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Abstract

Most of the partial shading maximum power point tracking methods have been designed for the static
shading pattern of the partial shading conditions; however, the irradiance pattern may change further when in
partial shading mode. Therefore, to cover this research gap, a global maximum power point control under
varying irradiance (GCVI) algorithm is proposed in this paper. The algorithm does not use any sensors to
detect the change in the irradiance; instead, the change in the current values of the modules are continuously
monitored to detect the change. The reference voltages across which the peaks on the power curve are
scanned are obtained from the reference voltage generation process; the consideration of these reference
points avoids the excessive power losses in the system. The verification of the working of the proposed
algorithm is carried out by simulating the photo-voltaic system model on SIMULINK in the MATLAB
software. Simulations are carried out in various scenarios to show the effectiveness of the control. The
simulation results illustrate that with the change in the global maximum under partial shading, the system
successfully retunes to the new maximum point; the maximum point retunes from 10 kW to 9.2 kW and from
13.8 kW to 11.5 kW for two different case scenarios. Further, the comparisons are also carried out with the
previously reported methods.
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1. Introduction particle swarm optimization based MPPT

The maximum power point tracking (MPPT)
methods in photovoltaics (PV) aids in extracting
the maximum power from the PV array. These
techniques vary for uniform shading (US) and
partial shading (PS) conditions; in US, PVs
exhibits only a single peak, whereas, in PS, there
are multiple peaks on the power vs. voltage (P-V)
curve. MPPT techniques for uniform shading vary
based on the requirement of sensors, traction time,
hardware required, and operating range [1]. A
detailed comparison of MPPT technique with their
limitations is given in [2]. The very popular
incremental conductance algorithm was discussed
in [3]. The fractional open circuit voltage method
in which the maximum power point (MPP)
voltages are assumed as a fraction of open circuit
voltage was discussed in [4, 5]. An offline look-up
table technique to track the MPP in PVs was
elaborated in [6]. One of interesting fuzzy logic
based techniques where the fuzzy logic is used to
reach the MPPT is discussed in [7]. In
[8],Kennedy and Eberhart have discussed the

algorithm.

The above methods have discussed the MPPT
under US conditions; however, US is not possible
all time, depending upon the climatic conditions
or irradiance pattern; the shading may change to
PS. The following techniques have explained the
MPPT under PS conditions.

[9] has introduced an improved genetic algorithm
to track MPP under PS. A cuckoo search-based
MPPT technique with some outstanding features
and properties was introduced in [10]. An Ant
Colony Optimization wherein the convergence is
independent from initial location of the sample
was discussed in [11]. The authors in [12] have
introduced a grey wolf optimization in which the
collective hunting mechanism of grey wolves is
repeated for MPPT. [13] has introduced a
butterfly optimization algorithm which is based on
the inclusive behavior and food searching of
butterflies. Butterfly optimization algorithm
increases the MPPT speed, which is verified under
three insolation scenarios in [14]. The simulation
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outcomes of moth-flame optimization [15]
unfolds that the methods can perform better than
other methods like incremental conductance,
fuzzy logic control, and particle swarm
optimization with respect to steady state tracking
ability and efficiency. Whale optimization
algorithm which is the specialized hunting process
of humpback whale was employed for MPPT
under PS in [16, 17]. A modified firefly algorithm
for MPPT during PS was introduced in [18]. A
salp swarm algorithm which imitates the peerless
swarm food manhunt behavior of salps was
discussed in [19], whereas a modified mimic salp
swarm algorithm for improved search capability
and fast convergence was introduced in [20].
Similarly, [21] has introduced a chicken swarm
optimization technique and the improved chicken
swarm optimization algorithm was presented in
[22]. The flower pollination algorithm having a
good convergence rate is discussed in [23].
Authors in [24] have introduced a cat swarm
optimization. A simulated annealing and an
enhanced simulated annealing algorithm for
various MPPT problems in P-V curves of PVs are
explained in [24] and [25], respectively. In [26], a
gravitational search algorithm was discussed; the
ability of global searching of gravitational search
algorithm is good as compared to some other
heuristic  algorithms  like  particle  swarm
optimization. In [27], the authors have introduced
a wind driven optimization algorithm, which is
basically based on the motion of atmosphere. The
technique of [28] has discussed an assorted
algorithm of whale optimization; this technique is
based on the humpback hunting behavior of
whales. An artificial neural network-sequential
Monte Carlo method which is the combination of
neural network and meta-heuristic algorithm was
coined in [29]. For increasing the overall
efficiency of the system, an improved genetic-
firefly algorithm which is the combination of
genetic algorithm and firefly algorithm was
developed in [30]. The modifications in the
traditional P&O algorithm to trace the MPP under
multi-peak environment were carried out in [31].

