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ARTICLE INFO ABSTRACT

This paper presents a comprehensive overview on various maximum power point tracking (MPPT) techniques,
which have been recently designed, simulated and/or experimentally validated in the PV literature. The primary
goal of each MPPT technique is to optimize the output of shaded/unshaded photovoltaic (PV) array under static
and dynamic weather conditions. Though each MPPT technique has its own pros and cons, an optimized MPPT
technique is characterized in many aspects like hardware and software simplicity, implementation, cost effec-
tiveness, sensors required, popularity, accuracy and convergence speed. In this paper the rating of various MPPT
methods has been done based on the benchmark P&0 method. The rating criteria is separately calculated for the
techniques that are capable to work in full-sun and partial shading conditions. A rule based table is set to
evaluate the MPPT against the algorithm's complexity, hardware implementation, tracking speed, and steady
state accuracy or detection of global maximum. Moreover, special consideration has been given to bio-inspired
MPPT algorithms. The bio-inspired algorithms are compared side by side with their specific application in PV
system. A tree diagram is also designed to see the emergence of partial shading algorithms over a period of time.
The traits presented in this paper are novel and provide bottom-line for the researchers to select and implement
an appropriate MPPT technique.
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1. Introduction

The worldwide energy demand is increasing on a faster pace than
the energy generation because of enhanced industrialization, growing
population and improved living standards. According to international
energy agency (IEA) reports, the energy consumption of world will
increase by 44% from 2006 to 2030 [1]. In the present scenario, the
fossil fuels such as oil, gas and coal are depleting with every passing
day, which are the primary energy drivers and pollution contributors
[2-4]. Therefore, the world is moving to new energy resources, which
are promising, socially compatible, renewable, and sustainable. These
sources are solar, wind, biomass, small hydro, geothermal, and ocean
tidal/thermal.

Photovoltaic (PV) is a prominent renewable energy source due to its
sustainability, local availability, environmental friendly nature, simple
technology, increasing cost effectiveness and less balance of systems. In
photovoltaic, the sunlight is converted into direct current using semi-
conductor materials without any moving parts and carbon emissions.
For the past decades, the power generation from PV systems have
showed extensive penetration in commercial and domestic facilities. PV
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has now turned into the third most essential renewable energy source
after hydro and wind. At present, more than 100 nations are utilizing
ground mounted or building integrated PV systems for domestic,
commercial and grid applications. According to IEA-PVPS (interna-
tional energy agency for photovoltaic power systems), the worldwide
installed PV capacity has expanded to 227 GW in March 2015 and is
expected to reach up to 500 GW by the end of 2020 [5,6].

The current-voltage (I-V) curve of PV array relies on irradiance and
temperature conditions. When the irradiance increases with constant
temperature, the photovoltaic current also increases in direct propor-
tion with negligible effect on PV voltage. Similarly, if the temperature
increases with constant irradiance, the PV voltage decreases sub-
stantially while the PV current increases slightly. Under uniform con-
dition, PV array exhibits unique maximum power point (MPP) on its I-V
curve. The tracking mechanism in PV system, known as maximum
power point tracking (MPPT) technique, is inevitable to search the MPP
as innate characteristic of PV varies non-linearly with irradiance,
temperature, and load. The matter becomes further complicated when
PV array is under the influence of partial shading. During this condi-
tion, modules receive contrasted irradiance levels and multiple local
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Fig. 1. Characteristic curves of a typical PV module under full-sun(uniform lighting) and partial shading condition.

maxima (LMs) start appearing on I-V curve due to action of bypass
diodes as shown in Fig. 1. A bypass diode is always connected across the
groups of 16-18 cells to avoid the adverse effects of hot-spots phe-
nomenon. Consequently, a more hi-tech and sophisticated MPPT is re-
quired for partial shading as compared to uniform condition. MPPTs
take the support of power electronic converter to maintain the optimal
operating condition of PV array. The converter is installed between the
array and load. Whenever MPPT wants to vary the operating point of
PV array, it is executed through the capability of converter which alters
the output impedance seen by the array. And, at MPP, the output im-
pedance matches the internal impedance of PV array. Generally ar-
guing, an ideal MPPT technique will have the following properties:

