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ABSTRACT The rise in energy demand in the present scenario can be balanced with the help of solar
Photovoltaic (PV) systems. But, the nonlinearity in I-V and P-V characteristics makes it very difficult to
extract the maximum power of the solar PV. Also, the classical Maximum Power Point Tracking (MPPT)
techniques fail to track the global Maximum Power Point (MPP) from the multiple local MPPs under
Partial Shading Conditions (PSCs). In this work, a Variable Step Size ANN-based MPPT technique is
proposed and it is compared with the other MPPT techniques in terms of steady-state behavior, settling
time of converter power, power point tracing speed, oscillations of MPP, and operating efficiency. The
compared MPPT techniques are Adaptive Perturb & Observe (AP&O), Adaptive Feed Forward Neural
Network Controller (AFFNNC), Artificial Neural Network-based P&O (ANN-based P&O), ANN-based
Incremental Conductance (ANN-based IC), ANN-based Hill Climb (ANN-based HC), and Radial Basis
Functional Controller based Fuzzy (RBFC based Fuzzy). The boost converter is interfaced in the middle
of the PV system and load to step-up the PV supply voltage. The performance of selected neural networks
MPPT techniques is studied by utilizing a MATLAB/Simulink window.

INDEX TERMS ANN, boost converter, duty cycle, efficiency, high tracing speed of MPP, less oscillations,
less convergence time, less settling time.

NOMENCLATURE
Symbols Parameters Values
PMPP Peak extracted 250.0 W

power at MPP
VMPP Peak available 30.01 V

voltage at MPP
IMPP Peak available 8.302 A

current at MPP
Npp Total strings working 1.0

parallel
Nss Available series 3.0

modules in one string

The associate editor coordinating the review of this manuscript and

approving it for publication was Yongming Li .

Ns One module 60.0
available cells

rs PV cell resistance 0.3102 �
in series

rp Resistance of cell 313.298 �
in parallel

Voc PV cell voltage 36.80 V
at OC

Isc−n PV cell current 8.829 A
at SC

I0−n Diode current at 1.023∗exp10−10A
saturation condition

Tn Working standard 250C
temperature

Gn Irradiations of sun 1000 W/m2

at nominal condition
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Kv Voltage coefficient -0.301 %/deg. C
at Tn

Ki Current coefficient 0.059 %/deg. C
at Tn

a1, a2, and a3 Diode ideality factors 0.89, 0.92, and 1
T Basic working 450C

temperature of PV

I. INTRODUCTION
To the recent global energy survey, renewable energy systems
are the most popular power distribution systems because of
their properties are low greenhouse gas emissions, high reli-
ability, more flexibility, cheap generation cost, and high effi-
ciency when associated with the conventional source-based
power generating systems [1]. The major classifications of
renewable energy sources are wind, tidal, solar, and fuel cell.
Thewind source is available free of cost, and this type of wind
plant is installed near the hilly areas. The wind blades absorb
the natural wind force and it transfers the force from the
wind blades to the generator side. The rotor of the generator
rotates until the availability of kinetic energy of wind. The
disadvantages of wind systems are less continuity in supply,
and less reliability [2]. So, most of the current researchers are
working on solar-related power generation, and distribution
systems. The generation of each PV cell voltage is 0.7V
which is very negligible [3]. So, plenty of cells are interfaced
with each another to enhance their supply voltage rating. The
cells are interfaced in a parallel way to improve the load
current rating.

The PV cells are designed by utilizing several fabricating
technologies which are illustrated as mono, plus polycrys-
talline technologies. The working efficiency of ploy and thin
film-based PV cells is less when equated to the monocrys-
talline [4]. From the literature study, the PV cells are availed
in various forms which are one diode equivalent type, double
diode equivalent circuit model, and triple diode equivalent
model. Among all of these diode models, the most utilized
one is the triple diode model-based solar PV cell [5]. In this
work, the triple diode model-related solar PV cell is consid-
ered for the analysis of a PV-fed non-isolated power converter
system. The advantages of triple diode circuit type solar PV
cell are good working efficiency, high utilization factor, and
more extracted output voltage when associated with the other
PV cell topologies.

The PV systems are implemented by interfacing the triple
diode type circuit model solar strings and the PV array gen-
erates nonlinear power versus voltage characteristics. So, the
finding of Maximum Power Point (MPP) is a very problem-
atic task. From the previously published works, there are
several types of MPPT methods are available in the market.
The most frequently studied MPPT techniques are classi-
cal, metaheuristic, artificial intelligence, and soft computing
optimizing techniques [6].

The classification of classical power point finding
techniques are Perturb & Observe (P and O), Incremental

FIGURE 1. Graphical representation of MPPT articles publications [12].