There are enormous methods available in the
literature for MPP tracking under uniform shading
and partial shading conditions. Many methods
have been reviewed above, however, the focus of
this paper is on the methods dealing with the
MPPT under partial shading conditions. The
notable research gaps of the surveyed methods are
as follow: (1) In many control schemes, there is
no parameter to detect the change in irradiance
further after the onset of the partial shading
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conditions. The shading pattern of the irradiance
may change from one to another, there should be a
control to detect this change. (2) Under partial
shading conditions, the irradiance may change
further and the location of maxima can alter on
the power versus voltage curve of PVs. Many of
the methods have been designed only for the static
partial shading conditions, the further possible
change has been ignored in these methods. A
comparison of these methods with the purposed
technique is given in tablel. Based upon the
mentioned research gaps, the main objectives of
this paper are as follow:
a) To develop an efficient maximum power
point tracking method for partial shading
condition of photovoltaic with the help of
voltage reference scanning control.
b) To detect the further change in irradiance
pattern under partial shading conditions and
hunt the new global maximum power point.
¢) To compare the developed method with
already proposed methods to illustrate the
merits of the proposed control.

2. Overview of research problem

When all the panels of an array receive the same
irradiance level, the P-V curve consists of a single
peak or maximum; however, upon an change in
the irradiance levels of the modules of the same
array, the number of peaks on the P-V curve
increases, thus the problem changes to hunting the
global maximum of the two available peaks. The
number of peaks mostly depends upon the number
of irradiance levels. Many methods are available
in the literature, which perform the MPPT under
partial shading conditions, but these methods do
not address the situation where the irradiance
levels on modules changes further. Under this
scenario, the position, number, power level of
peaks may change.

Three such scenarios are considered here to
generate the understanding for two peak P-V
curve of PVs. In scenario 1, initially the right peak
is the global maximum power point (GMPP) and
left peak is the local maximum power point
(LMPP); the irradiance in the system may change
in such a manner that the P-V curve may shrink
and the position/power level of GMPP may fall
down as shown in figure 1. In this figure, the
initial GMPP is GMPP1 and the final GMPP is
GMPP2, the initial curve is shown in black, colour
and the final curve is shown in red colour,
whereas the position of the LMPP remain fixed in
this case
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Table 1. Comparison of PS MPPT methods.