1) It has the capability to distinguish between uniform and partial
shading conditions

2) It can track MPP instantaneously under uniform weather condition

3) It can search the global maximum under all kinds of partial shading
patterns

4) It has a robust tracking speed

For both uniform and partial shading conditions, MPPT designers
adopt distinct strategies, which can be characterized as: reconfigurable
PV array based MPPTs [7-10], module integrated MPPTs [11-13],
MPPTs based on PV array behavior [14-16], MPPTs incited from arti-
ficial intelligence concepts or bio-inspired algorithms [17,18]. From
these categories, the last two categories are under the scope of this
paper as they are considered as superior in terms least hardware re-
quirement [19]. Generally speaking, researchers develop novel ways to
track MPP to solve the following basic issues.

1) Enhancing the tracking speed

2) Avoiding confusion in partial shading issues

3) Making the system cost effective

4) Ironing out the basic deficiencies of conventional algorithms

Keeping in view the extensive on-going research of MPPT devel-
opment, there are several constraints such as algorithm's complexity,
hardware implementation, tracking speed, and steady state accuracy or
global maximum detection, which can lead PV researchers and de-
signers to confusion in selecting MPPT technique for a specific
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application. Thus, a comprehensive and an analytical study on the
working principles plus pros and cons of all these MPPT techniques is
needed. Besides that, a proper ranking criteria with numeric merits and
demerits is required to find out the true effective value of the MPPT.

2. MPPT selection criteria

Whenever a new MPPT is published, the effectiveness of the method
is established based on following four factors:

e Algorithm's complexity — For both uniform and partial shading
conditions

e Hardware implementation — For both uniform and partial shading
conditions

e Tracking speed (convergence time) — For both uniform and partial
shading conditions

e Steady-state efficiency for uniform condition and accuracy of global
maximum detection for partial shading.

The first two factors determine the implementation cost of the
MPPT.

2.1. Algorithm's complexity (AC)

The basic benchmark of algorithm's complexity is set at the level of
P&O, the flowchart of which is shown in Fig. 2. Worth mentioning here
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Fig. 2. Flowchart of basic P&O algorithm.
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Table 1
Criterion to determine the ranking of MPPTs.
Traits Grades Ranking
Algorithm's complexity (AC) 1: Equivalent to P&O Best
+1: Minor modifications in P&O
+2: Hybrid MPPT i.e. combination of P&O and others or complex relations involved
+ 3: Basic level of artificial intelligence (AI) or bio-inspired (Bio-I) or algorithm containing
formulas/relations of similar complexity
+4: Modified or advanced level of Al or Bio-I Worst
Hardware implementation (HI) 1: Conventional dc-dc converter with I and V sensor Best
+1: Modification in de-dc converter or extra circuit is required with additional I or V sensor
+2: PI/PID controller is used for duty cycle modulation of converter
+ 3: A high-tech embedded system (high-crystal speed), large memory, and analog to digital (A-
D) converter with fast sampling rate
+4: Irradiance sensor and temperature measurements are used Worst
Tracking Speed (TS) 1: From 0 ms to 100 ms (Converter's rate: 50 ms, ms:milliseconds) Best
2: From 100 ms to few hundreds of ms
3: From few hundreds of ms to seconds Worst
Steady-state efficiency (SS-E) for uniform condition only 1: From 97% to =100% Best
2: From 93% to 96.9%
3: Less than 92.9% Worst
Accuracy of global maximum (A-GM) detection for partial shading 1: Detects global maximum with distinct irradiance and temperature conditions - Performance  Best
condition only better than MPPT of similar complexity
2: Tendency of getting caught in local maximum with some shading conditions - Performance
better than P&O
3: Regularly caught in the local maximum like P&O Worst