Resistance (IR), fractional voltage, and fractional current
controllers. Also, the hill climb controller is utilized where
the oscillations of MPP are very high. In article [7], a P and
O concept is used for the perturbation of the I-V curve step
value. The perturbation value consists of a plus indication
then only it varies in a similar direction or else, the perturba-
tion goes in the opposite direction. The demerits of the P&O
technique are more fluctuations of the working point of solar
PV and less convergence speed. The IR method is proposed
in an article [8] for continuous efficiency enhancement of
hybrid solar PV grid interfaced systems. In this technique,
the current density is considered for finding the slope of the
P-V characteristics. The only limit of the IR technique is high
design complexity.

So, the limitations of the IR controller are compensated by
using the fractional-based current MPPT controller.

In this controller, the short circuit current of PV is deter-
mined by separating the triple diode PV circuit from the
power converter. Also, this type of MPPT technique is useful
for less accurate traffic signal applications [9]. The drawback
of the short circuit current MPPT technique is its tracing
speed which is purely dependent on the selection of the
PV system. The detailed MPPT-related articles publication
is illustrated in Figure.1. As of Figure.1, it is represented
that maximum power point finding controllers are applied in
most of the PV and wind hybrid power supply systems. The
classification of power point-defining controllers is given in
Figure.2.

In the open circuit-based voltage MPPT technique, the
MPP is identified by using a separate switch in the PV
interfaced power converter [10]. So, the overall controller
implementation cost, and size are increased. Every converter
generates solar PV ripple voltage and current. The generated
electrical signals are supplied to the Kalman filter block
for filtering the ripple content of the converter power, and
obtaining the required duty pulses to the single switch power
converter-based hybrid power generation network [11]. The
features of the Kalman filter method are optimum in size,
acceptable accuracy, and quick response when compared to
the other classical MPPT controllers.

In article [12], a feedback controller is proposed for rising
the output solar power distribution network. The selected
supply parameters for this feedback block are changes in
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FIGURE 2. Classification of power point finding techniques.

voltage and power. The corresponding output parameter of
the feedback controller is the maximum voltage error signal.
However, the classical–controllers are unable to find out the
exact MPP position of PV at various shading conditions [13].
So, in this article, a radial basis function controller-dependent
fuzzy controller is proposed for finding the accurate MPP
position with few oscillations. The features of this proposed
hybrid controller are less dependency on PV array modeling,
low steady-state settling time, and quick convergence speed.

The solar PV systems supply very less output voltage
which may not be sufficient for the high voltage gain electric
vehicle applications. So, the researchers are using the dc-dc
power converters for improving the voltage profile of the
sunlight-dependent PV systems [14]. As from the previously
published works, the power converters are differentiated as
transformer-dependent boost converters and transformerless
boost converters. In article [15], the authors utilized the trans-
former involved power converters for high frequency rated
automotive applications. This type of power converter con-
sists of additional rectifiers for transforming the alternating
current to direct supply. Also, these transformer-dependent
converters give floating output power concerning the input.
The merits of isolated converters are high safety from the
overvoltage’s, breaking of all ground loops, level shifting,

and high voltage gain [16]. But, the major demerit is more
expensive.

The forward isolated converter is interfaced in the micro
grid-based solar power system for improving the working
efficiency of the PV module. This type of converter con-
sists of a high voltage rating transformer which is double
the input voltage. Here, the active snubber circuit concept
is utilized for resets the transformer core every time. The
drawbacks of the forward-type converter are high operating
conduction losses, and more in size [17]. The demerits of the
forward isolated converter are limited by using the flyback
converter. The limits of the flyback converter are operating at
less leakage inductor current, pulsating supply current, and
moderate working efficiency [18]. The disadvantages of the
flyback converter are compensated by using the isolated Cuk
converter [19]. The isolated Cuk converter is utilized in per-
manent magnet synchronous generator fed solar PV systems
for enhancing the power factor, and voltage regulation of
the electrical machine. Also, this converter is compared with
the isolated zeta converter under various conduction modes
of operations. From the analysis, it has been identified that
the isolated converter topologies required a high design cost.
So, in this work, a non-isolated DC-DC power converter is
used for enhancing the voltage gain of the PV module. The
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features of the converter are easy design, high flexibility, less
implementation cost, and more reliable.

II. LITERATURE SURVEY ON MPPT TECHNIQUES
An adaptive IC MPPT technique is proposed in the arti-
cle [20] to track the peak power based on the slopes of I-V
and P-V characteristics of solar PV at different irradiation
conditions. The slope of the I-V curve will be zero, positive
or negative based on the position of the operating point is at
the true peak point, on left or on the right side of the PV curve
respectively. This technique also takes more time to track the
true peak power. Unlike the conventional techniques, as the
name suggests current sweeping MPPT technique purely
depends on PV current to track themaximum power [21]. The
tracking speed of this technique is moderate under different
Partial Shading Conditions (PSCs) and is dependent on the
time constant of solar PV.

