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Abstract: A solar photovoltaic (PV) system has been emerging out as one of the greatest
potential renewable energy sources and is contributing significantly in the energy sector.
The PV system depends upon the solar irradiation and any changes in the incoming solar ir-
radiation will affect badly on the output of the PV system. The solar irradiation is location
specific and also the atmospheric conditions in the surroundings of the PV system con-
tribute significantly to its performance. This paper presents the cumulative assessment of
the four MPPT techniques during the partial shading conditions (PSCs) for different con-
figurations of the PV array. The partial shading configurations like series-parallel, bridge
link, total cross tied and honeycomb structure for an 8 x 4 PV array has been simulated to
compare the maximum power point tracking (MPPT) techniques. The MPPT techniques
like perturb and observe, incremental conductance, extremum seeking control and a fuzzy
logic controller were implemented for different shading patterns. The results related to the
maximum power tracked, tracking efficiency of each of the MPPT techniques were pre-
sented in order to assess the best MPPT technique and the best configuration of the PV
array for yielding the maximum power during the PSCs.

Key words: partially shaded configuration, photovoltaic system, maximum power point
tracking, fuzzy logic controller, tracking efficiency

1. Introduction

As a part of a drive to produce clean energy, most of the developing countries are opting
the renewable energy sources like solar and wind energy to meet their power demand. From the
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existing types of renewable energy sources, the source that will be suitable for the generation of
power depends upon the different factors of the location. The solar energy is the best suitable for
any location, as the solar irradiation will be available throughout the year. To harness energy from
the solar irradiation, photovoltaic (PV) systems are widely used. The surrounding temperature
and solar irradiation will greatly affect the PV system performance due to its nonlinear behaviour.
The atmospheric conditions and the objects coming in between the irradiation and PV system will
lead to the partial shading. The partial shading is considered to be one of the faulty conditions
of the PV system. In addition to this, the different types of faulty conditions as mentioned in [1]
are: a line-ground fault, line-line fault and open-circuit fault. The partial shading conditions will
reduce the maximum power to be produced by the PV system.

To ensure the maximum power from the PV system at any environmental conditions, the
maximum power point (MPP) tracking (MPPT) techniques in combination with a central DC-
DC converter will be employed [2]. Under partial shading conditions (PSC), the PV module will
behave as a load and the current produced by the other modules will be absorbed by the shaded
module. To avoid this condition, the bypass diodes will be used in parallel with each of the PV
modules. Due to these bypass diodes, the P-V characteristics will be having multiple MPP peaks
in which there will be only one global peak [3, 4] and the task of the MPPT technique is to track
the global peak. So many MPPT techniques are present in the literature for tracking an MPP in
uniform and non-uniform conditions of solar irradiation.

The conventional MPPT techniques for PSCs are: a constant voltage controller, perturb &
observe (P&O) and incremental conductance (INC) [5, 6]. The artificial intelligence (AI) based
MPPT techniques for PSCs are: an artificial neural network (ANN) [7, 8] and fuzzy logic con-
troller (FLC) [9, 10]. The bio-inspired optimization techniques based MPPT algorithms for PSCs
are: a genetic algorithm (GA) [11], particle swarm optimization (PSO) [12], firefly (FF) [13], an
artificial bee colony (ABC) [14], ant colony (AC) [15], cuckoo search [16] and grey wolf opti-
mization [17]. Since, the partially shaded PV array will be having multiple peaks, the conven-
tional MPPT techniques will progress towards only one of the nearest local peak and it will not
progress further to reach the global peak which is considered to be the major disadvantage [3].
From the MPPT algorithms found in the literature, it has been observed that the authors try to
explain the merits of their proposed algorithm when compared to the other algorithms and the
proposed algorithms were explained only for a limited partial shading conditions. It has been
also found that the manufacturers supplying the PV system are not implementing the newly pro-
posed optimization based algorithms for tracking the MPP during the PSCs. The PSC is one of
the most important and critical areas of operation of the PV system, as its output power reduces
drastically. Hence, it is required to assess the performance of these MPPT techniques extensively
for different PSCs and also to find out the best suitable configuration of a PV array during the
PSCs from the operational point of view. For this purpose, the most popular MPPT techniques
have been selected in addition to the typical shading patterns and the different configurations of
the PV array.