that majority of MPPTs utilize the perturb and observe mechanism in
one form or the other. For instance, even the simplest MPPT based on
voltage controller will perturb the voltage and observe the error. That's
why P&O is considered as baseline, since all the relative grading
schemes require some baseline value. The quantitative assessment of
MPPTs based on a scale of 1 — 5 is illustrated in Table 1, where grade 1
means the best. If algorithm's complexity of MPPT is near to perturb
and observe (P&O), it is graded as 1. Any algorithm enters into artificial
intelligence or bio-inspired algorithm domain will get a grade of 4 i.e.,
+ 3 in P&O or more.

2.2. Hardware implementation (HI)

Likewise algorithm's complexity, Fig. 3 shows the schematic dia-
gram for the implementation of basic P&O. It requires a conventional
dc-dc converter with only current (I) and voltage (V) sensors. If an
MPPT utilizes the similar setup, it is awarded with a grade of 1. An
addition of + 1 (grade 2) means modifications in dec-dc converter or
extra circuit is required with an additional I/V sensor. If MPPT utilizes
the conventional controller (PI/PID etc) for duty-cycle control, + 2 will
be added. If MPPT demands sophisticated embedded system with high
memory system and crystal frequency, + 3 will be added in the grade.
Any involvement of irradiance sensor (pyrometer) plus temperature
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Fig. 3. Basic schematic layout of P&O algorithm implementation.
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measurements will lead to the maximum complexity. Note that if MPPT
modifies the de-dc converter and it uses the PI controller, then the grade
of MPPT becomes: 1(basic) + 1 (modification in converter) + 2 (Use of
PI controller) = 4.

2.3. Tracking speed

The tracking speed of an algorithm is measured in milliseconds (ms)
as it is considered as a common measuring unit amongst the MPPTs. A
scale of 1-3 is planted for tracking speed, where if an algorithm
achieves the MPP/GM in less than 100 ms, a grade 1 is awarded. The
remaining grade information can be deduced from Table 1.

2.4. Steady-state efficiency for uniform condition (SS-E)

Under steady state condition, the efficiency of an MPPT depends
upon the ideal power that can be obtained versus the actual power
harnessed. If the steady state efficiency is greater than 97% then it is
considered the best i.e. 1, between 90% and 97% the tracking efficiency
is rated as good, and below 90% the technique is rated as worst i.e. 3.

2.5. Accuracy of global maximum (GM) detection for partial shading (A-
GM)

Under the partial shading conditions, if MPPT algorithm is regularly
caught in the local maximum (LM) and shows behavior similar to P&O,
it is awarded with grade 3. In case, the algorithm gets caught in LM
with some shading patterns, the in-between grade is allocated i.e. 2.
The rating of MPPT is the best (grade 1), if it successfully identifies the
GM regardless of shading pattern and weather conditions. The details
are mentioned in Table 1.

2.6. Rating computation of MPPT

The final rating of the MPPT is calculated from the weighted mean
formula, where, Eq. (1) and Eq. (2) represent the formula for uniform
and partial shading conditions respectively. Since MPPTs are always
designed with emphasis on convergence speed and MPP/GM detection,
double weightage is given to both traits. Also, this will normalize the
relations as TS and SS-E/A-GM vary from 0 to 3, while others vary from
0 to 5.
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3. MPPT techniques

The MPPT methods studied in this paper are broadly classified into
two categories: full-sun and partial shading methods. These two
methods are further classified into various categories based on the
principle of operation. It is pertinent to mention that sometimes the
full-sun methods and the partial shading method are often combined to
form a hybrid MPPT method. The purpose of hybrid MPPT method is to
enhance the MPPT performance of the conventional MPPT method.
However, keeping in view the general practice of researchers and trend
of past MPPT surveys, the MPPTs are segmented into two categories.