. . Sensor . PV module Converter Type of shading
Algorithm Complexity used Expenditure dependency type considered Year
Modified Genetic . . .
Algorithm [9] Medium I,V High No Buck-Boost Static 2014
Cuckoo . . .
Search [10] Medium 1,V Medium -- Boost Static 2014
Ant Colony . .
Optimization [11] Low I,V Medium No Boost Static 2013
Enhance Grey Wolves . . .
Optimization [12] High I,V High No Boost Static 2017
Butterfly Optimization . . .
Algorithm [14] Medium I,V Medium No Boost Static 2019
Moth-Flame . . .
Optimization [15] Medium 1,V Medium No Boost Static 2018
Whale Optimization . . .
Algorithm [16,17] Medium I,V High No Boost Static 2016
Modified Firefly . . .
Algorithm [18] Medium 1,V Medium No Boost Static 2018
Modified Salp Swarm . . .
Algorithm [20] Medium 1,V High No Boost Static 2019
Improved Chicken Swarm . . .
Optimization [22] High I,V Medium No Boost Static 2019
Modified Flower Pollination . . .
Algorithm [23] Medium I,V High No Boost Static 2018
Simulated . .
Annealing [25] High 1,V Low Yes Boost Static 2015
Improved Gravitational Search . . .
Algorithm [26] High 1,V Medium No Boost Static 2018
Wind-driven . .
Optimization [27] Low I,V High No Boost Static 2018
Whale Optimization Algorithm
and Differential High I,V,P High Yes N.P. Static 2017
Evolution [28]
Artificial Neural Network- . . .
Sequential Monte Carlo [29] High 1,V Very High No N.P. Static 2019
Improved Genetic Algorithm and . . .
Firefly Algorithm [30] Medium 1,V Medium Yes Buck Static 2018
Proposed .
method Low LV Low No Boost Dynamic -
A figure, the initial GMPP is GMPP1 and the final
GMPP1 GMPP is GMPP2; the initial curve is shown in
GMP black colour, and the final curve is shown in red
LMPP g colour, whereas the position of the LMPP remain
I fixed for this case also. The IP is called the
inflection point; this is the point where one peak
P ends and the other one starts.
l 1P
A
GMPP1
0 — — il
v Voc GMPP2

Figure 1. Depiction of scenario 1.

In scenario 2, initially the left peak is the GMPP
and right peak is the LMPP; the irradiance in the
system may change in such a manner that the P-V
curve may shrink and the position/power level of
GMPP may fall down as shown in figure 2. In this
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Figure 2. Depiction of scenario 2.
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For scenario 3, initially the left hand side peak is
the GMPP and right hand side peak is the LMPP;
the irradiance in the system may change in such a
manner that the P-V curve may expand and the
position of the GMPP changes from left side to
right side and the power level of GMPP increases
as shown in figure 3. In this scenario, the initial
GMPP, i.e. GMPP1 now becomes the LMPP and
the current GMPP is at the position of GMPP2.
The initial curve is shown in black colour, and the
final curve is shown in red colour. For the
effective working of the MPPT algorithms under
these depicted PS conditions, the algorithm must
track the new GMPPs. The tracking depends upon
the set parameters and the technique opted for
scanning.

A GMPP2

—g—

»
|

0 “ \4 > Voc
Figure 3. Depiction of scenario 3.

3. Global maximum power point control under
varying irradiance (GCVI)

The complete structure and application of the
proposed GCVI algorithm on the PV system is
explained in this section; however, before
explaining this control, the explanation of few
concepts is essential to generate a proper
understanding of the algorithm. Therefore, the
section is divided into sub-sections: Section 3.1
discusses the reference voltage generation
process, Section 3.2 explains the function of back
diode under PS, and Section 3.3 discusses the
GCVI algorithm

3.1. Reference voltage generation process

The first step in the development of GCVI
algorithm is to find the reference voltages across
which the P-V curve may be scanned to converge
to the maximum (local or global) at the earliest.
The whole P-V curve cannot be scanned to locate
LMPP or GMPP, as this gives rise to increase in
the power losses of the system. The proposed
GCVI control is developed for only two peaks
cases, in these cases, two reference voltages are
needed one for the left peak and one for the right
peak. The reference voltage value for left peak
(Vres1) is obtained using equation:

(Vgc + 0. 3Voc)
2

)

here, Vs is the short circuit voltage whose value
is zero and V. is the open circuit voltage; this
value is normally specified on rating manuals of
PVs. The left peak normally lies on the 0 to 30 %
value of the V,.; here, an average is used to
ensure convergence. Similarly, the reference
voltage for right peak (V,.s,) is obtained using
equation:

Vrefl =

(0 7V0c + Voc)
VrefZ = f (2)

The right peak normally lies on the 70 % to 100 %
value of the V,.; here again, an average is used to
ensure convergence. The phenomenon is depicted
in figure 4.

70%
4 of VOC
30% \
T of VoOC
P
l 1P
0 A% Voc
Vrefl Vref2

Figure 4. Reference voltage generation for two peak P-V
curve.

