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The electrical energy generated from solar energy photovoltaic (PV) technology is
intermittent, varying, and irregular. With PV technology’s limited energy conversion
efficiency, it is imperative to extract the maximum of converted energy. The zero
slopes of the power versus voltage curve are utlized to determine the maximum
power point. Conventional algorithms provide lower convergence time along with low
power oscillations. This paper proposes an adaptive perturb and observe (A-P&O)
maximum power point tracking (MPPT) technique for the energy conversion system.
The primary objectives of the proposed technique are to obtain a more robust, better
tracking capability, improved efficiency, and fast response lesser oscillations under steady-
state with a simple structure to implement. Maximum power point (MPP) tracking under
varying meteorological conditions and load variations is still a challenge. The proposed
P&O technique has been tested under realistic meteorological variations and load
variations. The comparative evaluation of the proposed adaptive-step size A-P&O
MPPT technique and other conventional techniques such as perturb and observe
(P&O), incremental conductance (IC), modified P&O and fuzzy logic control (FLC) have
also been performed. The performance of the proposed control technique is evaluated
using a MATLAB/Simulink environment. The obtained results confirm that the proposed
control technique is superior in performance as compared to the other four conventional
techniques.

Keywords: PV array, boost converter, MPPT technique, maximum power point, meteorological conditions

1 INTRODUCTION

In recent years, due to the increasing demand for electricity in the domestic and industrial
sectors, almost every country is struggling with an energy deficit. Consequently, continuous
expansion of conventional energy generation systems to meet the demand is happening,
increasing the threat to the environment in terms of carbon footprints. In addition; raw
material used in conventional methods is exhausting at a rapid rate (Jiayi et al., 2008). Due to
this, researchers are looking for alternate energy sources which are renewable and have a clean
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FIGURE 1 | Schematic diagram of PV energy conversion system with various MPPT techniques.
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TABLE 1 | Specification parameters of Kyocera-solar KD320GX-LPB PV module

and array.

Quantity Symbols Values

PV module
Power at MPP Promp 321 W
Voltage at MPP Vimmp 401V
Current at MPP Lmmp 7.99 A
Short-circuit current isc 8.6 A
Open circuit voltage Voc 495V

PV array
Power at MPP Prrmp_array 2.563 kW
Voltage at MPP Vimp _array 320.8V
Current at MPP Limp_aray 3,5660/320.8 = 7.99 A
Number of series string Ner 320.8/40.1 =8
Number of parallel strings No 1

TABLE 2 | The specification of electrical parameters for the boost converter.

Parameters Symbols Values
Boost inductor Liooost 5.1 mH
Internal resistance Rint 0.001 Q
Boost capacitors Choost 80 uF
Boost input capacitors C; 100 pF
Switching frequency fs 20 kHz
PV voltage range Vov 320.8 + 85V
Load voltage range Vioad 500 + 8.5V

process of energy generation. Currently, renewable energy
sources such as solar energy, wind energy, fuel cell, biogas,
geothermal, and micro-turbine are prominent excerpts in the
generation of electricity. The solar energy hypothesis is one of
the most important sources of the future energy mix. Also, due
to recent research and developments in the field of power
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FIGURE 2 | One-diode model-based equivalent circuit of PV cell.

electronics have made solar energy more feasible for domestic
and industrial applications (Dolara et al., 2009).

Systems utilizing solar energy can be classified as solar thermal
systems and solar PV systems. However, photovoltaic (PV) power
is most promising and beneficial because of its easy installation,
pollution-free, clean with low-cost, long life, noiseless, and required
low maintenance. Also, the PV market is showing a steady and
sustained evolvement, all over the world with rapid cost reduction
and increased efficiency in technology (Mekhilef et al., 2011).
However, the overall power conversion efficiency of these PV
cells is low (35-40% approximately). Furthermore, exploitation
of the generated energy by these PV cells is strongly affected by
loading conditions. Therefore, researchers are simultaneously
exploring solutions to increase power conversion efficiency and
extract maximum power through the MPPT techniques. Typically,
the available power from the PV array depends on irradiance level
and ambient temperature whereas extracted power is dependent on
loading conditions. Because of the non-linear relationship between
cell voltage and current, the power available for extraction will be
maximum at a certain operating point only. Furthermore, MPP
varies with the variation in operating conditions of the PV system
(Li, 2019; Reza Reisi et al., 2013). Therefore, it is imperative to use
maximum power point tracking techniques (MPPT) to extract the
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FIGURE 3 | P-V and |-V characteristics for PV module Kyocera solar KD320GX-LPB under (A) for varying irradiance (W/m?) and (B) for varying temperature (C).
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maximum available power in every operating condition (Hlaili and
Mechergui, 2016).