3.1. Full-sun/uniform condition MPPT

These methods are capable of tracking the MPP only when the ir-
radiance on the PV array is uniform. These methods are simple in de-
sign and easy to implement. The further sub-categories of this domain
are as follows:

3.1.1. Fractional MPPT methods
Two methods are reported in this domain

e Fractional short circuit current based MPPT (FSCC)
e Fractional open circuit voltage based MPPT (FOCV)

Fig. 4 shows the general block diagram to implement these methods.
The input parameter is referred as an off-line parameter, which is either
the measured value of short circuit current () or the open circuit
voltage (V,.). The off-line parameter is continuously compared with the
photovoltaic current I,, or voltage V,,. The difference is sent to PI
controller that tunes the duty cycle of the converter accordingly. These
methods require only one sensor to work, hence they are cheap and can
be implemented either by using analog or digital circuitry.

3.1.1.1. Fractional short circuit current (FSCC) based MPPT. In literature,
it is also termed as short current pulse MPPT [20] or the fractional short
circuit current (FSCC) MPPT. It is observed in the I-V curve of the PV
module that the current at MPP (I,,,) occurs at the vicinity of short
circuit current I, under any given environmental condition. The
relationship between these currents is shown in Eq. (3) [21].

= ki, 3)

where, k; is a constant and typically varies between 0.75 and 0.9. The
control flow of setting of PV array at I, is depicted in Fig. 4. This
method is well suited for high voltage low current applications [22]. Eq.
(3) reveals that this method is only an approximation, and therefore it
does not operate at exact MPP. Moreover, the full day operation
requires intermittent measurements of I, which accounts for a power
loss. Nevertheless, it has a good efficiency of up to 90% as reported in
[23]. In [24], an intelligent FSCC method is presented where the

Lnp,
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Fig. 4. Block diagram of off-line MPPT method.
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decision to measure a new value of I, is made on the basis of the
current limit.

3.1.1.2. Fractional open circuit voltage (FOCV) MPPT. In this technique,
open circuit voltage is considered as off-line parameter. The I-V curve of
the PV module reveals that the voltage at MPP (V,,,,) occurs at a
fraction of the open circuit voltage V,.. Mathematically, it can be
expressed as follows [25,26]:

= kv Voc (4)

The value of k, is usually between 0.7 and 0.8 and can be calculated
using the data sheet of the PV module. As seen in the Eq. (4), this
method is also based on approximation. It is best suited for low voltage
high current applications [22]. This method has a reasonable tracking
accuracy under a steady weather condition. The disadvantage is the
periodic power loss due to intermittent measurement of V,. [26]. For
large scale use of this method, in [27], authors proposed the use of an
unloaded PV module to measure the open circuit voltage.

Vmpp

3.1.2. Hill climbing methods

Three methods are commonly reported in this category i.e., perturb
and observe (P&O) or hill climbing (HC), and incremental conductance
(Inc). The basic philosophy is same for these methods, however, the
algorithm functionality differs for each of them. Note that the only
difference between P&O and HC is the perturbation variable. In P&O
the voltage or current, while in HC duty cycle (D) is the perturbation
variable. InC works on the basis of slope measurement of P-V curve.

3.1.2.1. Perturb and observe (P&O). P&O algorithm compares the
power of two points after taking voltage, current, or duty cycle
perturbation. In some papers the term hill climbing (HC) is used if
the duty cycle is perturbed [28,29]. The basic algorithm is a 2-point
power comparison algorithm shown in Fig. 5 [30]. The flowchart
working is as follows. The instantaneous PV current I, and voltage
Vpvnew are measured and multiplied to get the instantaneous power
Ppynew- The Py, is then compared with the power Py,q that was
sampled during the last interval. Next, the decision about the slope of
the curve is made by comparing Vpynew With Vp,04. Thereafter, the duty
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Fig. 5. Flowchart of P&O algorithm with duty cycle control.
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Fig. 6. MPPT oscillating around MPP.