The tracking speed of the PV is improved by applying
one cycle control technique, this method does not require
any phase-locked loop controller to interface the inverter
and grid. This technique is highly reliable, rugged, and cost-
effective [22]. But, this method gives moderate power point
convergence speed. From the current literature history, most
manufacturers, and research scholars are developing the arti-
ficial neural network-relatedMPPT controller. In article [23],
an ANN correlated power point finding controller is inves-
tigated for high output power rated PV systems to resolve
the nonlinearity issue. The working behavior of the neural
network is pretty identical to the biological neuron. The
disadvantages of neural power point identifying controllers
are high data training time and moderate accuracy.

So, the neural controller is combined with the classi-
cal precise linearization-based state feedback MPPT tech-
nique for increasing the working performance of boost
converter-related PV fed induction machine systems [24].
The merits of a state feedback controller are the possibility
of reducing the state transient error in the system, accept-
able accuracy, and enhanced robustness from external dis-
turbances. Also, this method gives proper reliability, and
repeatable value. The only demerit is continuous changes in
the output response.

In article [25], the authors utilized the Incremental Conduc-
tance grounded neural network system for the grid-connected
inverter integrated hybrid solar and wind power distribution
system. Here, the multiple layer neural controller has been
utilized for finding the approximation-dependent MPP posi-
tion. Later, the variable conductance technique is used for
minimizing the variation of the functioning point of the solar
PV. Also, the authors tested the proposed ANN-based IC
method by considering the field-programmable dependent
gate array vertex-II. However, this hybrid methodology gives
low convergence speed, and high implementation difficulty.
In addition that this type of controller is less suitable for
shaded conditions of PV systems.

The fuzzy power point finding controller is applied in
the article [26] for increasing the voltage value of the solar

PV-based buck-boost converter. The fuzzy system gives supe-
rior performance when equated to the neural network [27].
Here, the controller commands are initiated based on the
variation of voltage, and current across the PV module. The
most considerable features of fuzzy systems are highly robust
and don’t require any precise input signals. But, the fuzzy
logic-related power point identifying controllers gives unsat-
isfied accuracy. The high-performance related soft computing
MPPT techniques are discussed in the article [28] for extract-
ing the peak power of the PV array. Usually, the fuzzy is
an outer performance of other power point identifying con-
trollers in nonlinear, complex, and approximated structures
for which the most user-friendly knowledge exists.

Under the shaded condition of the solar PV module, the
finding of operating peak power point is very difficult.

The fuzzy controller is combined with the improved GWO
technique to improve the accuracy, very low oscillations of
MPP, and less dependency on the type of PV array selected.
Also, this hybrid technique gives high efficiency of PV in var-
ious atmospheric temperature situations [29]. In article [30],
the authors proposed the genetic algorithm optimized neural
controller for standalone solar PV-based induction machine
drive system to optimize the duty of the buck-boost converter.
Here, the induction drive is directly coupled with the supply
device. The main objective of the genetic algorithm is to
find a total number of neurons in the multilayer feed-forward
artificial neural network. The merits of this hybrid controller
are moderate complexity in structure, ideal in size, and highly
adaptable for continuous variation of solar irradiation condi-
tions. Also, it helps the power converter to work at less output
power losses.

In article [31], the authors utilized the beta parameter-
dependent fuzzy controller for dc-dc converter interfaced
solar PV system. Here, the beta variable selects the optimum
number of fuzzy rules. In this MPPT controller, the authors
considered the three input variables which are PV voltage,
beta, and PV current. The output of this hybrid controller is
the change of duty value. The hybrid power generation system
is selected in the article [32] for optimizing the size of the
battery-operated vehicles. The battery integrated PV systems
design cost is very high. The cost of the system is minimized
by interfacing the bat algorithm-based fuzzy system. The
input and output variables of fuzzy systems are-initiated with
the help of the Bat technique. Also, the bat algorithm selects
the appropriate membership functions for the corresponding
supply and output variables of the fuzzy controller.