Note: Although the developed control is only for
two peaks system, however, the control can be
extended to the three peaks as well; for this
expansion, three reference voltages are required to
complete the scan process. For this case, the V.. r4
and Vg, are computed in the same manner as in
equations (1) and (2), and the third reference
voltage for the middle peak (V,.f3) is generated
using equation:

(Vref1 + Vrer2)
Vref3 — refl 5 ref2 (3)

Figure 5 depicts the phenomenon.

70%

— v —

Vrefl Vref3 Vref2

Figure 5. Reference voltage generation for three peak P-V
curve.
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3.2. Back-diode functionality

During the PS irradiance conditions, the modules
receives the unequal irradiance levels; the shaded
module receives a lower value of irradiance due to
which the generated photovoltaic current of the
module decreases. Consider the case of figure 6 in
which the module M2 is under a lower value of
irradiance due to which the value of current
through this module decreases as compared to the
module M1. As both the modules are connected in
series configuration, the decrease in the current of
one module will lead to same current value in the
whole connection, therefore, to avoid this
situation the back diodes are connected in anti-
parallel direction which allows the additional
current to flow through them. For example, let us
consider the case when the series current is 10 A
under uniform irradiance pattern, if the value of
irradiance on module M2 changes to half of the
original then the current through M2 will change
to 5 A only; thus the additional series current of 5
A will pass through the back diode. In this way
the current through module M1 will be maintained
as 10 A.

Thus the above example depicts that the addition
of back diode can help in decreasing the power
losses under PS conditions by a significant
amount, overall, the operation of array without
back diodes under PS will result in huge amount
of power loss.

id2=0 id1

Gl

G2
(shaded module)

Figure 6. Partial shading condition depiction in a two
module system.

3.3. GCVI algorithm

The exact implementation of the GCVI algorithm
on the PV system is shown in figure 7; the
algorithm block continuously senses the value of
PV voltage Vp, and current Ip, to generate the
reference voltages V,..f; these voltages are then
compared with the actual Vp,, to generate the gate
pulses. Two PV modules are connected in series
configuration to make an array; the ratings of
these modules are given in table | of the appendix.
The configuration of dc/dc converter is considered
as step up/boost, the values of parameters of the
converter are given in table Il (appendix section).
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The whole system is assumed to be operating
under a resistive load of 2 kW.

The detailed view of the proposed GCVI
algorithm is given in figure 8; the algorithm starts
by sensing the values of Vp, and Ipy, the value of
Vres1 is set as according to equation (1), the
incremental conductance  (INC) algorithm is
called to trace the maximum power point of the
corresponding peak, i.e. the peak of left hand side.
The INC tracks the MPP by observing the value
of slope change on every step. After conversion,
the values of power (Pypp,) and voltage (Viypp1)
of the maximum point are stored in the system.
Further, the value of Vs, is set according to
equation (2), the INC algorithm is called again to
locate the maximum power point of the right
peak, again after convergence the values of the
power (Pypp;) and voltage (Vypp,) are stored in
the system. After this scanning period, both the
stored power values are compared to locate the
position of GMPP. If Pyppy > Pyppy, this
signifies that the GMPP lies on the left peak and
Vyes is set as equals to Vippy, else, Vy.f is set as
equals to Vy,pp,. The INC algorithm is called one
more time to finally converge the system on the
GMPP. After this step, the system keeps an close
eye on the value of Alpy, & Alpy,, Which are the
change in the values of current of module 1 and
module 2. Upon a further change in irradiance
under PS conditions, the values of Alpy,; & Alpy,
shows a significant change, a tolerance value is
used in the algorithm to detect this change; the
comparison with tolerance value helps in filtering
out the unwanted switching due to noise or small
changes. If the values of Alpy,; & Alpy, exceeds
above the set tolerance value the scan cycle is
started again so as to locate the position of new
GMPP otherwise the system maintains the initial
power point.

