk, 1982; Enslin et al., 1997; Noguchi et al.,, 2002;
Hiyama et al.,, 1995b,a). In online methods, temporal values of
solar panel variables are usually used to produce control signal.
Contrary to offline methods, control signal in these methods is
not a constant value and oscillates around optimum value in
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steady state. Perturbation and Observation method [P&O], Ripple
Correlation Control method (RCC) (Chen et al., 2004) and Incre-
mental Impedance (Inc Cond) are online maximum power point
tracking methods which produce proper control signal by solar
panel output voltage and current (Moradi et al., 2013; Hua et al,,
1998; Chen et al., 2004; Huynh and Cho, 1996; Hussein et al.,
1995; Esram et al., 2006; Zhi-dan et al., 2008; Hua and Lin, 2003;
Yu et al.,, 2004; Tafticht et al.,, 2008; Ben Salah et al., 2008). In
Moradi and Reisi (2011), a hybrid method (online-offline) was
presented for maximum power point tracking, where maximum
power point was approximated based on Open Circuit Voltage
(OCV) method (offline), then accurate rate of maximum power
was calculated according to Perturbation and Observation (P&O)
method. This study presented a new combined (online-offline)
method for maximum power point tracking. In this method max-
imum power point is approximated by Short Circuit Current (SCC)
(offline) and then accurate value of power point is calculated
using Fuzzy Logic method.

3. Proposed method

As it was mentioned, a PV system consists of solar panel,
control section, battery and voltage converter, as shown in Fig. 1.
In this system, the solar panel is attached to a constant voltage
DC bus V, by an incremented voltage converter. In this case, the

battery with V, voltage plays the role of DC bus. The produced
power is as follows:

P=Vixl1 =Vyx] (14)

Calculating V; voltage in incremental voltage converter based on
voltage V, which is a constant value, and duty cycle, we have:
\QZL—w]:a—D)VZ (15)
Vi 1-D

P=(1-D)V,* (16)

In maximum power point tracking we are perusing V; and I;
to have the highest rate. According to Eq. (20) and considering
the fact that V5 is constant, the highest power is obtained when
“(1-D).I;” phrase value has the highest rate, it means we have:

Max{P:V111}:Max {(1—D)V211} (17)

The proposed algorithm, which is a hybrid method, consists of
“approximation” and “accurate adjustment”. Each ring completes
the other performance as a series to track the maximum power
point, as indicated in Fig. 7.

Approximate maximum power point is estimated in approxi-
mation part. In the presented method, the maximum power point
value is estimated according to the Short Circuit Current. Know-
ing Short Circuit Current value is accompanied by light intensity
variations, approximate power point value is calculated. This is
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done based on the semi-linear relation between the Short Circuit
Current and maximum current power which is shown in Eq. (15).
Measuring Short Circuit Current requires solar panel separation
from load and connecting it to another short circuit. This method,
which is done in Short Circuit Current, decreases the system
efficiency and increases the costs of methods. In the proposed
method, duty cycle (D) value is considered to be 0.5 in order to
measure short circuit current value. In this regard, considering the
investigations done on the solar panel voltage-current curve for
various atmospheric conditions, the measured current is equal to
short circuit current with a proper approximation, Fig. 8. When D
= 0.5, the solar panel voltage value sets in half of DC bus voltage
value.

In a state when current value is lower than a certain value,
(Imin) algorithm does not start, and current measurement will
restart after a short pause. If the current value is bigger than
Imin, the algorithm enters its first ring. In this case, the approx-
imated current is supported to be equal to circuit current, and
approximate value of maximum power point is estimated. In
this algorithm, the aim is extracting the maximum power by
maximizing “(1-D).I;” value. In this phrase, whose curve is similar
to V-P curve, there is one maximum point. Through derivation
from power function to determine maximum value, we have:

dp
d(1-D)

d
—>V2(11—(1—D)d(]7_D)>:0 (19)

=0 (18)
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Simplifying the above phrase and considering the variations of
parameters, we have:

DAL, Al 0 20
a0 Tap T (20)
This phrase is at maximum power point, and it is negative or
positive for the other points of the curve. Positive value results
from the left side of the maximum power point and negative
value results from the right side of the maximum power point
value. Phrase value determines the error rate in this algorithm,
Fig. 9. This phrase determines the controller input error rate,
which is designed based on fuzzy logic.