III. ANALYSIS OF PARTIALLY SHADED SOLAR PV
SYSTEM
As we discussed previously, the PV array modeling has been
done by selecting a triple diode circuit-based solar PV cell.
Here, the number of cells is interconnected for improving the
solar irradiation incident area [33]. The parameters required
for the design of a triple diode circuit based PV cell are short
circuit current (ISC), ideality factors (a1, a2, and a3), the peak
voltage of PV (VMPP), open-circuit voltage (Voc ), and peak to
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FIGURE 3. Triple diode circuit solar PV cell, (a) without shunt resistance and (b) with shunt resistance.

peak current (IMPP). The graphical representation of a triple
diode-based solar PV cell without shunt resistance, and with
shunt resistance are given in Figure.3 (a), and 3(b). From
Figure.3 (a), the solar PV current is derived as,

I0 = IPV_s − IDx − IDy − IDz (1)

Ic = IPV_s − irevs_1(e
q(Vc+Ic∗Rs)

η1KT − 1)− Ix (2)

Ix = irevs_2(e
q∗(Vc+IcRs)

η2 KT − 1)+ irevs_3(e
q∗(Vc+IcRs)

η3 KT − 1)

(3)

IPV_s =
(
IPV_sSTC + Ki1T

)
∗

G
GSTC

(4)

Ic = IPV_s − irevs_1

(
e
q(Vc+Ic∗Rs)
η1KT∗ns − 1

)
− Ix (5)

Ix = irevs_2

(
e
q∗(Vc+IcRs)
η2 KT∗ns − 1

)
+irevs_3

(
e
q∗(Vc+IcRs)
η3 KT∗ns − 1

)
(6)

From Fig.3 (b), the solar PV cell involved both parallel,
and series resistances then the PV current is derived as,

Ic = IPV_s − IDx − IDy − IDz − Ish (7)

Ic = IPV_s − irevs_1

(
e
q(Vc+IcRs)
η1KT − 1

)
− irevs_2

(
e
q(Vc+IcRs)
η2KT − 1

)
− Iy (8)

Iz = iorev_3

(
e
q(Vc+IcRs)
η3KT − 1

)
+

Vc + IcRs

Rsh
(9)

Irevs_1 = Irevs_2 = Irevs_3 = Ion( T
TN

)3e
qEg
nk

(
1
TN
−

1
T

)
(10)

Ion = Ion_1 = Ion_2 = Ion_3 =
ISC_n

e

(
Voc_n
ηVTn

) (11)

Most solar power plants are installed near rooftops and hilly
areas. So, the shading effect exists on solar PV modules
due to the clouds, building shadows, and trees falling. Under
constant irradiation value, the number of peak power points
that exist on P-V characteristics is one. Similarly, at shading
conditions, the existed peak power points on solar nonlin-
ear characteristics are multiple and are classified as local

MPPs and global peak power point. The required global peak
power point is tracked by utilizing soft computing techniques
instead of classical MPPT controllers.

The shaded solar PVmodules under various incident irradi-
ations are shown in Fig.4. As of fromFigure.4 (a), the incident
irradiations on all three PV modules are equal to 1000W/m2.
In Figure.4 (b), (c), plus (d), the PV modules are coming
to the shading condition. At the time of shading condition,
the corresponding PV modules bypass diodes are comes to
the ON condition, and the remaining unshaded PV modules
bypass diodes are in the OFF state. Here, the unshaded PV
supply power is consumed by the shaded PV modules and
their transfer to the heat losses. The nonlinear curves of PV
under shading behavior are shown in Fig.5 (a), and 5(b). From
Fig.5 (b), it has been indicated that there are two local MPP
positions (x1, and y1), and single global required position
(g) at every shaded condition.

At constant irradiation conditions, the extracted peak volt-
age, and power are calculated as 92.25V, and 750W. The
maximum extracted PV power, and corresponding voltage
at 1000 W/m2, 890 W/m2, and 690W/m2 are determined as
574W, and 92.01V. Similarly, at 1000 W/m2, 790 W/m2, and
690W/m2, the obtained peak voltage, and peak power are
91.52V, plus 550.45W respectively. In this proposed solar
PV system, there are two major types of power losses are
occurred at the time of partially shaded solar PV systems
which are misleading power loss, and mismatch power loss.
The solar modules are misleading, and mismatch power
losses are determined as 7.2W, and 178.21W respectively.

IV. DESIGN OF MPPT TECHNIQUES AT VARIOUS PSC’S
In shaded conditions, the PV modules may give very less
supply power. As a result, the supply system may not reach
the load demand. Moreover, the system working heat con-
duction losses are increased. Another major factor of solar
PV is its design and implementation cost which is minimized
by using the various power point finding techniques [34].
From the above literature review, it has been stated that
conventional power point determines controllers may not give
a fast response when equated to artificial intelligence con-
trollers. In this article, a VSS-RBFC-dependent fuzzy logic
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FIGURE 4. Shaded behavior of solar PV modules, (a) 1000 W/m2, 1000 W/m2, plus 1000 W/m2, (b) 1000 W/m2, 890 W/m2, plus
690 W/m2, (c) 1000 W/m2, 790 W/m2, plus 690 W/m2, and (d) 1000 W/m2, 690 W/m2, plus 590 W/m2.