Opver the past decade, several reports and research articles have
achieved enhanced energy conversion efficiency in PV technology
using different MPPT techniques. These MPPT techniques can be
divided into three types: conventional, artificial-intelligence (AI),
and hybrid-based techniques. Constant voltage control (CVC)
(Kumar et al, 2014; Derbeli et al, 2021), Hill-Climbing
(Jordehi, 2016; Amir et al., 2017; Pavithra et al., 2021), Perturb
& Observe (P&O) (Esram and Chapman, 2007; Yilmaz et al., 2019;
Mousa et al., 2021), Sliding Mode Control (SMC) based MPPT
technique (Ahmed and Salam, 2016), Incremental Conductance
(IC) (Liand Wang, 2009; Kumar et al., 2014; Mamarelis et al., 2014;
Bendib et al, 2015), incremental resistance (IR) based MPPT
(Chauhan et al, 2020), and fractional voltage/current (Elbaset
et al, 2015) are conventional techniques having less complex
behavior and are easy to implement. Among these, P&O and
IC algorithms are more prevalent. Second category algorithms use
soft computing or artificial-intelligence (AI) based techniques
namely: fuzzy logic controller (FLC) based MPPT (Saravanan
and Ramesh Babu, 2016), artificial neural network (ANN)
MPPT (Kottas et al, 2006), adaptive neuro-fuzzy inference
system (ANFIS) based MPPT (Ben Salah and Ouali, 2011;
Amara et al., 2018), particle swarm optimization (PSO) based
MPPT (Algarin et al,, 2017; Aouchiche et al,, 2018; Wang et al,,
2018) technique and evolutionary algorithms (EA) based MPPT.
These intelligent techniques are suited for efficient operation in
more dynamic environments to produce output with lesser steady-
state oscillations, but they are more sophisticated as compared to
conventional techniques requiring more resources for effective
realization. In addition, several hybrid MPPT techniques using

combinations of  conventional/Artificial-Intelligence  (AI)/
modification of conventional techniques have also been
introduced to deal with dynamic and partial-shading conditions.
Some of the combinations for hybrid controllers are modified P&O
(Esram and Chapman, 2007; Bayrak and Ghaderi, 2019), PI-FLC
based MPPT (Saravanan and Ramesh Babu, 2016; Eltamaly and
Farh, 2019), and Neural-fuzzy logic (N-FL) based technique
(Loukil et al, 2020). However, these MPPT techniques are
immensely complex and expensive as compared to conventional
techniques.

P&O control technique is widely used as it can be
implemented with low-cost microprocessors, simple, and
robust. However, the three main drawbacks of this technique:
large steady-state oscillation, slow tracking response, and
dependency of step dimension, make it less suited under
rapidly ~ varying  meteorological  conditions. = Whereas,
overcoming the limitations through improvement or
modification in the P&O MPPT technique (Bayrak and
Ghaderi, 2019) increases the complexity.

A rapid and variable step-size P&O technique that eliminates
large fluctuations and slow tracking response of the conventional
version. Simulations results are validated through MATLAB/
Simulink model which indicates reduced steady-state
oscillations, improved efficiency, and optimal power
extraction. The detailed performance analysis is conducted in
comparison with conventional MPPT control techniques such as
P&O (Esram and Chapman, 2007), IC (Li and Wang, 2009),
MP&O (Bayrak and Ghaderi, 2019), and FLC (Saravanan and
Ramesh Babu, 2016) techniques, respectively. A white-box
mathematical model has been developed using fundamental
principles of PV physics and the system developed is
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FIGURE 4 | Equivalent circuit diagram of boost converter topology: (A) On-state, and (B) Off-state.
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incorporated using a boost converter (Mekhilef et al., 2011) with a
suitable duty cycle as shown in Figure 1.
Significant contributions of this paper are as follows:

e The developed MPPT technique is implemented and
validated to extract maximum power under varying
meteorological conditions and load variations.

e The performance of a PV-connected boost converter using
the proposed MPPT technique gives reduced steady-state
oscillation, improved efficiency, extract optimal power, and
fast-tracking response.

e The proposed technique is compared with conventional
techniques available in literature such as perturb and
observed (P&Q), incremental conductance (IC), modified
P&O, and fuzzy logic control (FLC).

This paper is systematically organized as follows: Section 2
explains an overall system configuration and mathematical model
of the PV system (i.e., PV array, electrical characteristics, boost
converter) in detail. Section 3 describes the comparison between
the conventional and the proposed MPPT techniques. In Section
4, the performance investigation of the proposed MPPT and four
traditional MPPT techniques are verified via simulation test
results and a comparative study has been presented. Finally,
concluding remarks are given in Section 5.

2 SYSTEM CONFIGURATION AND
MODELING

The system under consideration consists of the following
components: PV array; MPPT; boost-converter; and electric
load (battery, resistive, inverter, etc.,). The arrangement of the
different components is depicted in Figure 1, which consists of a
PV array, a boost converter, and an MPPT controller. The
parameters and ratings of the PV panel and the boost
converter are given in Table 1 and Table 2, respectively.

2.1 Solar PV Cell

2.1.1 Mathematical Modeling of PV Cell

The basic equivalent-circuit model of a solar PV cell is depicted in
Figure 2. The exclusive goal of modeling PV cell using a one-
diode represented here is to mimic the characteristics and
performance of PV cells under irregular climate conditions
(Pavithra et al., 2021).

The mathematical expression for solar photovoltaic cell output
current can be given as:

ipv = iph - id - ish (1)

where; iy, is the photovoltaic current, iy is photocurrent, iy is
diode current and iy, is shunt-resistance current.
In a solar PV cell, the diode current iz is expressed as:

9(Ver = ipRs)
T] - @

Ig =iy [ex P
from (Eq. 1) and (Eq. 2), the net PV current can be
expressed as:

. . q(VPV B RsiPV) va + Rsipv
lpv—lph—ls[exp<‘/4k7,./\/.s -1 —T (3)

where; i; is the saturation or leakage current of the diode, A is the
diode ideality factor constant, q is the electronic charge
(9 =1.602x 10"°C), k is the Boltzmann constant (k=
1.368 x 1072J/K) , and 7T is the actual temperature (in Kelvin).
Furthermore, photocurrent iy is linearly incumbent on the

solar PV radiation as well as influenced by standard test condition
temperature (Tsyc = T) can be represented by Eq. 4.