Tesistive load

(Source c

side) T IGBT ‘
it

dc/dc converter

Figure 7. Implementation of GCVI control on PV system.
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4. Simulation results

The simulation results of figure 7, when simulated
under various irradiance conditions are given in
this section. During partial shading conditions, the
global maximum can arrive on the left hand side
or right hand side on the power versus voltage
curve (for two peak case). The simulation results
for global maximum on left hand side are given in
Section 4.1, and the results for global maximum
on right hand side are given in Section 4.2,
whereas the comparison of the proposed technique
with previous works is carried out in Section 4.3.
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Figure 8. Detailed view of GCVI algorithm.
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4.1. GCVI algorithm operation with global
maximum on left hand side

The simulation results depicting the operation of
GCVI with maximum on left hand side is shown
in figure 9. Initially the system operates with G; =
1000 W/m? & G, = 300 W/m?, the P-V curve
for these values is shown in Fig. 9 (a) (bold line).
The operation of the algorithm starts by first
scanning the right hand side peak where a
maximum power of 5650 W is recorded (Figure 9
(b)), further, the algorithm scans through the left
peak with maximum power value of 10 kW, post
comparisons, the algorithm converges at left peak
as this peak is the global maximum. Att =25 s,
the irradiance levels of the modules changes to
G, =900W/m?& G, =300W/m? due to
which a dip is observed in global peak and its
power value changes to 9200 W as shown in Fig.
9 (a) (dotted line). Upon change in the irradiance,
the PV module currents changes drastically and
the algorithm starts the scan cycle again, the PV
module currents are shown in Fig. 10. The
algorithm again scans the right peak and records
the same power level of 5650 W, during scanning
the left peak, the power level changes to 9200 W,
previously this was 10 kW. However, the
algorithm converges on the left peak and thus the
new global maximum power point of the system is
obtained.

The PV array voltage and current waveforms are
given in figure 9 (c) and figure 9 (d), respectively.
The right side peak is obtained at the voltage of
320 V, whereas the left side peak is obtained at
the voltage of 155 V. The value of array current
on the right peak is 24 A and the value on the left
side peak is 65 A.

0 1 2 3 4 5

Time (s)

Figure 9. Simulation results with global maximum on left hand side (decrease in irradiance), (a) P-V curves, (b) PV array
output power, (c) PV array voltage, and (d) PV array current.
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1(A)

2

(h)

3 4 5

Figure 10. Simulation results with global maximum on left hand side (decrease in irradiance), (a) PV module 1 current, and
(b) PV module 2 current.

4.2. GCVI algorithm operation with global
maximum on right hand side

The simulation results depicting the operation of
GCVI with maximum on right hand side is shown
in figure 11. Initially, the system operates with
G, = 1000 W/m? & G, = 600 W/m?, the P-V
curve for these values is shown in figure 11 (a)
(bold line). The operation of the algorithm starts
by first scanning the left hand side peak where a
maximum power of 10.58 kW is recorded (Figure
11 (b)); further, the algorithm scans through the
right peak with maximum power value of 13.8
kW, post comparisons, the algorithm converges at
right peak as this peak is the global maximum. At
t = 2.5 s, the irradiance levels of the modules

15000

= 10000

5000

Power (W)

0 100 200

Voltage (V)

300

changes to G; =1000W/m?& G, =
500 W/m?, due to which a dip is observed in
global peak and its power value changes to 11.5
kW as shown in figure 11 (a) (dotted line). Upon
change in the irradiance, the PV module currents
changes drastically and the algorithm starts the
scan cycle again. The algorithm again scans the
left peak and records the same power level of
10.58 kW, during scanning the right peak, the
power level changes to 11.5 kW, previously this
was 13.8 kW. However, the algorithm converges
on the right peak and thus the new global
maximum power point of the system is obtained.

