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ARTICLE INFO ABSTRACT

Received: 15 Oct 2024 Solar photovoltaic (PV) systems offer a clean and sustainable energy source, but their efficiency

varies with changing environmental conditions. To optimize power extraction, Maximum Power

Point Tracking (MPPT) techniques are crucial. This paper presents a comparative analysis of

Accepted: 20 Dec 2024 Fuzzy Logic and Incremental Conductance (INC) MPPT algorithms for enhancing photovoltaic
system efficiency. Both techniques are implemented and tested using the PSIM simulation
platform, which also supports the hardware-oriented design and validation of the control
circuits. Key performance parameters such as tracking speed, accuracy, and adaptability to
irradiance variations are analyzed. The study further explores the integration of a DC-DC
converter to regulate output voltage for broader application utility. The results demonstrate the
effectiveness of both MPPT methods and provide insights into their practical suitability for real-
time solar energy systems.

Revised: 12 Dec 2024

Keywords — Fuzzy Logic, Solar Photovoltaic, MPPT, Incremental Conductance, Renewable
Energy.

INTRODUCTION

The sun has long been revered by humans as a plentiful supply of energy and a giver of life. With depleting
conventional sources of energy, we have been forced to shift towards renewable energy sources. India is bestowed
with vast solar energy with approximately 5000 trillion kWh energy incident per year, which can generate sufficient
electrical energy [1. Life is not easy without electricity and when it can be harnessed from renewable energy source
such as solar energy, wind energy, biomass, tidal energy etc., it benefits us socially and economically. India was
ranked sixth globally for its utilization of solar power. India's solar power capacity is growing quickly, going from 2.6
GW in March 2014 to 30 GW in July 2019[2.Using the photovoltaic effect, solar insolation can be converted to
electrical energy but low efficiency is one of the challenging aspects for utilizing the maximum power output of solar
photovoltaic cell. With varying temperature, sun radiations and climatic conditions, it becomes difficult to extract
the maximum energy from solar cell. Solar cell efficiency can be improved by operating it at maximum power point
through maximum power point tracker [2l. There are various MPPT techniques that can be implemented to extract
maximum power from solar cell. Solar photovoltaics are being adopted as a RES whether it is grid connected or
standalone system. With varying climatic conditions, output of solar PV also varies and thus we add a DC-DC
converter being controlled by the MPPT techniques so that it generates a rated constant output [31. Conventional
MPPT methods such as P&O, Incremental conductance, Fractional open circuit voltage, Fractional short circuit
current are proposed in literature which can be implemented with solar PV cell. A design of PV module with DC-DC
converter controlled by MPPT has been developed in PSIM under varied climatic conditions and simulating results
are validated through it hardware implementation [l. The block diagram for the proposed system can be [3 12I:

Copyright © 2024 by Author/s and Licensed by JISEM. This is an open access article distributed under the Creative Commons Attribution License 1362

which permitsunrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



Journal of Information Systems Engineering and Management

2024, 9(4s)
e-ISSN: 2468-4376

https://www.jisem-journal.com/ Research Article

PV PANEL

Fig. 1.1 Block diagram of proposed system
SOLAR PHOTOVOLTAIC CELL

PHOTOVOLTAICS - a solar energy system proves to be the most critical advancement in the development of solar
technology. Photovoltaics are the best known method that uses semiconductors to produce electricity from solar
radiations through direct conversion. Generating electric power with the use of semiconductors to convert sun’s
energy into a flow of electrons is known as “PHOTOVOLTAIC EFFECT”. Such process occurred when a material
(semiconductor) absorbed light to produce electrical voltage. Thus, solar cells are developed using various
semiconductor materials (usually silicon) using photovoltaic effect. PV modules can be linked together to form a PV
panel, providing power in range of few watts to tens of megawatts(=:3l.
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Fig. 1.2 Working of PV Cell with its equivalent mathematical circuit