) . g

ipn = lise + ki (T = T,)] x —— (4)

ger f

where, iy is the short-circuit current, G is the solar radiation, k;
are the parameters of PV solar cell SC current, 7, is the reference
temperature. The reverse saturation and saturation current of the
photovoltaic module, which changes with the temperature can be
calculated by Egs. 5,6.

. _ iSC
= exp(qVPv/AkT]\/'g) -1 ®

L (TY g [1 1
and i —1,S<Tn> eprkT [7,”—7,] (6)

where Eg is the semiconductor energy bandgap, i, is the reverse
saturation current at weather change conditions. PV modules are
interconnected in series and parallel forming an array to deliver a
sufficient amount of power to the load. Considering the scenario
modified equation for the output photovoltaic current can be
given Eq. 7.
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FIGURE 5 | Flow-chart of the four conventional MPPT techniques (A) P&O (Esram and Chapman, 2007) (B) Inc Cond (Li and Wang, 2009) (C) MP&O (Bayrak and
Ghaderi, 2019) (D) FLC based MPPT (Saravanan and Ramesh Babu, 2016). (E). Block diagram of FL-MPPT technique.
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(Vor = Radiy)

. ) . q Vv + Rsipy
ipy = Npipn = N pis|exp AT 1| -N R T

’ NsRsh (7)

where N represents the series-connected modules and N,
represents the parallel-connected modules.

2.1.2 Influence of P-V and |-V Characteristics for PV
Module at STC

According to standard test conditions, the irradiance and the
temperature should be 1000 W/m® and 25°C, respectively. A
commercially available Kyocera solar PV cell (KD320GX-LPB)
is chosen for this study. Power-Voltage (P-V) and Current-
Voltage (I-V) characteristics for different irradiance and
temperature (Tsyc = 20°C to 60°C and G = 400 W/m® to
1000 W/m?) are depicted in Figures 3A,B.

As evident from Figure 3, the increase in irradiance, increases
the generated power, whereas a rise in the temperature reduces it.
The maximum output power (Pyp) and voltage (V,pp) are
extracted from the peak point of the curve under variable
environmental conditions. The current (I,np,) and voltage
(Vimpp) at the maximum power point are also extracted from
the peak point of the curve. The maximum power point of the PV
system can be expressed as:

Popp = Vinpp X Linpp (8)

2.2 Modeling of dc/dc Boost Converter
The boost converter is a power electronic device that converts the
average value of the voltage (or current) from a low level to a
higher level, regulated by varying the duty cycle “D” at a high
switching frequency (Mousa et al., 2021). Such a converter is one
of the most extensively used non-isolated dc-dc converters in PV
systems for tracking the MPP as it has many features such as high
efficiency, robustness, and simple structure. The equivalent
circuit topology of boost converter for both on and off
switching modes in continuous mode of operation is shown in
Figure 4.

The mathematical modeling of a boost converter in a
continuous mode of conduction state can be expressed by Eq.
9. For ON time state:

di ,
L?}f = Vein — ILRI
dvcin 1 .
Cin dt = R—eq(Veq - vCin) =1 r (9)
dVeO Veo
Cpo = 10
Ydt R

where ip or ip, is inductor current, v, is input capacitor of
voltage, and v, or v, is the voltage of the capacitor. Let state
variables x; = i (i,,) and x, = v. (vp), we can rewrite the state
equations in state space.

5 0 0 X 1/£
R Y N St

RC
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Measure the V(n) and I(n)

from the PV pancls Initialization

AV, =V, (n)-V, (n-1)

AL, =1, (n)-1,(n-1)
(7) =B, (n-1)

Modilied
Perturbation size

D(n) = D(n-1)-&,

Update
V(n)-V(n-1): P(n) = P(n-1),

FIGURE 6 | Flowchart of the proposed variable step MPPT technique.

at OFF time state: when the s = 0, the simplified circuit can be
represented by the state equations which are as follows:

di,
L'E = Vo — Ve

11
Cdvc TS (an
2C gy, -2k
d " R
in the state-space, the equation is:
0 1
. - 1
s o N P (12)
X2 1 1 X2 0
C RC

from the state-space matrices in Eqs. 10-12 are obtained as:
[A] = [Ail xD+ [A] x (1-D)

from the above state-space model of the T.F. is V(s)/d(s):

];0((5) =C(|sI - A)'[(A - A)X + (B, - By)Vi]
s)
+[C -G)X (13)
d Vo(s) _ V’[(é) B (RC(IS—D)2>]
an = : (14)
A (P4 5o+ 1)
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Time (s)

where A ; is equal to the state matrix for 7 ,,, time and A4, is equal
to the state matrix for 7 . period, V, is the output voltage.

3 PROPOSED MPPT CONTROL
TECHNIQUE

An MPPT technique is a very vital part of any solar PV system. It
is employed to extract maximum power under varying
meteorological conditions such as ambient temperature,
irradiance, and partial shading conditions. In this paper, the
performance of the conventional MPPT techniques is compared
to the proposed modified perturb & observe (P&O) MPPT. A
schematic of the test setup for the proposed as well as convenient
technique consisting of 2.56 kW PV array is shown in Figure 1.