1 2 3 4 5
Time (s)

Figure 11. Simulation results with global maximum on right hand side (decrease in irradiance), (a) P-V curves, (b) PV array
output power, (c) PV array voltage, and (d) PV array current.
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4.3. Comparison with previous methods
The current GCVI algorithm operation is
compared with the previous methods [31] in this
section. The comparison is given in figure 12; the
current method (CM) outputs are displayed in
black colour, and the waveforms obtained from
the previous methods are displayed in red colour.
Initially the system operates with irradiance
values as G; = 1000 W/m? & G, = 600~ this
is represented with the bold line in P-V curve
(Figure 12 (a)), these values changes to G, =
900 W/m? & G, = 300 W /m? in the final state,
represented with dot lines in Figure 12 (a). This
change in the irradiance leads to change in the
position of global peak from right side to left side.
For the operation with GCVI, the algorithm
first scans through the left peak where a power
level of 10 kW is recorded, further on the right
peak a power level of 13.8 kW is logged by the
system (Figure 12 (b)), the system finally settles

15000

= 10000

Power (W)

5000

0 100 200

Voltage (V)

300

on the right peak because of higher power level
during comparisons. At t = 2.5 s, with the change
in the irradiance as indicated above, the position
of the global maximum changes towards the left
hand side. Under these conditions, the left peak is
scanned first where a power level of 9.2 kW is
achieved, further the right peak is scanned and the
recorded power level is 7.1 kW, finally the system
settles on the left peak. Therefore, under the
dynamic shading conditions the proposed
algorithm manages to update the new global
maximum power point, whereas for the operation
with method of [31], after initial scan, the system
settles on the right peak with power level of 13.8
kW, however, upon change in the irradiance
pattern, the control fails to update the new global
maximum point and converges on the right peak
which is now a local maximum. The PV array
voltage and current waveforms are given in figure
12 (c) and figure 12 (d), respectively.

(b)

1 2 3 4 5

Figure, 12 Simulation results for comparison of current method with previous methods, (a) P-V curves, (b) PV array output
power, (c) PV array voltage, and (d) PV array current.

5. Conclusions

In this paper, a MPPT algorithm of partial shading
conditions for dynamic shading pattern, i.e. when
the irradiance further changes from one pattern to
other, is proposed. The algorithm avoids the
power losses by scanning only across the referred
voltage points for locating the global maximum.
These reference voltages are generated by
observing the peaks location on sample power
versus voltage curve of photovoltaics and using
the mean value formulas. The proposed (GCVI)
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algorithm effectively tracks the global maximum
power point under dynamic irradiance conditions;
simulation was carried out broadly under three
categories for two peak P-V curve: (1) irradiance
increase/decrease when the global peak appears
on the left side, (2) irradiance increase/decrease
when the global peak appears on the right side,
and (3) the global peak shifts from right side to
left side. Satisfactory observations were recorded.
The proposed algorithm is also compared with the
reported method using simulations, the results



V. Pankaj, et al. / Renewable Energy Research and Application, Vol. 5, No 2, 2024, 211-220

depict that the previous methods can get trapped
on the local maximum point when the position of
global maximum changes from left to right or
vice-versa. For future research, more number of
peaks can be considered in the system and the
modifications of meta-heuristic algorithms can be
considered for a robust control.

6. Nomenclature

Abbreviation Description
MPPT The maximum power point
tracking

PV Photovoltaics
us Uniform shading

PS Partial shading

P-v Power vs. voltage

MPP Maximum power point

GMPP Global maximum power point

LMPP Local maximum power point

GCVI Global Maximum Power Point

Control under Varying Irradiance

INC Incremental Conductance

Variable Description

Vier Reference voltage

Ve Short-circuit voltage

Voc Open-circuit voltage

M1 Module 1

M2 Module 2

Vey PV system voltage

Ipy PV system current

Alpyq Change in current of module 1

Alpy, Change in current of module 2
7. Appendix

Table I. Rating of PV modules.

Module 1 (M1) | Module 2 (M2)
Voy 182V 182V
Isc 79 A 79 A
) S 10.6 kW 10.6 kw
Temp. coefficient of
Vo (%/deg. C) 0.3 -0.36
Temp. coefficient of
I, (%ldeg. C) 0.102 0.102

Table I1. Parameters of the dc/dc converter.

Name of parameter Value
Source side capacitor 100 pF
Inductor 5 mH
Load side capacitor 0.1 pF
Resistive load 2 kw
Switching frequency 3000 Hz
K, (PID Controller) 0.298
K; (PID Controller) 150.52
Diode on state resistance 0.001
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