In this paper, the MPPT techniques like P&O, INC, FLC and extremum seeking control
(ESC) [18] were implemented on partially shaded PV arrays. The SP, BL, TCT and HCS are
the configurations of the shaded PV modules considered to implement the MPPT techniques.
An analysis in terms of a global maximum power point (GMPP), tracked by each technique,
the voltage at the GMPP and the stability time for the above said PSCs have been presented.
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An array of 8 x 4 modules has been considered for implementation. The rest of the paper has
been organized in the following manner: — the modeling of the PV module has been explained
in section 2; the implemented MPPT techniques has been discussed in section 3; the simulation
results were explained in section 4.

2. Modeling of PV module

The electrical equivalent model of a solar PV module may be represented by using a single
diode or a two diode equivalent circuit, of which the single diode model has been considered in
the present work because of its simplicity and higher efficiency. The equivalent circuit is shown
in Fig. 1.

N/ Fig. 1. Single diode
* Iph __D RP V

equivalent circuit

The output current I of the PV module [19] is expressed by (1).
I=1y—1g— Iy, 6]

whereas 1, is the current due to incident solar irradiation and I, is the saturation current and I,
is the current flowing through the shunt resistance Ryy,.
The current due to incident solar irradiation is represented by (2).

G
Iph:(lsc7,l—|—K]dT)f. 2)

Gy
I » 1s the current produced at nominal conditions of 1000 W/m? and 25°C. K; is the short
circuit current/temperature coefficient. The difference between the operating (T') and nominal
temperature (7,,) in Kelvin is represented by dT, which is expressed as dT =T —T,,. G and G,
in W/m? are the incident and nominal solar irradiation. The saturation current I, is expressed

by (3).
L=1 {exp(x’“) 1} 3)
t

Iy is the diode saturation current. V and / are the output voltage and current of the PV module
and Rg in Q is the series resistance. “a” is the diode ideality factor and its value lies in the
range of 1 to 2. V; is the thermal voltage and is expressed as V; = NgkT/q. The number of
cells connected in series in the PV module is represented by Ny, k is the Boltzmann constant
(1.3806503 x 10723 J/K) and g is the charge of the electron (1.60217646 x 10~ C).
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The diode saturation current Iy is expressed by (4).

T,\°> E, /1 1
Iy=1Io, <T> exp["a,j (T - T)} , @)

whereas E| is the bandgap energy of the p—n junction material used in a solar cell. Iy, is the
nominal saturation current expressed as in (5).

I
Iy, = —VSC’" . (5
exp [ 221 ) —1
aVin

Voe,n and V; ;, are the open circuit and thermal voltage at nominal conditions. The shunt current

is represented by Equation (6).
_ V+IRs

ITY -
2 RP
Substituting Equations (3) and (6) into (1), the expression for the output current of the PV
module is given by (7).

(6)

VH&)_@_V+MS -

I=1I,,—1I {exp( Ry

1a

3. Maximum power point tracking techniques

At any environmental conditions, the maximum energy from the PV system may be yielded
by employing the MPPT controller. The MPPT controller will have a suitable DC-DC converter
and the MPPT technique. The purpose of the MPPT controller is to drive the PV array at an
MPP by calculating the suitable duty cycle and to control the switch present in the converter,
so that, the input side resistance (resistance of the PV array) of the converter should be equal to
the output side resistance (resistance of the load) for extracting the maximum energy according
to the maximum power transfer theorem. To increase or decrease the output voltage of the PV
array, a suitable DC-DC converter may be selected from the existing converter topologies. The
topologies like buck, boost, buck-boost and cuk were found in the literature. In the present work,
the boost converter has been implemented, as it is suitable to generate higher output voltage for
interfacing the PV system with grid or high power loads. The relationship between the resistance
of the PV array (R,,), load resistance (Rjoaq) and duty cycle d, is given by (8) [20].

va :Rload(l _do)z- 3
The MPPT techniques implemented for changing the duty cycle of a boost converter have

been discussed in this section.