Figure 1.2 depicts the working of PV cell with its equivalent circuit modeled as current source with a diode in parallel,
shunt and series resistances. Ideally PV Cell is modeled as current source because from I-V characteristics, it is
observed that current is approximately constant for a given range of voltage. Parallel connected diode also called as
bypass diode, prevents current flowing back to the well exposed to sunlight, good solar cells, overheating, burning
out weaker or partially shaded solar cells by providing current path around bad celll*1l. R, = series resistance that act
as internal resistance to the flow of current which is ideally zero. Practically its value is minimum to deliver maximum
output to the load. Ry, = shunt resistance for leakage current which is ideally infinite. Mathematically, PV cell is
modeled with following equationsl24:

k*Top

1. Thermal Voltage: V, =

k = Boltzmann’s constant (1.38x 10723 J/K)
q = Electron Charge (1.602x 1071° C)
T,, = Operating Temperature of Cell ("C)

V+IRs

: . _ Ns
2. Diode Current: I; = ISNP[thNS 1]
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3. Shunt Current: I, = V;IRS
D

Where,
R; & R, = Series and Parallel Resistances respectively
n = Diode Ideality Factor

N & N,, = Number of cells connected in series and parallel respectively
I; = Diode Saturation Current
. Top <3 s4Eg 1 1
4. Reverse Saturation Current: I, = I, (==%)3 {3 [——) - =)}
Tref kn Top Tref

aVoc
5. Reverse Saturation Current atT,,,: I = Iy, [e*“"Top - 1]

Where,

V,. = Open Circuit Voltage

I, = Short Circuit Voltage

C = Number of Cells in a Module
E, = Band Gap Energy

T,, = Operating Temperature
T,.r = Reference Temperature

6.Photocurrent: I, = I, [Isc + ki (Top — Trep)]

q(V+IRg)
7. Load Current: I = I,,N,, — I;N,, [e *Tor™ —

- V+IRg

Where,

I, = Solar Irradiations (W/m?)

k; = Temperature Coefficient of I, (A/°C)
MAXIMUM POWER POINT TRACKER

Practically, solar cells are only 15-17% efficient. Researchers are investing their best efforts to improve solar cell
efficiency. As per the latest reports on 26 February 2018 by Fraunhofer Institute for Solar Energy Systems, ISE
monocrystalline solar cell had recorded laboratory efficiency of 26.7% and 22.3% for multicyrstalline silicon wafer-
based technologylsl. Over 10 years of consistent efforts, researchers were successful in improving efficiency of solar
cells by setting benchmark of 46% efficient multijunction solar cellsl5l.

The overall efficiency of PV systems needs to be increased, considering high initial capital cost of PV source as well
as its low energy conversion efficiency and this could be done by employing power electronic devices in conjunction
with a maximum power point tracking method. PV sources have a unique maximum power point and nonlinear I-V
characteristics that make them difficult to operatel2l. This dependence of characteristics on varying solar irradiations
and temperature results in varying maximum power point. Therefore, Maximum Power Point Tracking is employed
to oversee the optimal power output of the photovoltaic system. The greatest Power Point Tracking (MPPT) technique
is utilized to discover the optimal voltage at which the photovoltaic (PV) cell generates its greatest power. This
algorithm is employed to achieve the maximum power output at the Maximum Power Point (MPP). MPPT works on
Maximum Power Transfer theorem to extract maximum power when load impedance matches source impedance.
MPPT is employed with DC-DC converter coupled with the PV module so that it operates on the duty cycle when
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source impedance becomes equal to the load impedance, thus maximum power can be extracted from the PV array
and efficiency of PV system can be improved!s-61.
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Figure 1.3 Maximum Power Point

There are number of different MPPT algorithms enlisted in literature with different ways of implementation. Few of
the most popular techniques are [51:

1.