cycle is perturbed and before the end of the sampling instant the Vjynew
and Ppyne, are stored as Ppoq and Pp,qq. If the perturbation results in
power increment then the perturbation is applied again in the same
direction otherwise the perturbation is applied in other direction. The
flowchart of this algorithm reveals that the perturbation is applied
repeatedly during every sampling event and therefore the resultant
output power oscillates around MPP as shown in Fig. 6 [31]. The
magnitude of this oscillation can be reduced by minimizing the
perturbation step size, however; this results in slower tracking speed.
Considering a perturbation in the duty ratio, an appropriate step size
(AD) plays an important role to track the MPP. If the step size (AD) is
too large, P&O algorithm results in large oscillations about maximum
power point. Too small step size results in slow response to changes in
irradiance [32].

In general, PV voltage is less sensitive to irradiance, therefore,
voltage is regulated by P&O technique through duty cycle of converter
[33]. P&O is good for full-sun condition (no partial shading), however,
under partial shading condition the algorithm suffers in two ways.
Consider Fig. 7, in which local and global MPP are shown. In this
condition the conventional P&O algorithms may get trapped and keep
on oscillating around the local maxima Ly, or L5, which are lower than
the global maximum (GM). It is evident from the Fig. 7 that P&O is not
able to distinguish between local maxima and global maxima and
therefore, it will not operate at the optimal operating point. Moreover,
under rapidly changing environmental conditions, this method may
lead the system in wrong direction. Consider Fig. 8 and suppose that the
system is operating at point A, suddenly the lighting condition changes
and the system moves to point B1. At this point the algorithm checks
the power difference which is B1-A > 0. Next the algorithm checks the
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voltage difference which is B1-A > 0 and therefore, the duty ratio is
decreased. This moves the operating point to B2, that is away from the
original point B. This phenomenon is called drifting. Furthermore,
under low light conditions, the algorithm performance is badly com-
promised because of the low slope of the power curve. P&0O method is
extensively used in PV systems due to the following advantages: 1)
reasonable dynamic and steady tracking of MPP, 2) analog and digital
implementations are possible, 3) low hardware and software com-
plexity, and 4) power is delivered to load during tracking.

Researchers around the world have proposed variations in the
conventional algorithm while maintaining the operational principle
[36-48]. These variations are made to enhance the MPP tracking speed,
to reduce the number of sensors required and power comparison points,
and sometimes to replace the sensor positions. In these techniques, the
performance of P&O is enhanced by using adaptive perturb value in-
stead of fixed voltage or current perturbation [34,35]. The idea is to use
large step size initially, and after reaching the MPP the step size is re-
duced to compensate the power oscillations [34,35,38,39]. The step
size can be made adaptive either by amending the conventional flow-
chart or by using specialized mathematical functions like 2D gaussian
function [49]. Adaptive perturbation is a good choice for normal en-
vironmental conditions, however; under drastically changing environ-
mental conditions the drifting problem makes the system moves farther
than the MPP. The drifting issue is addressed by [50]. Usually, the
conventional hill climbing algorithms require two sensors for power
computations, several researchers have developed methods for sensor-
less computation of either current or voltage thus, resulting in reduced
number of sensors [51-55]. The conventional method has sensors in-
stalled on the PV side. However, some researchers have proposed the
replacement of sensor to the load side [56-59]. In [60], authors pro-
posed a method that uses multi-perturb variables to optimize the power
of PV module.