3.1 Conventional MPPT Control Techniques
3.1.1 Perturb and Observe (P&0O) MPPT

The P&O technique is one of the simplest and most widely
employed techniques for the control of power modulators in PV
systems, because of its easy implementation in a low-cost system
(Yilmaz et al., 2019). A conventional P&O algorithm can be
installed with a perturbation mechanism to increase or decrease
the reference voltage or current via a boost converter duty cycle
(D) so that it can detect the MPP even during changing weather
conditions. Therefore, the differential changes at the output of the
PV array power with respect to the instantaneous output values;
otherwise, the value (voltage or current) is decreased (Esram and
Chapman, 2007). The flow-chart shown in Figure 5A depicts the
step-by-step implementation of the conventional P&O control
technique by utilizing the Eq. 15.

dpp,>0 and dv,, >0, leftof MPP

dpyy >0 and dv,, <0, rightof MPP

dp,y <0 and dv,, >0, rightof MPP (15)
dpp,<0 and dv,, <0, leftof MPP

dp,y =0 and dv,, =0, at MPP

The conventional approach uses selected fixed step-size
change in the duty cycle (AD), it is responsible for the

accuracy and speed of that system. However, the main
drawbacks of this technique are large steady-state oscillation,
slow tracking response, and dependency of step dimension about
MPP, and less suited for variable meteorological conditions
(Yilmaz et al., 2019; Mousa et al., 2021).

3.1.2 Incremental Conductance (IC) MPPT

The incremental conductance control technology utilizes the
information of the slope of the power curve, which will be
zero at the MPP (Li and Wang, 2009). As depicted in
Figure 5B, the derivative is positive on the left side, and
negative on the right side of the MPP. The maximum output
power available can be calculated as:

vam = Vpvm X ipvm (16)

Differentiating Eq. 16 with respect to photovoltaic voltage,
we get,

dPPV = i(VPv,ip\/) = va@+i dV‘DV = <dlpv + ﬂ) (17)

dv,, dv dvy, pvdvpv Avy, Vo

at MPP, as dp,,/dv, = 0 at Eq. 17 become,

.V d'V d'V .V
T Ol g s B v (18)

Voy  AVpy

dvy, Vpy

We define the change in instantaneous output conductance (G
= i,/Vpy) and incremental conductance is iG = di,,/dvy,. If the
conductance (G) is negative of incremental conductance (iG)
array delivers the maximum of available power and operates at
MPP (Mamarelis et al., 2014). The tracking the MPP requires the
following updating rules in Eq. 19 as follows:

dP v ) v d‘ v
d—pp>o; if s —d’P le ft side o f MPP
Vpy Vpy Vpy
dp v ] v d' v
) 2 — 0; ifli> _ at MPP (19)
dV‘DV Vv dev
dPy, ipy diyy
——<0; if —>—-—— rightsid MPP
v, 0 if v vy right sideo f
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3.1.3 Modified Perturb and Observe (MP&0O) MPPT

In this approach, the variable step size is considered in place of the
fixed step size in the perturbation cycle. The conventional P&O
technique is not capable to confer adequate response and tracking
accuracy for both steady-state and dynamic conditions due to
fixed step-size. If the step-size is kept large to achieve the rapid
dynamic response, then the spacious oscillations around the MPP
causing a loss of productive power will occur. Therefore, to

overcome this drawback a modified P&O technique was
proposed by (Safari and Mekhilef, 2011; Abo-Al-Ez et al,
20205 Jana et al., 2020). Figure 5C shows the flowchart of the
modified P&O technique depicting the strategy. It is seen from
the figure that when |AP| > P,., the perturbation size of the step
is Vi1 and when |AP| < P,., the perturbing size of the step is
V2. This feature makes it superior to the conventional perturb
and observe MPPT techniques. Although the main drawbacks of
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TABLE 3 | Performance comparison analysis of simulation results validated under scenario-I.

Rise time (m-sec.)

Power ouput (kW)

MPPT Techniques for Solar System

Efficiency (%)

MPPTs | trs11 trs12 trs13 trs14 Po_s11 Po_s12 Po_s13 Po_s14 Nst11 fs12 Ns13 Ns14
P&O 301 160 161 290 2.53 1.923 1.276 2.53 98.9 98.9 98.9 98.9
Inc Cond 121 102 99.9 136 2.51 1.912 1.272 2.51 97.9 98.4 98.6 98.0
MP&O 200 145 140 185 2.54 1.936 1.284 2.54 99.4 99.6 99.6 99.4
FLC 40.1 40.0 39.8 39.8 2.54 1.932 1.282 2.54 99.3 99.4 99.4 99.3
Proposed 39.9 35.0 35.1 35.6 2.55 1.936 1.285 2.55 99.6 99.6 99.6 99.6
The bold values in Tables 3 emphasizes for proposed MPPT Technique.
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FIGURE 9 | Temperature pattern for Scenario-Il.

this technique are large steady-state oscillation, slow tracking
convergence, and dependency of step dimension at MPP. That
builds it less suited for variable meteorological conditions on
using the biggest perturbation size of steps. The MPP is reached
rapidly, but the power loss due to perturbation in steady-state
oscillation will also increase. The power deficit from the steady-
state perturbation can be reduced with a small perturbations step
but this will slow down the tracking speed.