Perturb and Observe/Hill Climbing: Both of these methods involve system to perturb by incrementing or
decrementing operating voltage or directly acting on the duty cycle of DC-DC converter to observe the output
power of the PV panel. Any operating point on P-V characteristics perturbs according to principle — with
increase (decrease) in voltage, power also increases (decreases) if operating point is to the left of the MPP
and decreases (increases) if operating point is to the right of the MPP. In In summary, when power increases,
perturbation either progresses in the same direction or retreats when power decreases. The process keeps
periodically repeating till MPP is reached. Once the system reaches a stable state, the algorithm fluctuates
about the highest point. The perturbation size is kept at a minimum to reduce the power variation. The
method is designed in a way that establishes a reference voltage for the module that matches its peak value.
The PI controller adjusts the module's operating point to the desired voltage level. It has been shown that
this disruption leads to significant power reduction, making it challenging to monitor power under quickly
fluctuating atmospheric circumstances. An inherent limitation of the Perturb and Observe approach is its
inability to track peak power during swiftly fluctuating meteorological conditions [23.

Incremental Conductance: The technique is based on the observation that, depending on whether the
operating point is to the left, right, or at the MPP, the slope of the PV module power curve, dp/dv is positive,
negative, or zero.. MPP is tracked by comparing instantaneous conductance (&) to incremental conductance

(3—;). The algorithm can be understood as following [11.

2P _ o [at MPP]
av

Z—i > 0 [to the left side of MPP]

% < 0 [to the right side of MPP]

@)y, il

Where, — =
av av av

1dP _ 1 dal

vav v av

The PV panel voltage can be adjusted relatively w.r.t MPP voltage by measuring the incremental conductance, di/dv
and the instantaneous conductance, I/V. It was observed that realized that the oscillation stops once the MPP is
reached. When di/dv=1I/V gets satisfied, it indicates that the MPP has been reached.

DC-DC BOOST CONVERTER
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The output collected from the PV panel keeps continuously varying with small magnitude that cannot be directly
connected to the load so the voltage needs to be boosted up with the help of power electronic converter namely - boost
converter, also known as the step-up converterltl. It is a switching converter with a power semiconductor switch, a
diode, an inductor, a capacitor and a PWM controller as shown in fig. 1.5.

l, _/ D =

Fig. 1.5 Boost Converter Circuit

The boost converter works in two modes of operation with appropriate switching pulses of the semi-conductor switch.
The switching is done in synchronization with MPPT controller that controls the duty cycle of boost converter to
generate boosted voltage of appropriate magnitude.

PSIM SIMULATION

The proposed system was implemented through the hardware to validate the results obtained with simulations. The
PVsyst program has recorded the instantaneous solar radiation and related temperature for several days during the hot
spell. The overall fluctuation in radiation and temperature has been shown to be consistent throughout all days. As an
example, we took the observations of Latitude — 23.1, Longitude — 72.6 & Altitude — 58m of one particular bright sunny

day. The data for the instant solar radiation & temperature recorded are shown in the table 1.

Table 1
Instant Instant Instant Instant Solar
TIME Temperature Solar TIME Temperature Radiation
s Radiation - [W/m?]
el [W/mz]

05:30 AM 30 1o 12:00 Noon 38 1030
06:00 A M 30 104 12:30 P.M 40 1022
06:30 AM 30 219 01:00 P.M 40 998
07:00 AM 30 337 01:30 P.M 41 959
07:30 AM 31 453 02:00 P.M 42 904
08:00 A M 31 561 02:30 P.M 43 836
08:30 AM 32 663 03:00 P.M 44 755
09:00 AM 32 755 03:30 P.M 45 663
09:30 AM 33 836 04:00 P.M 45 561
10:00 A M 34 004 04:30 P.M 46 452
10:30 A M 35 959 05:00 P.M 44 337
11:00 AM 36 998 05:30 P.M 43 219
11:30 P.M 37 1022 06:00 P.M 42 104

06:30 P.M 36 12
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Fig 1.6 Graph of Solar Radiation & Temperature throughout the day

Fig. 1.7. Circuit of Boost Converter in PSIM

Instant solar radiations were compare with the instant solar temperature and the output graph of radiation v/s
temperature has shown in Fig 1.6. The developed boost converter in PSIM software is as shown in the fig. 1.7. The
simulated results for output voltage, output current and power of boost converter are shown in the fig 1.8.