The conventional method compares the power before and after
perturbation, and it is, therefore, a 2-point power comparison method.
Several researchers have reported more than 2 power comparison
points that resulted in correct tracking under rapidly changing en-
vironmental condition [61]. MPPT [62] has presented an improvement
for both P &0 and InC such that the power measurement between two
perturbations is computed numerically and therefore it is a 3-point
power comparison. In order to tackle the issue of partial shading, MPPT
[63] proposes an improvement that they call checking algorithm. The
checking algorithm stores the initial operating point using the con-
ventional P&0 method and then shifts to checking algorithm that de-
cides about checking the new operating point on the curve. The
checking algorithm actually hunts for the next operating point and
compares the power between the last saved power and the new power.
Then it stores the new values and again hunts for some other operating
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points. It then establishes from the stored data about the exact oper-
ating point. Hence, it is also a multiple comparison point. Note that
partial shading MPPTs are reviewed in a separate section. However,
since MPPTs [63-6] are off-shoots of conventional methods, they are
discussed here. The work presented by [64] works on the comparison of
three points where the additional measurement point is in between the
first and second perturbation. MPPT [65] is an improvement in P&O
method to track the GM using a mechanism that confines the voltage
range between the closely located peaks only. Methods [66,67] provide
a modification in P&O and InC respectively with three operating points,
the resultant MPPT is self predictive.

3.1.2.2. Incremental conductance (InC) MPPT. The InC algorithm tracks
the MPP by using the information about the slope of the power curve.
MPP is said to be achieved when the slope of the power or the
derivative of the PV array power (dP/dV) is zero. Fig. 9 reveals that
the derivative of power is positive if operating point appears on the left
of MPP. If operating point appears on the right of MPP, the derivative is
negative [68]. The technique tends to make the slope zero by varying
the operating point. However, the MPP tracking speed reduces in
rapidly changing environmental conditions because of the continuous
change in the power curve slope. The algorithm operating rules for
positive, negative and zero slopes are explained in Egs. (5)-(13).

5—5 = 0 : If operating point ison MPP )
dar > 0 : If operating point ison left of MPP
qv ~ 0 operainsp ®)

d _
dv

0

Negative

dp -

dv slope

lll > () Positive slope
dv

iz

Fig. 9. Arbitrary P-V curve to demonstrate the concept of slope.
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In pursuit of MPP, the controller makes the comparison between I/V
and AI/AV and the PV array is settled at reference voltage (V) as
shown in Fig. 10. If the difference exists then the operating point is
adjusted to make the slope zero. The system halts once the operating
point is reached, based on two conditions. First, if the stored values of
current and voltage become equal to the previously stored value,
second, if the ratio of rate of change of voltage with the rate of change
of current equals the conductance (I/V). The InC algorithm adjusts the
operating voltage of PV array to satisfy the condition of Eq. (11). Once
the MPP is achieved, the algorithm sets the PV array at this MPP point.
The capability of stopping at MPP makes this method superior than P&
O. Nevertheless, the MPP tracking speed and accuracy depend on the
increment size. The bigger increment size can track the MPP at faster
rate but it may cause oscillations around MPP. This algorithm involves
high sampling rate and fast computations for power slope. Sensors
measure instantaneous voltage and current and a simple micro-con-
troller maintains record of past values of V and I for making decision.
InC is a prominent MPPT algorithm due to its following salient features:

1) true MPPT technique, 2) low hardware complexity, 3) reasonable
convergence speed, 4) negligible oscillations around MPP, 5) stops at
MPP when slope becomes zero, and 6) only V and I sensors are needed.
However, the traditional InC technique is complex regarding software
implementation and does not track global peak under PS conditions. As
shown in Fig. 10, in case of multiple peaks in a P-V curve there is no
provision of detecting a global maximum and therefore, similar pro-
blems viz PS occur in InC as discussed in P&0O method.

To overcome these drawbacks, following improved versions of InC
algorithm have been proposed by various researchers. The modified InC
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algorithm, proposed by [69,70], finds global maximum under partial
shading conditions. In these methods, multi duty cycle control of con-
verter is involved, which obtains multiple peaks using periodic char-
acteristics of P-V curve. This algorithm separates the local maxima and
global maximum of these peaks.