3.1. P& O method:

It is one of the conventional MPPT technique and is implemented as in [21]. The voltage (V)
and current (I) of a PV array at present (c") and previous positions ((c—1)") will be measured
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and power at these positions will be calculated. Whenever, the power of the present position P(c)
is greater than the previous position P(c—1) and the voltage at the present position V (c) is greater
than the voltage at the previous positon V (c—1), then the tracking of power will be continued on
the left side of the MPP by enhancing the duty cycle to a small value only. Or else, when P(c)
will be less than the P(c—1) and V(c) is greater than V (c—1), then the tracking will be continued
on the right side of the MPP by decreasing the duty cycle to a small value. The tracking speed
depends upon the step value of the duty cycle. It will be faster with a larger step value and slower
with a smaller step value. The disadvantage is that with the increase in perturbation value, there
will be huge oscillations at the MPP, power loss and also impossibility to track the MPP under
fast changing environmental conditions. The advantage is that, it is having less complexity.

3.2. INC method:

The INC algorithm directly depends upon the variation of power only. At the MPP, the slope
of the P-V curve or the derivative of power with respect to voltage will be zero, whereas it is
positive on its left side and negative on its right side [22]. The expression to operate INC at the
optimal value of the MPP is given by (9) and (10) [6].

dPA d(VAIA) dIA

— = =1 — =0, 9

dvs dv, ATy, ©)
IN dly
fa _ . 10
Va dVy (10

At the same time, the conditions that should be satisfied to operate the INC at the MPP value
is expressed by (11) and (12).

a, I
_ A 11
v (11)

a, Iy
—A-_A 12
ava W (12)

The change in voltage and current will be calculated by measuring the voltage V and cur-
rent / at the present position (c¢) and previous position (c—1). The change in the voltage dVy is
expressed by V4 (c) — V4 (c—1), whereas, the change in the current dI is expressed by I4(c) —
I4(c—1). The duty cycle may be enhanced or decreased by a small value according to the follow-
ing conditions.

— If the value of dVj4 and dly is zero, then the duty cycle will be maintained constant.

— If the value of dVj is zero and dlj is not equal to zero, then the dI4 will be checked to
have a value greater or less than that of zero. If diy has value greater than zero, then the
duty cycle will be increased by a small value or else it will be decreased by a small value.

— If dVy is not equal to zero, then the condition in (10) will be checked. The current duty

cycle will remain unchanged, only when the condition in (10) is satisfied.
— If the condition in (10) is not satisfied, then the condition represented in (11) will be

checked. If it is satisfied, then the duty cycle will be decreased by a small value or else, the
duty cycle will be increased by a small value.
The merit of the INC method is that it will track the optimal value of an MPP at any envi-
ronmental conditions, whereas, the demerit is its complexity and the effect of size of incremental
value in tracking MPP.
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3.3. ESC method:

The ESC method is used to find the extreme (either peak or base) points in a geographical
area. The flow diagram as in [23] is implemented in this model. The ESC consists of a gradient
detector (GD), an integrator and a perturbation based sinusoidal signal (also called as dither
signal) with its amplitude (a) and frequency (®). The GD consists of a high pass filter (HPF) and
low pass filter (LPF) with frequencies @y, and ®;. The output power of a PV array is fed as input
signal to the GD, in which, it is fed to the HPF for removing the DC component present in the
signal. Based upon the resultant signal obtained from the high pass filter, it may be estimated that
whether the duty cycle ‘d,’ fed to the DC-DC converter is an optimal value or not for tracking
the MPP.

The resultant signal will be multiplied with the perturbation signal, which will be acting as
a demodulating signal. If the resultant signal from the high pass filter is in phase with the per-
turbation sinusoidal signal, then it indicates that the fed duty cycle d, is greater than the optimal
value d;;. Similarly, if the resultant signal is out of phase with respect to perturbation signal, then
it indicates that the fed duty cycle d, is less than the optimal value d};. If the frequency of the
resultant signal is twice the frequency of a sinusoidal signal, then it indicates that the fed duty
cycle d, is equal to the optimal value & and the MPP is tracked. Further, if any DC components
present in the demodulating signal will be removed by the LPF. The signal obtained from the
GD is known as the gradient of the input signal g and will be fed as an input to the integrator
for vanishing the gradient. The gain in the integrator will improve the transient performance of
the gradient signal [24]. The output signal of the integrator is the duty cycle d and it will be
further added with the perturbation signal to obtain the duty cycle d,. In order to obtain the best
optimal value of a duty cycle, the frequencies @, @, and @; should be in the order of w;, < @ and
w; < o [23].