To modify these conditions, we multiply Eq. (20) by AD?
value, and then we have:

I —

E =1,.AD?> — DAL AD + Al AD (21)

In this case, error rate is a function of duty cycle variations, and as
these variations are determined by the controller, the controller
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can analyze them. Knowing the error rate is necessary and suffi-
cient for controller designing. Calculating E and its variation AE,
duty cycle value variation is calculated.

3.1. Proposed fuzzy algorithm method

Fuzzy controller is a potent control methods, which is based
on multi-variations by multi-laws (Tafticht et al., 2008). Using
expert knowledge and data bases, Fuzzy Logic gives faster results
than other methods such as GA and NN. Hence, Fuzzy control
method is selected as a managerial tool for the existing systems.
The general schematic of Fuzzy controller is illustrated in Fig. 10.

Here, E and AE are Fuzzy controller variable inputs and AD
is output variable. The mentioned variables go to the deduction
machine after fuzzification and after applying the rules, they
enter the defuzzification part. Finally, the controller produces a
real value, which is AD. Fig. 11 illustrates the proposed Fuzzy
Logic Controller.
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Table 1
Fuzzy rules set.
E AE
n z p
nb VA VA VA
ns NS NS NS
z 7z y/4 7z
ps PS PS PS
pb Z z z
Table 2
Solar panel characteristics.
Variables Values
Imp 2.5 (A)
Vinp 23.1 (V)
Pmax,m 60 (W)
Isc 2.66 (A)
Voc 30 (V)
K, —0.356 (V/K)
K 0.024 (A/K)
Table 3
Circuit parameters.
Solar cell Ry =0.221 Q
Ry, =415 Q
Boost converter L=0.82 mH
C=2mF
Battery Nom Voltage = 36 V

Rated Capacity = 2 Ah
Initial State-of -charge = 80%

Fuzzy rules set are designed so that the value of E approaches
zero. These rules set are indicated in Table 1.

Voltage converter control signal (Dypp) can be controlled by
the proposed algorithm.

4. Simulation results

To investigate the method proposed in this study, the photo-
voltaic system is shown in Fig. 3, which includes a 60 W solar
panel Table 2, a boost voltage converter and a 36 V lead-acid
battery simulated in MATLAB/SIMULINK work space, as indicated
in Fig. 12.

The circuit parameters are included in Table 3:

Then, the proposed method is applied as a controller, and the
findings are compared with the results of the method (Moradi
and Reisi, 2011), follows:

variable radiation and temperature

constant radiation and variable temperature

constant temperature and variable radiation

load variations in constant radiation and temperature
efficiency

number of sensors required

variable radiation and temperature

e variable radiation and temperature

In this experiment, irradiation and temperature increased with
the slope of —4000 W/m? and 10 e/s, respectively, as illustrated
in Fig. 13.

Applying this radiation and temperature to the system, the
output power and the duty cycle for these conditions are indi-
cated in Figs. 14 and 15, respectively.

e constant radiation and variable temperature

In this experiment, radiation is constant and equal to 1000
W/m?, but temperature changes over time, Fig. 16.
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Fig. 21. (a) Duty cycle and (b) output power.
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Fig. 23. (a) Duty cycle and (b) output power.

Applying this radiation and temperature to the system, the
duty cycle and the output power for these conditions are illus-
trated in Fig. 17(a) and (b), respectively.

In this experiment, radiation is constant and equals to 1000
W/m?, but temperature changes over time, Fig. 18.

Applying this radiation and temperature to the system, the
duty cycle and the output power for these conditions are illus-
trated in Fig. 19(a) and (b), respectively.

e Constant temperature and variable radiation.

32

In this simulation, the performances of available methods at
20 °C and variable radiation, as shown in Fig. 20, are compared.

Applying this radiation and temperature to the system, the
duty cycle and the output power for these conditions are indi-
cated in Fig. 21(a) and (b), respectively.