- ' e " e wm m
Tine g

Tine§
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Fig. 1.10 Circuit diagram of Boost converter with MPPT in PSIM
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Boost converter with Incremental & Conductance algorithm is simulated for 25 W solar panel and all the output result
is taken at STC conditions (25°C temperature and solar radiation of 1000 W/mz2). Output results for this configuration

has shown in Fig 1.11.

Fig. 1.11 Output Voltage, Power & Current of Boost converter with MPPT algorithm, and gate pulse

Table 2: Parameter Tabulation with MPPT — INC and Fuzzy logic

oo | | 0028 | gy | INC [ Ry
Time Radiat p PMax P P Curren P Output | Output Efficiency
. rature Curren | Voltag Voltage
ion t o t Power Power
05:30
AM 12 30 0.3259 | 0.0261 | 2.3973 | 0.0261 | 1.6973 | 0.0443 | 0.047844 13.59%
0::1\310 104 30 2.4236 | 0.1671 11'267 0.1671 | 10.8672 | 1.8168 | 1.962144 74.96%
06:30 0.304 | 16.807 o
AM 219 30 5.1973 4 5 0.2746 | 17.853 | 4.9035 | 5.050605 94.34%
OZ:&O 337 30 8.0928 | 0.4981 16517 0.3437 | 22.3446 | 7.6812 | 7.911636 94.91%
07:30 453 31 10.918 | 0.6274 17176 0.3998 | 25.9886 10.390 10.70252 95.17%
AM 3 8
Ojﬁo 561 31 13.5608 | 0.8583 15'225 0.446 | 28.9943 12'233 13.06273 95.37%
08:30 17.0 15.320
Al?/[ 663 32 15.9869 | 0.9328 7 845 0.4854 | 31.5569 5 2 15.47381 95.83%
09:00 16.106
AM 755 32 18.2027 | 1.2223 5 0.5186 | 33.7115 | 17.484 | 17.65884 96.05%
1368
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09:30 14.91 19.352
zl?/l 836 33 20.0621 | 1.2773 4 19 3 0.5456 | 35.4667 9 :235 19.54572 96.46%
10:00 16.674 20.891
AM 904 34 21.5839 | 1.2934 3 0.5669 | 36.8507 o 21.10082 | 96.79%
10:30 16.551 22.110
A 1?/[ 959 35 22.777 1.3756 155 0.5832 | 37.9106 9 22.33201 97.07%
: 22.945 o
11:00 AM 998 36 23.5838 | 1.4334 | 16.448 | 0.59041 | 38.6195 6 23.17506 97.20%
16. 0.600
11:30 P.M | 1022 37 24.0345 | 1.4574 ;73 5 39.0169 | 23.420 | 23.6545 97.44%
;i;gﬁ 1030 38 24.1149 | 1.4494 16'572 0.6015 | 39.1006 | 23.520 | 23.75611 97.53%
16.519
12:30 P.M | 1022 40 23.7298 | 1.4274 5 0.5969 | 38.003 | 23.609 | 23.84509 97.60%
N | 998 | 40 | 231801 | 15045 16'1135 0.5899 | 38.3484 22'2’ 24 | 2085085 | 97.56%
01:30P.M | 959 41 22.2129 | 1.4362 15'3’05 0.5772 | 37.5198 21';’57 21.87407 | 97.49%
02:00 15.78
M 904 | 42 | 208819 | 1.3224 | ; 4| 0.5503 | 36.3589 | 20.338 | 20.54138 | 97.39%
Olf :13[0 836 43 19.264 1.2558 15'61)94 0.5367 | 34.8876 18';25 18.91255 97.20%
03:00 16.82
li:)M 755 44 17.3501 | 1.1285 | 15.3111 | 0.5587 | 33.0706 6 5 16.99386 96.92%
03 :13[0 663 45 15.2127 | 0.994 15';43 0.4752 | 30.8918 14'281 14.82842 96.50%
03:18[0 561 45 12.898 | 0.7723 16'254 0.4366 | 28.3812 12'292 12.51612 96.07%
0; :1:\3,10 452 46 10.377 | 0.6189 16';85 0.3895 | 25.3192 | 9.8625 | 10.15838 95.04%
05:00 15.231
o 337 | 44 | 7.8088 | 05123 | ° 93 03367 | 21.89 | 7.3718 | 7.592954 | 94.40%
Olf :13[0 219 43 5.1201 | 0.3316 15'307 0.2696 | 17.5291 | 4.7272 | 4.869016 92.32%
01? :1810 104 42 2.5183 | 0.1834 12'524 0.1834 | 11.9247 | 2.1876 | 2.362608 | 86.86%
06:30
PM 12 36 0.4346 | 0.0353 | 2.9967 | 0.0353 | 2.2067 | 0.0811 | 0.087588 18.66%
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Fig. 1.13 Efficiency v/s Time
HARDWARE IMPLEMENTATION