3.4. FLC method:

An FLC is a simple and nonlinear controller, which is based upon the linguistic rules. The
mathematical model and technical specifications of the plant or system is not required in an
FLC based system [25]. Mamdani (M) and Tagachi-Sukeno (T-S) are the two design approaches
available in the FLC. A Mamdani based FLC is most popular and the same is implemented in
this paper. Fuzzification, rule interference and defuzzification are the three stages of the FLC.
The process of converting the input crisp values into fuzzy values via membership functions is
called fuzzification. Triangular, Gaussian and Trapezoidal are the different types of existing fuzzy
membership functions, of which, the most popular is the triangular membership function. In a
rule-base inference system, a total of 25 rules has been implemented by combining the input and
output membership functions as shown in Table 1. The concept of “if-then” is used for framing
the rules. Defuzzification is the process of converting the fuzzy membership functions into output
crisp values for controlling the plant.

The implemented defuzzification method is the centre of area (COA) method and in this
method, the output is calculated by using (13).

Y u(AD;(k)) XAD;(k)
k=S .
AP0 = T D) 9
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Table 1. Rules of FLC

der
NE NF ZR PF PE
NE NE NE NF NF ZR
NF NE NF NF ZR PF
er ZR NF NF ZR PF PF
PF NF ZR PF PF PE
PE ZR PF PF PE PE

The inputs to the FLC are the error ‘er’ and the change in error ‘der’ and are given by the
Equations (14) and (15), whereas the output is the duty cycle ‘d,’.

dpP
= 14
=4y (14

dpP dp
der = — (k) — ——=(k—1). 15
er = (0) = Sy (k= 1) (s)

whereas ‘er’ is the differentiation of power with respect to voltage and ‘der’ is the difference in
errors at the k™ and (kfl)th position. The membership functions of the ‘er’, ‘der’ and ‘d,’ of the
implemented FLC is to track an MPP in a partially shaded PV system.

4. Implementation and results

A PV array with 8 number of series connected modules and 4 parallel strings having an
output power of 6 kW at nominal irradiation conditions has been considered. The parameters of
a KC200GT PV module [19] as given in Table 2 has been selected. The boost converter, suitable
for high voltage applications has been considered to operate the PV array at an MPP. The value
of the inductance and the DC link capacitance of a boost converter are 7.272 mH and 500 uF.
A comparative analysis based upon the tracking of an MPP, tracking efficiency and tracking
time of different MPPT techniques is carried out for different partially shaded configurations
using a MATLAB/Simulink platform. The configurations like series-parallel (SP), bridge-link
(BL), total cross tied (TCT) and honeycomb structure (HCS) were implemented for the selected
shading patterns [26]. To implement the shading patterns, the modules of an 8 x 4 PV array have
been divided into four parts, i.e. a lower end, lower middle, upper middle and upper end with
each containing 2 X 4 modules. The selected shading patterns have been represented as P1, P2,
P3 and P4 as given in Table 3. In the pattern P1, an irradiation of 1000 W/m? is applied to the
upper end, 750 W/m? to the upper middle, 500 W/m? to the lower middle and 250 W/m? to the
lower end of the PV array. The same strategy is followed while applying the remaining three
patterns P2, P3 and P4.

The MPPT techniques like P&O, INC, ESC and FLC were implemented in the above said
configurations of the PV array. In P&O and INC methods, a perturbation value (also called an
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Table 2. KC200GT Parameters

Open circuit voltage 329V
Short circuit current 821 A
Diode ideality factor 1.3

Short circuit current temperature coefficient 0.0032 A/K
Series resistance 0.221 Q
Shunt resistance 415405 Q
Number of cells in a module 54