FIGURE 5. Solar PV, (a) I–V curves and (b) P–V curves at various shaded conditions.

controller is proposed for fast and accurate tracking of MPP
position. Here, the proposed controller is compared with the
other existing hybrid artificial intelligence controllers such
as AP&O, AFFNNC, ANN-based IC, and ANN-based HC
controllers.

A. ADAPTIVE VSS-P&O MPPT CONTROLLER
The general P&O controller is utilized in various low power
rating solar power generation systems and it’s the most com-
mon controller in most automotive applications. But, the
demerits of this controller at shading behavior of PV are
unable to find out the required peak voltage of PV. Also,
this controller gives more distorted grid voltages [35]. Here,
an advanced adaptive P&O method is applied to the stan-
dalone power supplying system for automatic adjustment of
the step length of the solar PV nonlinear curve. The working
diagram of adaptive conventional P&O dependent controller

is represented in Fig.6. Based on Fig.6, it is seen that the
adaptive MPPT technique increased the duty value of the
classical converter when the functioning point of PV is placed
at the left corner I-V curve. Otherwise, the working duty
value of the power converter is reduced step by step when
the functioning point of PV is on the right-hand side of the
I-V curve. The converter duty adjustment is illustrated in
Eq. (12), and (13).

D(x) = D(x− 1)+ γ ∗
(
p(x)− p(x− 1)
v(x)− v(x− 1)

)
(12)

D(x) = D(x− 1)− γ ∗
(
p(x)− p(x− 1)
v(x)− v(x− 1)

)
(13)

B. FEED FORWARD NEURAL NETWORK MPPT
CONTROLLER
As of now, the neural networks are implemented and designed
from the biological process of natural neurons. Neural
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FIGURE 6. Working flow of adaptive related P&O power point finding
controller.

FIGURE 7. Feed forward artificial intelligence MPPT Controller.

networks are computer programming-related networks that
are interconnected with each another. The neuron is rep-
resented as a node, and the overall combination of nodes
forms a layer. In article [36], a feed-forward neural controller
is utilized for the solar system to limit the shading power
loss. The architecture of this MPPT controller involved three
layers which are named as the supply input layer, the hid-
den layer, plus the output generated layer. The training of a
feed-forward neural network has been done by utilizing the
back-propagation concept. The representation of FFNN is
illustrated in Fig.7. From Fig.7, the selected parameters for
this neural network are short-circuited current and open
circuit-based voltage. The output required signal from the
network is solar PV power that can be compared with
the actual available power. The obtained error signal from
the neural network is fed to the proportional plus integral
controller. The first-order PI controller optimizes the steady-
state, plus transient error. So that the entire system power
quality is improved. The middle, and output layers of neural

network controllers’ input, plus output signals are obtained
which are given in below Eq’s.

o(2)a (t) =
∑2

b=1
W(2)

ab ∗ L
1
b; a = 1, 2, 3 . . . . . . , 9 (14)

L(2)
a (t) = f

(
o(2)a (t)

)
(15)

N3(t) =
∑5

b=1
W(3)

b ∗ L
(2)
b (16)

W(2)
ab = W(2)

ab +1Wab (17)

W(3)
b = W(3)

b3 +1Wb (18)

1Wab = u ∗
∂e

∂W(2)
ab

,

+1Wb = u ∗
∂e

∂W(3)
b

(19)

e =
1
2
(Pdesired − P(3))2 (20)

C. ARTIFICIAL NEURAL NETWORK ASSOCIATED P&O
MPPT CONTROLLER
The basic artificial intelligence controllers may not give the
needed power point of the PV. In article [37], the parameter
considered for processing the multilayer neural system is
peak solar PV voltage. The supervised learning methodology
is utilized in this neural system for obtaining an accurate
training response. Also, the supervised methodology is useful
for the mapping between the supply variables and related
output variables. In this method, the neural controller works
based on the solar parameters such as PV voltage, diode
ideality factors, open circuit-related voltage, and atmospheric
temperature. In this hybrid NN-based P&O controller, at the–
initial stage, the neural architecture is utilized to move the
functioning point of PV near to the required working point.
However, there are few oscillations near the MPP position
that can be limited by utilizing the P&O controller as shown
in Figure.8. From Fig.8, the P&O controller compares the
actual power error value to the present power value. Based on
the comparative results, the controller starts working in the
forward direction, or else, it moves in the reverse direction.
The merits of this controller are high tracing MPP speed, and
suitable for high power standalone solar PV applications.