il

—d

Fig. 1.14 Circuit Diagram for hardware implementation
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The hardware consist of following components:

1) Voltage & Current Sensing Circuit (LM 324)
ii) Analog Multiyear AD 633
iii) Analog Circuit of MPPT

iv) Pulse Generation circuit (XR 2206)
L TwF
4
|_71 16
?ﬁ 28T Rg
1 e =] = Sq Closed For Sinewawve
F= e T o 14
] | 13 -S': R |
7 SO0 A
2
sz R 1 B <
N ~— ~ u <
=
XR-2206 10K

Yoo

Yoo o

51K

Fig. 1.15 Pulse Generation circuit (XR 2206)

51K

18 V DC given to the Boost converter. A resistor is added in series with the boost inductor to sense the current &
voltage. Then differential voltage and current input are converted to power through AD 633 converter. Then power
& voltage will get through differentiator to analog circuit of MPPT and after that comparator will compare the
condition & Boolean expression use to execute by XOR gate. XR 2206 is use to generate the triangle wave. Now
comparator will compare triangular wave and dc signal to generate the clock pulse. Now this clock pulse and XOR
gate pulse is given to D flip- flop. D flip-flop will generate pulses to make switch ON/OFF. Due to that duty cycle will

very and maximum power track every time. Hence maximum efficiency is achieved.

RESULTS AND DISCUSSION
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Fig.1.16 Input Voltage of Hardware Analog MPPT Algorithm & triangular wave of XR 2206
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Fig.1.17 Clock pulse and Gate pulse
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CHi= 18,800

Fig.1.18 Output voltage
CONCLUSION

This paper addresses the efficiency challenges in solar photovoltaic systems by implementing advanced Maximum
Power Point Tracking (MPPT) techniques. MPPT improves energy conversion efficiency, maximizes power
extraction, and enhances the reliability of the system. A comparative simulation was conducted using the PSIM power
electronics simulator to evaluate two MPPT algorithms: Incremental Conductance (INC) and Fuzzy Logic Control.
The results demonstrate that both methods significantly improve tracking performance, with Fuzzy Logic offering
faster dynamic response and better handling of rapidly changing environmental conditions. Based on these results,
the hardware implementation was carried out using the Incremental Conductance algorithm. As the complexity of
the analog control circuit increases, careful selection of hardware components becomes essential to ensure accurate
real-time operation. The hardware performance closely matches the simulation results, validating the effectiveness
and practicality of the implemented MPPT strategy.
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