Table 3. Implemented shading patterns along with GMPP

Shading patterns in W/m?. GMPP (W)
P1 1000 750 500 250 2586
P2 800 600 400 200 2041
P3 600 500 400 300 2046
P4 750 500 200 100 1602

incremental value in INC) of 0.01 has been applied to perturb the duty cycle ‘d’ in the increasing
or decreasing direction of the MPP. In the ESC, the frequencies of a perturbation signal, LPF and
HPF are 110, 60 and 100 rad/s, which also satisfies the given condition @, < ® and @; < ®@.
For the selected shading patterns, the I-V and P-V characteristics of the PV array are shown
in Fig. 2 and Fig. 3. From Fig. 3, it may be observed that for each pattern, the P-V characteristics
are having different MPPs, which are also called the local peaks. Of these local peaks, the peak,
which will have the higher MPP value is called the global peak and needs to be tracked by the
above MPPT techniques. For the selected patterns, the value of the global maximum power point
(GMPP) is given in Table 3. In order to assess the MPPT techniques, the shading patterns were

35
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Fig. 2. I-V characteristics
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applied to SP, BL, TCT and HCS configurations. The pattern P1 has been applied to the PV array
from 0 to 1s, P2 from 1 to 2 s, P3 from 2 to 3 s and P4 from 3 to 4 s. The GMPP tracked by the
MPPT techniques are shown in Fig. 4, Fig. 5, Fig. 6 and Fig. 7. From Fig. 4 and Fig. 5, it may

P1
2500 -
/ P2
2000 - P 3
~ .
~ A P4
£ 1500} /“:QY/
5 e \
5 % \
o 1000 - T T,
7> L
/,x/.
500 j,:/’/
V4
/e
0 f 1 1 1
0 50 100 150
Voltage (V)
Fig. 3. P-V characteristics
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Fig. 4. Power comparison in SP configuration
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Fig. 5. Power comparison in BL configuration
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be observed that in SP and BL configurations, whenever the shading pattern changes, the GMPP
tracked by the P&O method has a lower value when compared to other methods. Whereas in
TCT and HCS configurations, the P&O method is tracking the GMPP value almost equal to the
value tracked by other techniques, as shown in Fig. 6 and Fig. 7.

2500 P&O
INC
2000 ESC
S a—
= FLC
g 1500
g
£ 1000
500
0 1 1 1 1 1 1 1 ]
0 0.5 1 1.5 2 2.5 3 35 4

Time (sec)

Fig. 6. Power comparison in TCT configuration

P&O
2500
INC
ESC
2000
FLC
g 1500 7
g
£ 1000
500
0 1 1 1 1 1 1 1 1
0 0.5 1 15 2 25 3 35 4

Time (sec)

Fig. 7. Power comparison in HCS configuration

From Fig. 4, Fig. 5, Fig. 6 and Fig. 7, it has been observed that the GMPP value tracked by
the ESC method also has a lower value when compared to other techniques. In addition to this,
it has been also found that the GMPP tracked by ESC for the fourth shading pattern (from 3 to
4 s) is much lower. The GMPP tracked by the INC and FLC methods are having equal values for
the first two patterns, whereas, the performance of the FLC is better in tracking the GMPP value
for the remaining two patterns as shown in Fig. 4, Fig. 5, Fig. 6 and Fig. 7. The GMPP value
tracked by the above mentioned MPPT techniques are presented in Table 4. From Table 4, it may
be observed that the FLC tracks the optimal GMPP value for each of the shading patterns in all
the configurations of the PV array.

The time taken to track the stable GMPP value by the MPPT techniques is presented in
Table 5. From Fig. 4, Fig. 5, Fig. 6, Fig. 7 and Table 5, it may be observed that the time taken
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Table 4. GMPP tracked by the MPPT and tracking efficiency