D. ARTIFICIAL NEURAL NETWORK-BASED IC MPPT
CONTROLLER
The incremental conductance of the I-V is considered for
moving the functioning point of PV near to the actual working
point. The conductance of PV is consist of a positive indica-
tion when the functioning point of PV left side of the solar PV
nonlinear curve. Sometimes, the functioning point of PV is on
the right side of the nonlinear curve then the conductance of
PV consists of a negative indication. Themerits of IC are easy
understanding, simplicity in design, high convergence speed,
less design cost, and popularity. However, the drawbacks
of IC are moderate power oscillations near the MPP, and
high complexity when associated with the conventional P&O
controller. Due to that, the hybrid ANN-based IC controller is
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FIGURE 8. Artificial intelligence dependent P&O associated MPPT controller.

utilized in the article [38] for enhancing the working behavior
of solar PV. Here, the duty value updating of IC is derived as,

D(i) = D(i− 1)+ Dstep × sig
(
1I
1V
+

I
V

)
(21)

D(i) = D(i− 1)− Dstep × sig
(
1I
1V
+

I
V

)
(22)

Dstep = τ
1P
1V
; λ =

1P
1V

(23)

From Eq. (21), the term ‘‘D (i), & D (i-1)’’ are defined as
instant and past duties of the power converter. Also, the term
‘‘Dstep’’ is identified as the variation of step-change on the
P-V curve.

E. ARTIFICIAL NEURAL NETWORK-BASED HC MPPT
CONTROLLER
From the literature work, the classical power point-defining
controllers are combined with artificial intelligence concepts
for enriching the functioning point of solar PV near the actual
peak voltage point. Here, in the article [39], the hill climb
technique is combined with an artificial intelligence con-
troller for developing the hybrid low-cost MPPT controller.
As from the previous discussion, the P&O technique can
produce high continuous oscillations across MPP. Moreover,
it may not be applicable for shaded-type solar power pro-
duction systems. So, the limitations of this basic controller
are adjusted by projecting a hill climb controller. The com-
bination of a hill climb with an artificial neural network
controller is shown in Fig.9. Based on Fig.9, at starting, the
neural network starts working to fast up the tracking speed
of maximum power point. The neural controller selects the
proper input variables to find out the required duty value of
a conventional power converter. Here, the variation power
related to the time is illustrated clearly.

F. PROPOSED VSS-RBFC BASED FUZZY LOGIC
CONTROLLER
As of from the literature review, the studied classical power
identifying controllers may trace the local functioning point
of PV instead of the global working point. The basic

FIGURE 9. Hill climb correlated neural network MPPT controller.

conventional neural controller requires efficient knowledge–
person on statically analysis, and calculus. Additionally, these
controllers require more training and storage data. The neural
architectures are formed from the multiple layers of intercon-
nected neurons. The biological neurons may be represented
as the nodes. The data transformation or process has been
done from the supply layer to the required output layer. Sim-
ilarly, the multilayer related power point finding controller
involves multiple numbers of hidden layers. Due to that,
the neural-dependent system implementation complexity has
been improved. Additionally, the multilayer controller com-
putational time is very high.

So, in the article [40], the authors proposed the soft
computing associated fuzzy logic controller for tracing con-
tinuous variation of MPP of solar PV. The fuzzy has the capa-
bility of solving engineering-based uncertainty issues and
can give accurate solutions to complex nonlinear problems.
However, this fuzzy power point finding controllers may not
be applicable for the partially shaded solar PV systems. So,
in this article, a variable step dependent radial basis functional
controller associated fuzzy is introduced. Here, the merits of
fuzzy, and ANN are considered for implementing the hybrid
power point finding controller. In this hybrid MPPT con-
troller, at starting, a variable step RBFC is utilized for adjust-
ing the functioning point of the PV array near the required
power point location position. Later, a fuzzy controller is
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FIGURE 10. Proposed solar PV system with hybrid MPPT controller.

FIGURE 11. Proposed hybrid RBFC associated fuzzy logic MPPT controller.

utilized for handling the changes in MPP position as shown
in Figure.10.

From Fig.10, the network is trained by utilizing the two
types of learning methods which are classified as supervised,
plus unsupervised techniques. The supervising concept is
used at the input side layer for giving the initial weights to
the neural nodes. After that, the unsupervised methodology is
applied to run the RBF controller, and the weights of neural
layers are updated with the help of this learning algorithm.
Here, the continuous variation of solar insolation, operating
temperature of the sun, open-circuit voltage, maximum peak
current, and voltages are given to the input to the RBF con-
troller as shown in Fig.11. From Fig.11, the RBF is quite
similar to the feed-forward neural network. The main differ-
ences are the selection of activation function, the total number
of neurons, and the number of hidden layers. The present
utilized RBF consists of five input neurons, nine hidden layer
nodes, and one output side node. The net, and outputs of
input, hidden, and output layers are derived as,

β1x (k) = f1xnet
1
x(k) = net1l (k); k = 1, 2..n (24)

net2y(k) = −(i−my)T
∑

y
(i−my); k = 1.2.., n (25)

β2y (k) = f2ynet
2
y(k) = net2y(k); k = 1.2.., n (26)