3.1.4 Fuzzy Logic Controller (FLC) Based MPPT
Fuzzy logic is a soft computing (SC) technique (Saravanan and
Ramesh Babu, 2016). It is among the most effective control
techniques. It uses the concept of multiple rules and multiple
variables ranging between entirely false and entirely true. It
consists of an estimate that maps the input values to the
output values derived from the IF-THEN rule. It effectively
distributes with the non-linear I-V curve of the photovoltaic
system which operated at a membership function instead of a
mathematical module. FLC has fuzzification, inference-
mechanism, defuzzification, and rule-based look-up table as
main components. The flowchart of the FLC-based MPPT is
depicted in Figure 5D. Moreover, FLC-based MPPTs usually
have two inputs and one output, as shown in the Figure 5E. The
input variables are error [E(n)] and change in error [CE(n)],
which are computed as below.

AP P -Pn-1)
EM = =Y v

CE(n)=E(n)—E(n-1)

(20)

21)

where P (n) and V (n) are the immediate power and voltage of the
PV system at nth sample time, whereas (n—1) indicates the value
at the previous sample time.

The output variable usually changes with the change in duty
ratio (AD) of the boost converter, which offers rapid
convergence, maintains non-linearity, and acts in exact inputs
(more details can be found in Ben Salah and Ouali (2011) and
Amara et al. (2018).

Y u(AD; (n)) - AD; (n)
Yi1u(AD; (m)

The FLC output that is a change in duty ratio AD (n) is used to
compute the final duty ratio D(n) as given in Eq. 23:

Dn)=D(n-1)+AD(n)

AD(n) = 22)

(23)

Although the main drawbacks are that it operates at input and
output membership functions instead of a mathematical model based
on the experience and brief information about the operating system.
Therefore, to overcome these shortcomings, we have proposed a
novel MPPT technique, which is explained in Section 3.2.

3.2 Proposed Variable Step Efficient
Modified P&O MPPT Technique

According to the available literature, conventional MPPT
techniques described in Section 3.1 is not capable to
confer fast response and accurate tracking around MPP.
This is mainly due to fixed step-size perturbation. If the
step-size is kept large to achieve the rapid dynamic
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FIGURE 10 | Responses under Scenario-Il: (A) Output power, Py (B) output voltage, V, and (C) output current, /o.
TABLE 4 | Performance comparison analysis of simulation results validated under scenario-ll.
Parameters Rise time (m-sec) Power ouput (kW) Efficiency (%)
MPPTs | trso1 trs2o trs23 trsoa Po_s21 Po_s22 Po_s23 Po_s2a Ns21 Ns00 Nso3 Ns24
P&O 300 168 168 120 2.579 2.232 2.471 2.354 98.3 98.4 98.6 98.6
IncCond 119 101 99.2 90.2 2.570 2.231 2.463 2.349 98.0 98.4 99.3 98.4
MP&O 196 140 135 110 2.611 2.257 2.494 2.376 99.5 99.5 99.6 99.5
FLC 4041 39.8 39.5 39.4 2.609 2.255 2.493 2.375 99.5 99.4 99.5 99.5
Proposed 40.0 20.5 20.4 20.4 2.612 2.259 2.495 2.377 99.6 99.6 99.6 99.6

The bold values in Tables 4 emphasizes for proposed MPPT Technique.

response, then large oscillations around the MPP will increase ~ modified P&O (EM-PO) MPPT technique is used to
causing a loss of output power. Therefore, to overcome these  eliminate these problems. According to research gaps, a
drawbacks, proposed a new variable step-size of efficient = novel MPPT technique is proposed in this paper, whose
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TABLE 5 | Performance comparison analysis of simulation results validated under scenario-lIl.

Parameters Resposne time (ms) Power ouput (kW) Efficiency (%)

MPPTs | trsai trsao trs3s trsaa Po_s31 Po_s32 Po_s33 Po_s34 Ns31 Ns32 Nss3 Ns34
P&O 290 0.32 00.0 00.0 2.537 2.538 2.537 2.537 98.9 98.9 98.9 99.9
Inc Cond 118 99.2 99.2 99.2 2.535 2.536 2.5635 2.535 98.9 98.9 90.9 98.9
MP&O 190 140 140 140 2.551 2.555 2.551 2.551 99.5 99.5 99.5 98.5
FLC 40.0 39.5 39.5 39.5 2.550 2.554 2.550 2.550 99.5 99.5 99.5 99.5
Proposed 39.9 20.5 20.5 20.5 2.553 2.554 2.553 2.554 99.6 99.6 99.6 99.6

The bold values in Tables 5 emphasizes for proposed MPPT Technique.

TABLE 6 | Overall performance comparison under scenario-l, Il and Ill.