Shading Pattern P1 P2 P3 P4
GM;Z;‘ZEZ’;;’S::‘(’;“V)P v 2586 2041 2046 1602
The maximum power in Watts, tracked by each MPPT method and tracking efficiency in %
P&O 2546, 98.45 1678, 82.21 1671, 81.67 1315, 82.08
SP INC 2586, 100 2041, 100 1952, 95.4 1585, 98.93
ESC 2445, 94.54 2003, 98.13 1962, 95.89 1114, 69.53
FLC 2586, 100 2041, 100 1952, 95.4 1592, 99.37
P&O 2584, 99.92 1932, 94.65 1914, 93.54 1161, 72.47
BL INC 2586, 100 2041, 100 1951, 95.35 1585, 98.93
ESC 2553, 98.72 1874, 91.81 1863, 91.05 1196, 74.65
FLC 2586, 100 2041, 100 1959, 95.74 1589, 99.18
P&O 2584, 99.92 1932, 94.65 1914, 93.54 1161, 72.47
TCT INC 2586, 100 2041, 100 1952, 95.4 1585, 98.93
ESC 2553, 98.72 1874,91.81 1863, 91.05 1196, 74.65
FLC 2586, 100 2041, 100 1965, 96.04 1593, 99.43
P&O 2584, 99.92 1932, 94.65 1914, 93.54 1161, 72.47
HCS INC 2586, 100 2041, 100 1953, 95.45 1586, 99
ESC 2553, 98.72 1874, 91.86 1854, 90.61 1196, 74.65
FLC 2586, 100 2041, 100 1965, 96.04 1595, 99.56

by the FLC method is much shorter when compared to the other techniques for each pattern and
the shading configuration of a PV array. The time taken by the P&O and ESC methods is also
much shorter, but a low value of the GMPP was tracked when compared to the INC and FLC
techniques. Though the INC method used to track the GMPP value equals to that of the FLC, but
the tracking time is longer, the same may be observed in Table 5.

The tracking efficiency exhibited by each technique has been presented in Table 4. In all the
four configurations of the PV array, the tracking efficiency of the INC and FLC techniques are
100% for patterns P1 and P2, whereas, it has been in the range of 95-96% for P3 and 98-99.6%
for P4. The tacking efficiency of the ESC method is above 90% for the patterns P1, P2 and P3
and it is in the range of 72-75% for P4. Similarly, the tracking efficiency of the P&O method is
above 90% for the patterns P1, P2 and P3 in the BL, TCT and HCS configurations and it is in
the range of 72—75% for P4. In the SP configuration, the tracking efficiency is above 98% for P1
and it is in the range of 82-85% for P2, P3 and P4.

Hence, from these observations, it may be concluded that out of the above said four MPPT
algorithms that can be implemented by the manufacturers during the PV installation, the FLC
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Table 5. Tracking time

Tracking time in seconds

e | n | m | om [ m
P&O 0.097 0.072 0.033 0.035

SP INC 0.222 0.245 0.163 021
ESC 0.088 0.067 0.034 0.038
FLC 0.11 0.058 0.056 0.039
P&O 0.074 0.035 0.035 0.034

BL INC 0222 0.245 0.172 0211
ESC 0.08 0.073 0.027 0.039
FLC 0.067 0.029 0.024 0.027

P&O 0.073 0.036 0.034 0.04
TCT INC 0.222 0.245 0.163 0212
ESC 0.09 0.073 0.027 0.045
FLC 0.065 0.016 0.017 0.031

P&O 0.088 0.037 0.034 0.04
HCS INC 023 0.249 0.159 0.207
ESC 0.087 0.073 0.047 0.039
FLC 0.065 0.016 0.016 0.029

method is quite efficient in tracking the GMPP value with less tracking time during the PSCs.
Also, it may be observed that to maximize the output power during the PSCs, the TCT con-
figuration of the PV array generates more output power when compared to the remaining three
configurations.

5. Conclusion

In this paper, an 8 x 4 PV array of 6 kW under nominal irradiation conditions has been
simulated to analyze the performance of P&O, INC, ESC and FL.C based MPPT methods during
the PSCs that will be helpful for installation of the PV system. Also, the assessment was carried
out to find the best suitable configuration of the PV array during the PSCs from the configurations
like SP, BL, TCT and HCS. The 8 x 4 PV array has been divided into 4 sections of 2 x 4 structure
to apply the rapidly changing shading patterns P1, P2, P3 and P4 for a period of 1 second each.
From the results, it has been found that the FLC method is quite efficient in tracking the GMPP
value with less tracking time. Though the INC method is tracking the GMPP value equivalent
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to that of FLC but the tracking time is longer. The P&O and ESC methods are not able to track
the GMPP value with the change in the shading patterns. Also, it has been found that the TCT
configuration produces maximum power during the partially shaded conditions.
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