Variable step size InC implements the automatic tuning control of
step size for the MPP operation under both steady state and dynamic
conditions [41,71]. This technique mitigates oscillations around MPP
and improves tracking position under steady state. However, under
abrupt weather conditions the phenomenon of drifting is observed. The
working of this scheme is explained by Eq. (14):

P(k) — P(k—1) ]

D(k)=D(k-1) £ N [ 0= VoD

14
where D(k) is instantaneous duty cycle, P(k) is instantaneous power
and V(k) is instantaneous voltage. D(k-1), P(k-1) and V(k-1) are pre-
vious duty cycle, power and voltage respectively. N is scaling factor
which varies between 0.06 and 0.12 to regulate the step size.

An improvement in variable step size InC is proposed in [72], where
variable step size and incremental resistance are combined together to
operate PV array at MPP. The advantages of this method include: 1) fast
convergence to MPP, and 2) simple and accurate MPPT. The threshold
function C used to switch various step size modes is given by Eq. (15):

cor(8)
dI

where n represents an index, P" is output power of PV array and dP/dI is
derivative of power with respect to current. This technique operates in
fixed as well as variable step size modes as stated below:

% > 0: Left of MPP - Step size mode is fixed variabe

(15)

1e6)
AC < 0: Left of MPP — Step size mode is variable
Al ’ P a7
AC > 0: Right of MPP — Step size mode isvariable
Al F P (18)

In [73], a power increment based IC algorithm is proposed, which
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uses the reference point with the following two controls and one
tracking zone:

e Control of variable frequency through constant duty cycle
® Control of constant frequency with variable duty cycle
e Zone of threshold tracking (TTZ)

The MPP is tracked in both sides of PV curve using TTZ. The TTZ is
divided into two segments: 1) zone of conductance threshold (CTZ), and
2) zone of power threshold (PTZ). The conductance increment (AC)
measured for CTZ and power increment measured for PTZ are given by
Eq. (19) & (20) respectively:

- plIP—V>AC > — pZIP—V
Vpy PV 19
Po,>AP > Pp, (20)

When MPP tracking is done inside TTZ, then the primary measure is
AC. The primary measure becomes AP if tracking is done outside the
TTZ.

3.1.3. MPPTs inspired from PV behavior and intelligence methods

A ripple correlation method is presented in [74]. This method is
based on estimating the ripple of the dc link. For example, an MPPT
realized by a dc-dc converter has ripples in the dc link as a result of the
switching action. These ripples are used to find MPP of PV array [74].
As ripples are generated automatically while switching the converter,
so no artificial perturbation is needed. This concept takes on the deri-
vative of the power and voltage. Later, it is estimated if the derivative
product is positive, negative or zero. This is used to establish the status
of the gradient. If it is zero then the MPP is reached. RCC based methods
are mostly implemented using the current as a reference value because
the voltage across inductor provides information about the derivative of
the current. RCC can be implemented either through analog or digital
circuitry [75,76].

RCC correlates dP/dt with either dV/dt or di/dt to force the ripple of
power to be zero, thus reaching the MPP.

a) If dV/dt > 0 or di/dt > 0 and dP/dt > 0, it means the MPP is
above the operating point. In this case, V < Vp,, or I < L,

b) If dv/dt > 0 or di/dt > 0 and dP/dt < 0, it means the MPP is
below the operating point. In this case, V > Vi, or I < Iy,

¢) If dV/dt = 0 or di/dt = 0 and dP/dt = 0, it means the MPP is at the

operating point. In this case, V = Vy,, or I = Ly,

RCC method can be used for any power converter topology to
maximize power of PV array. When boost converter topology is used,
increase in duty cycle increases the inductor current i;, which is equal to
PV array current and PV array voltage decreases. Therefore, duty ratio
(d) of converter is control input which is calculated using following
expression:

d:Kf@d—P

t
d, dt (21)

The RCC method is simple, less expensive, quick and true MPP
tracking technique under varying irradiance levels.