Meteorological Scenario-| Scenario-ll Scenario-lll
cond
Parameters/MPPTs| S11 Si2 Si3 Sia S», S, Sa3 So4 Ss3¢ Ss32 S33 Sz4
Output load voltage (V)
P&O 498.8 436.7 354.8 498.7 506.8 468.2 496.3 4841 449.2 504.9 436.8 478.5
Inc Cond 497.5 435.5 355.9 497.4 506.2 469.5 495.3 483.5 449.0 503.5 436.6 479.3
MP&O 502.9 437.2 356.8 502.8 509.2 469.8 499.1 489.9 449.8 504.9 437.2 480.2
FLC 499.9 434.5 356.9 499.8 508.7 4701 499.3 489.2 450.1 505.1 4371 480.1
Proposed MPPT 501.5 436.1 358.4 501.5 509.5 470.1 499.9 489.9 451.4 505.5 437.5 480.0
Output load current (A)
P&O 5.08 4.38 3.59 5.08 5.08 4.76 4.97 4.86 5.64 5.03 5.80 5.29
Inc Cond 5.09 4.39 3.58 5.09 5.08 4.75 4.97 4.86 5.65 5.04 5.80 5.28
MP&O 5.09 4.40 3.59 5.09 5.12 4.80 4.99 4.85 5.67 5.06 5.83 5.31
FLC 5.07 4.44 3.60 5.07 5.11 4.79 4.99 4.85 5.67 5.06 5.83 5.31
Proposed MPPT 5.10 4.43 3.59 5.09 5.12 4.80 4.99 4.85 5.65 5.05 5.83 5.32
Output power (kW)
P&O 2.536 1.923 1.276 2.535 2.536 2.232 2.471 2.354 2.537 2.5638 2.537 2.537
Inc Cond 2.511 1.912 1.272 2.512 2.511 2.231 2.463 2.349 2.535 2.536 2.535 2.535
MP&O 2.549 1.936 1.284 2.548 2.549 2.257 2.494 2.376 2.551 2.555 2.551 2.551
FLC 2.547 1.932 1.282 2.547 2.547 2.255 2.493 2.375 2.550 2.554 2.550 2.550
Proposed MPPT 2.554 1.936 1.285 2.554 2.612 2.259 2.495 2.377 2.553 2.554 2.553 2.554
Dynamic efficiency (%)
P&O 98.95 98.97 98.99 98.90 98.38 98.45 98.68 98.65 98.99 98.98 98.98 99.98
Inc Cond 97.97 98.40 98.68 98.01 98.02 98.41 99.36 98.44 98.90 98.94 90.90 98.90
MP&O 99.45 99.64 99.61 99.42 99.58 99.58 99.61 99.59 99.54 99.54 99.54 98.54
FLC 99.38 99.44 99.45 99.38 99.50 99.48 99.56 99.53 99.50 99.49 99.50 99.50
Proposed MPPT 99.65 99.64 99.68 99.65 99.62 99.64 99.64 99.65 99.64 99.66 99.62 99.64
Rise Time (Mms)
P&O 301 160 161 290 300 168 168 120 290 0.32 00.0 00.0
Inc Cond 121 102 99.9 136 119 101 99.2 90.2 118 99.2 99.2 99.2
MP&O 200 145 140 185 196 140 135 110 190 140 140 140
FLC 40.1 40.0 39.8 39.8 40.1 39.8 39.5 39.4 40.0 39.5 39.5 39.5
Proposed MPPT 35.8 35.0 35.1 35.6 39.1 20.5 20.4 20.4 39.8 20.5 20.5 20.5
Ripple power (kW)
P&O 0.027 0.020 0.013 0.028 0.043 0.0385 0.033 0.032 0.026 0.025 0.026 0.026
Inc Cond 0.030 0.031 0.017 0.051 0.052 0.036 0.041 0.037 0.028 0.027 0.028 0.028
MP&O 0.016 0.007 0.005 0.015 0.011 0.010 0.010 0.010 0.012 0.008 0.012 0.012
FLC 0.014 0.011 0.007 0.016 0.013 0.012 0.011 0.011 0.013 0.009 0.013 0.013
Proposed MPPT 0.009 0.007 0.004 0.009 0.010 0.007 0.009 0.009 0.010 0.009 0.009 0.009

Note (Stages: Sp1, Snz, Sna, Sna @and Scenario first, second, third under varying irradiance, temperature, load).
The bold values in Tables 6 emphasizes for proposed MPPT Technique.

operation could be depicted as follows: if the variable power  flowchart proposed a variable step-size EM-PO MPPT
|AP| is the greater than diminutive value & (threshold of technique as depicted in Figure 6. The variable step-size is
power), the perturbing size of the step is &;; if the variable  calculated using Eq. 24.

power |AP| is the less than diminutive value ¢ (threshold of
power), the perturbing size of step is &,, here ¢, maximum

power assumed which is a small change in irradiance. The D) =D(n-1) =4 (24)
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where D (n) is the actual duty cycle, D(n-1)isthe previous value of
the actual duty cycle at nth sample time, {1 = m.|AP/AV| is the
perturbing variable power steps and stepping factor (Kumar et al,
2014; Mamarelis et al,, 2014). The variable step-size is calculated from
the function of the variable power and voltage as given Eqs 25-27.