TABLE 1. Fuzzy logic controller-based MPPT technique rules.

net3z =
∑

y
Wy ∗ β

2
z (k); k = 1.2 . . . .., n (27)

β3z (k) = f3znet
3
z(k) = net3z(k); k = 1.2 . . . , n (28)

error =
∑α

k=1

1
2
(Vref − VMPP) (29)

From Eq. (24), the term‘’ is represented as an overall neu-
ron in the proposed RBFC network. The standard deviation
of every layer is selected as ‘my’. The summation term from
Eq. (25) is selected as6 which represents the Gaussian mean
of the system. Here, in the RBFC network, every node of the
hidden layer works as an individual membership value. The
term‘’ represents the maximum peak voltage of PV which
is determined by the linear activation of the network. The
output-generated signal is fed to the fuzzy system. The error
and change of error of peak voltage of PV are processed
by using the fuzzification block. The fuzzy converts the set
of real value data into a crisp solution. The available crisp
values are fed to the inference block for producing the if-then
concept. At last, the processed crisp variables are transferred
to real variables by utilizing the defuzzification system. Here,
the fuzzy logic controller membership functions are shown
in Fig.12, and their corresponding rules are given in Table.1.
The fuzzy controller received the error, and variations of error
parameters are derived as,

e(y) = V∗MPP(y)− V(y) (30)

ce(y) = e(y)− e(y− 1) (31)
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FIGURE 12. Fuzzy logic controller based duty cycle for PSC solar PV
system.

V. ANALYSIS AND DISCUSSION OF SIMULATION
RESULTS
The major consideration of PV is its nonlinear current versus
voltage characteristics. Also, under the shaded condition of
PV, the nonlinear curves are havingmultiple maximum power
points. So, the conventional or classical MPPT techniques
may not be suitable for the diverse atmospheric tempera-
ture, and irradiation values. Here, the analysis of various
power point finding controllers has been done by applying the
hybrid artificial intelligence MPPT techniques. The features
of hybrid artificial neural networks are fast tracing speed,
required very few sensors for sensing the PV parameters, fast
convergence speed, and very less fluctuations of MPP when
equated with the classical MPPT techniques. The classical
converter converts the low PV output voltage to high PV
output voltage.

The classical converter consists of one input side
capacitor (CPV = 10µF), plus one output side capacitor
(C0 = 0.55mF). The input capacitor is most useful for the
suppression of PV voltage fluctuations. Also, it gives the
constant PV output power for the power converter system.
Similarly, the load side capacitor is helpful for the con-
stant load demand application. Moreover, this capacitor helps
protect the devices from overload voltages. The inductor
(LPV =1.247mH) is utilized for smoothing the solar PV
current and it supplies ripple-free current to the load. The
merits of this converter are continuous output voltage, and
more voltage conversion ratio when equated to the other
classical converters.

A. SOLAR PV AT PSC-1 (1000W/M2, 890W/M2, PLUS
690W/M2)
Here, all the artificial intelligence-based MPPT techniques
are studied by applying MATLAB software. The selected
MPPT method’s comparative performance has been done in
terms of oscillations, error at steady state, design complexity,
and operating efficiency at three various partial shaded solar
power supply systems. The PV modules received irradia-
tions at initial shaded conditions are 1000W/m2, 890W/m2,
plus 690W/m2. The solar PV, and converter output volt-
age, current, and power waveforms are illustrated in Fig.13.
From Fig.13 (a), the adaptive P&O, multilayer feed-forward
neural network, and ANN-based power tracking controllers
help the solar PV to extract the extreme peak current.

Based on Fig.13 (b), the produced voltages and powers
of PV by employing the ANN-based P&O, ANN-based
HC, ANN-based IC, and RBFC based Fuzzy controllers
are 91.654V, 561.716W, 91.89V, 562.577W, 91.721V, and
562.003W respectively.

The settling times of PV-generated voltages by utilizing
adaptive P&O, and AFFNNC are 0.351, and 0.318. From
Fig.13(d), (e), plus (f), it is identified that the RBFC based
Fuzzy controller gives very less converter output power, cur-
rent, and voltage waveforms distortions. The detailed per-
formance investigation of various power point identifying
controllers for solar power fed power converter are given in
Table.2. Based on the recorded parameters of the solar PV
system, the operating duty cycle of the power converter from
the utilization of adaptive P&O is 0.75 which is more when
equated with the ANN-based HC controller. Moreover, the
adaptive P&O controller takes more time for finding theMPP
position. So, the classical power point finding controller is
less applicable for the PV shaded conditions.