In this simulation, the performances of available methods at
25 °C and variable radiation, as shown in Fig. 22, are compared.

Applying this radiation and temperature to the system, the
duty cycle and the output power for these conditions are indi-
cated in Fig. 23(a) and (b), respectively.

In this section in order to highlight the effectiveness of the
proposed method, the comparison between the proposed method
and the other fast and most recent methods has been made. For
doing this, radiation is 1000 W/m? and temperature changes over
time is in Fig. 24.

Applying this radiation and temperature to the system, the
output power for these conditions is indicated in Fig. 25.

e Load variations

In this test, at t = 0.05 s by a switch, a 20  resistance is
put to the two ends of the battery. Here, radiation is 1000 W/m?
and temperature is 25 °C. Fig. 26 illustrates voltage and current
variations at the two ends at the time of resistance entrance.
Therefore, the output power is shown in Fig. 27.

o Efficiency

One of the most important parameters which is always in
focus and is of high importance is method efficiency. Relation 22
is utilized to compare the efficiencies of different of maximum
power point tracking methods.

l n
=-31-

where P; is the power of solar panel, Py is the maximum
power of solar panel, PL = (Pmax i -P;) is the loss of power
and n is the number of examples. In this relation, maximum
power (Ppax) is commensurate to light intensity. Steady state

n

2

i=0

P P

nr = —

(22)
n

Pmax,i Pmax,i

Temp

30

28

26

24

0.01 0.02

0.03

0.04 0.05 0.0€

Time (sec)

Fig. 24. Temperature variation.
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Table 4
Detail comparison of efficiency.
Irradiance (W/m?) 200 400 600 800 1000 .
Proposed method 975 9775  98.1 983 986 o Number of sensors required
efficiency % The number of sensors required in an algorithm determines
Method of Moradi and 97 97.25 97.58 97.8 98.26

Reisi (2011) efficiency %

loss (P;) is commensurate to the disturbance amplitude and as
disturbance amplitude increases, the loss increases and efficiency
declines. In the classical P&0 method, the disturbance amplitude
is constant and result in power variations in the steady state,
which consequently decreases the efficiency.

Fig. 28 and Table 4 illustrate the efficiency curve (blue curve)
of proposed method and hybrid method (Moradi and Reisi, 2011)
(red curve) and detail comparison of both mentioned method,
respectively. Oscillation is very low in the proposed method,
so the loss is low and efficiency is high. But in the previous
hybrid method in steady state, classic P&O is implemented, and
efficiency rate is less than that of the proposed method because
of oscillation.

the other characteristics of algorithm. In online methods, mini-
mum parameters of voltage and current are determined. In offline
methods, some parameters, including temperature, light inten-
sity, Open Circuit Voltage and etc. are measured. In addition to
voltage and current, other parameters like temperature, Open
Circuit Voltage, Short Circuit Current and etc. are also measured.
Current is the only parameter measured in the proposed method.
But duty cycle value is another parameter used in calculating
MPP. In addition to making the implementation easy, it reduces
the costs of the method from hardware aspects. Table 5 illustrates
general comparison between the proposed method and method
of Moradi and Reisi (2011).

Conclusion

This study, presented a new Fuzzy Logic-based hybrid method
to enhance maximum power point tracking. The presented al-
gorithm consists of two sections, including work point calcula-
tion and accurate adjustment. Work point calculation, which is
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Table 5
General comparison.

MPPT algorithm Proposed Method
method (FL) of Moradi and

Reisi (2011)
(P&O)

Tracking accuracy Very high Medium

Sensor numbers 1 2

Digital or analog Digital Analog

Convergence speed Fast Low

centered on Short Circuit Current, estimates approximate maxi-
mum power. Accurate adjustment follows the accurate value of
power point based on FL method. Simulation of the proposed
method was performed in MATLAB/SIMULINK work space. The
findings revealed that the proposed method performed better
than method used (Moradi and Reisi, 2011) under different atmo-
spheric conditions. Simplicity, less hardware requirements, low
cost of implementation and higher efficiency are merits of the
proposed algorithm.
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