Dn)=D(n-1)+& (25)
AP=Pm) -Pn-1) (26)
AV=Vn)-Vn-1) (27)

where AP is the power variables adjusted automatically against
the irradiance changes, AV is the voltage step variation to given
irradiation and cell temperature conditions at nth sample time,
respectively. The output steps of a proposed variable step of
efficient MPO maximum power point tracking technique are
given as follows:

De(n)=D(n-1) + m.inD/AV|

=D(n—1)im.w (28)

V(n)-V(n-1)
De,(n) =D(n—-1) £+ m[AP| = D(n-1) £ m|[P(n) - P(n-1)|
(29)

here, f | = m.|AP/AV| and 52 = m.|AP| are the automatic step
changes of the PV system under variable changes, m is the scaling
or stepping factor for automatically adjusted at step-size,
respectively. The calculation of the scaling factor (m) is
expressed in Eq. 30 which is as follows:

AP .
m. Aif} ¢ Imin
Eimin (30)
m.|A7§ . < EZmux
Eomax

where the predefined value of &,ppax has a higher limit for the actual
duty-cycle. After rearranging (Eq. 17), the slop dP/dV is given as:

£V21+A—{V

31
dy AV G

P
davy

‘:I+

The effective power |AP| of perturbing and observing
technique is,

i

‘A75| =(I+Al)(V+AV) -1V = ‘dV AV+ALAY  (32)

3.2.1 Control Strategy of Proposed Technique
The overall performance of proposed the new MPPT technique
A- P&O is designed using the following steps:

e Step-1: Measuring initialize of nth values are V(1) and I (n)
by sampling. After that calculation, the nth value of power
P (n) is measured by product of V(1) and I (1) using Eq. 16,
respectively.

e Step 2: To calculate the |AP|=7P(n)-P(n-1) and
|AV| = V(1) = V (n - 1), respectively.

e Step 3: If the variable power |AP| is larger than the
diminutive value ¢, the perturbing size of step is §;. The
& is calculated in terms of Eq. 28 and sent to pulse-
generator to drive the switching of dc-dc converter
topology.

e Step 4: If the variable power |AP| is less than the diminutive
value ¢, the perturbing step-size is &,. The &, is calculated in
terms of Eq. 29 and sent to same of above, it is indicating
that the meteorological condition such as irradiance and
temperature has rapidly changed.

e Step 5: Update the best individual solution envisaged by
each V(n—1)=V(n); [(n-1) = [ (n) and their included
duty cycle at MPP.
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FIGURE 12 | Responses under Scenario-lil: (A) Output power (Po) (B) output voltage (Vo) and (C) output current (/o)
4 RESULTS AND DISCUSSIONS validated in MATLAB/Simulink using a personal computer with

an Intel® Core™ i7 CPU at 2.2 GHz and 8 GB of RAM. The
In order to conduct a performance analysis of the proposed  following three scenarios of operating conditions have been
adaptive A-P&O MPPT technique a 2.56kW PV energy  considered for the investigation:

conversion system as depicted in Figure 1 is considered.

Performance is also compared with P&O, Inc Cond, modified e Scenario-I: Varying irradiance at a fixed temperature.
P&O, and FLC MPPT techniques. The simulation results are e Scenario-II: Varying temperature at fixed irradiance.
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e Scenario-III: Varying load at standard test condition.

4.1 Scenario-l: Varying Irradiance at

Constant Temperature

In this scenario, the performance investigation of the
proposed MPPT technique is performed under dynamic
behavior such as varying irradiance at constant ambient
temperature Tsye = 25°C and fixed Rp,,g at 97.55Q,
respectively. The simulation results are verified at varying
irradiance of four levels (or stages) of S;;, S;2, S;3, and Sy
Figure 7 illustrates the variation pattern of irradiance with a
sudden change in levels from S;; is 1000 W/m? to 750 W/m?
during t,;; = 0-0.8 85 S5 is 750 W/m? to 500 W/m? during
trs12 = 0.8-1.5s; ;3 is 500 W/m® to 1000 W/m? during t,.;3 =
1.5s to 3.0 s; and S;; reporting to its previous level,
ie., 1000 W/m?> during t,;4 = 3.0-4.0s, respectively.

Theoretical values of maximum power obtainable on §;;,
S12,S13,and Sy are 2.56, 1.94, 1.28, and 2.56 kW, respectively.

During this scenario, power, voltage and load current behavior
obtained for different MPPT techniques are illustrated in
Figure 8. It is evident from the results that the proposed
control technique gives the least oscillations around MPP with
fast-tracking response, less power ripples, and -effectively
improved efficiency that is better than the other four
conventional MPPT techniques.

Output power obtained, response time, and efficiency under
steady-state with different MPPT techniques are tabulated in
Table 3. Output power of P, s;; = 2.55 kW with output voltage
Vo s11 = 501.5V and load current I 5;; = 5.09 Amp is achieved
with rise time t,g;; = 39.9 m-sec. It is evident from the results
obtained that for all variable irradiance stages S;, S;3, and S;4 the
proposed MPPT technique also gives better performance
compared with the other four conventional techniques which
are depicted clearly in Table 3.
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4.2 Scenario-ll: Varying Temperature at

Constant Irradiance

In this scenario, the performance investigation of proposed MPPT
technique is performed under the dynamic behavior such as
varying temperature at constant irradiance for Ggrc = 1000 W/
m? and fixed Ry u = 97.55 Q, respectively. The simulation results
are verified at varying irradiance of four levels (or stages) of S, S22,
S23 and S, Figure 9 illustrates that the tracking accuracy of the
system under varying temperatures with sudden change levels
from S,; is 20°C to 50°C during f,;;; = 0s to 0.8s; Sy, is 50°C
to 30°C during t,,> = 0.8-1.5s; Sz3 is 30°C to 40°C during f,.»3 =
1.5st0 2.5 s; and Sy, reporting to its previous level, i.e., 40°C during
trs2q4 = 2.5 510 4.0 5, respectively. The theoretical value of maximum
power obtainable on S5;, Sz, S,3, and Sy, are 2.62, 2.26, 2.50, and
2.38 kW, respectively.