B. SOLAR PV AT PSC-2 (1000W/M2, 790W/M2, PLUS
690W/M2)
Here, the available three PV modules strings are shaded by
observing the irradiations are 1000W/m2, 790W/m2, and
690W/m2. The shaded PV module’s power extraction has
been done by applying the conventional as well as soft com-
puting MPPT controllers. The generated DC-link voltages of
the power converter by utilizing the Adaptive P&O, Adaptive
FFNNC, plus ANN-based P&O controllers are 89.931W,
90.896W, and 90.997W.

The obtained PV modules currents, plus voltages by utiliz-
ing the various artificial intelligence controllers are defined
in Figure.14 (a), and (b). Also, the converter working duty
cycle by employing the classical MPPTmethods is illustrated
in Figure.14(c). Based on Figure.14(c), the power converter
receives the optimum required duty value from the RBFC
based fuzzy logic MPPT controller. The obtained power con-
verter generated current, and power waveforms are shown in
Figure.14 (e), and (d).

The shaded solar PV modules give the high MPP trac-
ing time by utilizing the adaptive feed-forward artificial
intelligence controller when associated with the artificial
intelligence-dependent IC controller. The received currents
of PV from the application of adaptive P&O, ANN-based
HC, and RBFC based Fuzzy controller are 5.9635A, 5.915A,
and 5.9A respectively. So, it can be seen that the avail-
able current of PV by the application of RBFC based fuzzy
logic controller is less. As a result, the entire PV sys-
tem power delivering losses are less when equated with
the other nonconventional MPPT methods. The steady-state
settling times of converter-generated power from the uti-
lization of AFFNNC, and adaptive P&O are 0.328sec, and
0.358sec respectively. The analysis of various MPPT con-
trollers for shaded PV power supply DC-DC converter is
given in Table.3. From Table.3, it can be observed that
the converter-generated voltage waveforms consist of heavy
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FIGURE 13. (a). Solar PV generated current, (b) solar voltage, (c) duty cycle, (d) converter generated power, (e) converter
generated current, and (f) a voltage of converter at PSC-1.

TABLE 2. Simulative analysis of ANN-based power point finding techniques at 1000, 890, plus 690W/m 2.

distortions by the application of AFFNNC when equated
with the ANN-based HC. Moreover, the working duty of the
power converter from the utilization of ANN-based P&O is
0.792. Finally, the converter voltage is high by the utilization

of RBFC based fuzzy controller which is illustrated in
Figure.14 (f). So, at the shaded condition of PV, the artifi-
cial intelligence-relatedMPPT controllers givemore accurate
response.
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FIGURE 14. (a). Solar PV generated current, (b) solar voltage, (c) duty cycle, (d) converter generated power, (e) converter
generated current, and (f) voltage of converter at PSC-2.

TABLE 3. Simulative analysis of ANN-based power point finding techniques at 1000, 790, plus 690W/m2.

C. SOLAR PV AT PSC-3 (1000W/M2, 790W/M2,
PLUS 690W/M2)
The obtained current and PV voltage of the sun-dependent
power generation system are shown in Fig.15 (a), and
(b). The available DC-link voltages from the application
of artificial related P&O, adaptive FFNNC, and neural
network dependent fuzzy systems are 89.931V, 90.896V,

and 91.52V respectively. Similarly, the PV power sys-
tem operated duty values from the application of artificial
intelligence-based IC, and HC are 0.618, and 0.605 which
is illustrated in Fig.15(c). The obtained power of PV by
utilizing the RBFC dependent fuzzy power point finding
technique is 540.266 and its working related efficiency
is 98.15%. Similarly, the tracking speed of this RBFC
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FIGURE 15. (a). Solar PV generated current, (b) solar voltage, (c) duty cycle, (d) converter generated power, (e) converter
generated current, and (f) voltage of converter at PSC-3.

TABLE 4. Simulative analysis of ANN-based power point finding techniques at 1000, 790, plus 690W/m2.

controller is very high when equated with the other MPPT
controllers. The converter obtained power waveforms, cur-
rent waveforms, and voltage waveforms are explained in
Figure.15 (d), (e), plus (f). Based on Figure.15 (d), it can

be seen that the RBFC controller extracts high peak power
with few steady-state distortions near the actual MPP.
The analyzed parameters of MPPT techniques are shown
in Table.4.
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VI. CONCLUSION
The proposed RBFC based fuzzy logic controller
dependent MPPT controller is designed by utilizing the
MATLAB/Simulink environment. The proposed MPPT tech-
nique is equated with the other conventional, artificial
intelligence-based MPPT techniques in terms of settling time
of MPP, distortions in obtained converter generated power,
MPP finding efficiency, number of sensing variables, power
transfer losses, and PV module dependency. Based on the
performance results, it has been identified that the RBFC
optimized Fuzzy controller helps the solar power converter
to work with high efficiency in various partially shaded
situations. Also, it has been determined that the conventional
power point identifying controllers are less suitable for PSCs
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