During this scenario, all the levels of power, voltage and load
current are tracked successfully using a boost converter for variable
scaling factors as shown in Figure 9 and Figures 10A-C. The
proposed control technique gives the least oscillations around MPP
with fast-tracking response, less power, ripples, and effective
improved efficiency are better than the other four conventional
MPPT techniques as shown in Table 4. Accordingly, Figure 10A,
Figure 10B, Figure 10C and Table 4 illustrates that the proposed
control technique (blue) gives output power (Py s»;) = 2.612 kW,
output voltage (Vj s»;) = 508.5V and load current (Iy s»;) =
5.12 Amp settled at t,55; = 39.1 m-sec as compared with other
four conventional P&O (pink); Inc Cond (yellow); MP&O (brown)
and FLC (red) based MPPT techniques, respectively. That is
approximately identical to ideal values P, ,»; in PV array
operated at temperature S,; = 20°C, more detailed as depicted
in Table 6. Similarly, for all variable temperature stages S,», S»3, and
S»4 the proposed MPPT technique also gives better performance as
compared to the other four conventional techniques which are
depicted clearly in Table 4.

4.3 Scenario-lll: Varying Load at Standard

Test Condition

In this scenario, the performance comparison analysis of
proposed MPPT technique is performed under dynamic
behavior such as varying load at constant irradiance, Ggrc is
1000 W/m? and constant Tgre is 25°C, respectively. The
simulation results are verified at varying load resistance of
four levels (or stages) of S3;, Sz Ss3 and Sy Similarly,
Figure 11 illustrates the tracking accuracy of the system under
varying resistive load with sudden change levels from S3; = 80 Q
during t,;3; = 0s to 1.0s; S3, = 100 Q during #,;3, = 1.0s to 2.0 s;
S33 = 75Q during t,;33 = 2.0-3.0 s; and S34 reporting to its
previous level i.e., 90 Q during t,534 = 3.0-4.0 s, respectively. The
theoretical value of maximum power obtainable on S3;, S32, S33,
and Sz, is 2.56 kW.

During this scenario, all the levels of power, voltage, and load
current are tracked successfully by employing a boost converter for
variable scaling factors as shown in Figures 12A-C. Accordingly,
Figure 12A, Figure 12B, Figure 12C and Table 5 illustrates that
the proposed control technique (blue) gives output power Py 3; =

MPPT Techniques for Solar System

2.553 kW, output voltage V) g3; =451.4 V and load current I g3; =
5.67 Amp settled at t,53; = 39.9 m-sec as compared with other four
conventional P&O (pink); Inc Cond (yellow); MP&O (brown) and
FLC (red) based MPPT techniques, approximately identical to
ideal values P, (; in PV array operated at load resistance S3; =
80 Q. Similarly, for all load resistance stages Ss, S33, and Sy, the
proposed MPPT technique gives better performance as compared
with the other four conventional techniques which are depicted
clearly in Table 5.

4.4 Transient State Analysis

To verify the performances of all five considered MPPT
techniques investigated during the transient state, responses of
the PV system under scenario-I for level S;; are recorded.
Responses obtained are shown in Figure 13. The sampling
time captured in Scenario-I for level S;; for proposed MPPT
technique is 35.8 m-sec., for P&O is 301 m-sec, for Inc Cond is
121 m-sec., for MP&O is 200 m-sec., and for FLC is 40 m-sec,
respectively.

The proposed technique tested under standard test conditions
(Gsre is 1000 W/m? and Tspe is 25°C) achieved dynamic
efficiency of 99.68% which is better than the other four
conventional control techniques as shown in Figure 14.

Overall performance comparison analysis of tracking
simulation results is validated for the proposed and
conventional MPPTs under all three different scenarios and
given in Table 6. From Table 6, it is evident that proposed
technique is better than other conventional techniques available
in the literature. The proposed technique gives better efficiency,
more output power, and lesser ripple in comparison to other
techniques.

5 CONCLUSION

In this paper, an improved P&O MPPT technique is proposed
and developed with a mechanism to automatically adjust the step-
size, possessing the characteristics of accurate rapid tracking
response, effectively improved efficiency, reducing oscillations,
and extracting optimal power for PV energy conversion system.
The performance of the developed adaptive step-sized MPPT
algorithm is compared with the other four conventional MPPT
techniques; such as P&O, 1&C, modified P&O, and FLC-based
techniques. Performance validation is conducted under sudden
changes of meteorological conditions and load variations
considering the steady-state and dynamic conditions. The
developed algorithm is tested for a 2.563kW PV energy
conversion system, using MATLAB/Simulink environment
under varying irradiance, varying ambient temperatures, and
varying load conditions. The effective efficiency of PV system
using the developed adaptive step-sized MPPT algorithm
improves from 99.61 to 99.9%, as compared to the other four
conventional MPPT techniques. In terms of accuracy, the FLC
MPPT algorithm comes closer to the developed algorithm but the
adaptive step-size MPPT algorithm performs better in terms of
tracking accuracy and limiting the oscillations. The proposed
improved adaptive step-size P&O MPPT algorithm finds its
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applications in tracking the maximum power under sudden
changes in the ambient environmental conditions. In the
future, the developed algorithm can be realized experimentally
in order to further improve its applicability by incorporating
more realistic working conditions
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