The technique [77] uses current sweep waveform for PV array to
obtain and update the I-V characteristic at fixed time period. The Vp,,, is
then measured from I-V curve at the same time period. The current
sweep function is sated in Eq. (22):

di
)= k—
O=ky 22
where k is constant of proportionality. The power P(t) obtained from PV
array is given as:

P@)=v(®)it) 23



R. Ahmad et al.

At MPP, slope of power or derivative of power with respect to ‘¢’
becomes zero. Therefore:

dP() _d [v®i(®)] _

dt dt 0 24)
dv®iO] _,
dt (25)
L .dv () di(t) _
Putting value of i(t) from Eq. (22) in eq. (66):
dP(t) . di(t)dVv(t) di(t)
e~ k a a v® a (27)
dP(t) _ [de(t) + v(t)] di(t) -0
dt dt dt (28)
This can be simplified as
dp(t) |, dv(@®) _
ar [k a T v(t)] =0 (29)

Current sweep MPPT technique involves analog computations to
compute V,,,,, Eq. (29) is used to confirm whether the MPP has reached.
The reference point is continuously updated to obtain MPP.

Forced oscillation based MPPT injects a sinusoid perturbation into
the switching frequency and compares it with PV array output voltage
as shown in Fig. 11 [78,79]. The input voltage V,, is sensed on varying
the switching frequency. After comparing the values of fV,, and re-
ference voltage V.., the duty cycle of the power converter (dc-dc) is set
at MPP. Once the MPP is obtained, the intermediate parameter 3 should
be constant. The value of f is calculated as in Eq. 30(30)

B = In[Ip/Vp] - C*Vpy (30)

where C = ﬁ , q is electron charge, A being the ideality factor of
diode, K represents the boltzmann constant, T is absolute temperature,
and N is the number of series connected cells.

A curve fitting based technique [80] uses a 3rd order polynomial

function, as given in Eq. (31), to extract MPP from PV array:
P=aV3+bV2+cV+d (3D

PV array voltage and power is sampled in intervals to determine a,
b, ¢ and d coefficients. At MPP, dP/dV = 0O:

d 3 2 —
d—V(aV +bVZ+cV+d)=0 (32)
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Pl > P2 >PM

Fig. 12. Various loads connected to PV array [56].

3aV2+2bV+c=0 (33)

Voltage corresponding to MPP is calculated using the following
expression:

—b + /b?>—3ac

3a

Vinpp (34)

The coefficients a, b and c are constantly sampled in intervals of
milliseconds to calculate V,,,,. Some varients of this method are given
in [81-83].

One cycle control (OCC) technique comprises of single-stage in-
verter [84-86], where the MPP is attained by adjusting the output
current (I,,.) of converter with reference to output voltage of PV array.
MPPT based on load current/voltage maximization is presented in [56].
A lossless converter configured between PV array and load, boosts both
the output powers of PV array and converter load. Similarly, enhancing
the power of the converter load enhances the power of the PV array
[56]. Fig. 12 depicts that the practical loads connected to PV array may
be individual or combination of resistive source, voltage source and
current source [56]. Fig. 12 yields the following facts: a) a load of
voltage source maximizes the ouput current (i,,) to extract MPP, b) a
load of current source boosts the ouput voltage (v,,,) to reach MPP, and
c) for rest of loads, either i, or v, should be maximized to track MPP
[56]. As lossless converter is assumed in this technique, exact MPP is
almost never achieved.

A linear current control (LCC) method [36,87] is based on the linear

2
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Modulating
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+
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>
>
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Fig. 11. Implementation of Forced oscillation based MPPT [78].

89



R. Ahmad et al.

relationship between irradiance and PV current. At higher irradiance
level, the PV current almost exhibits linearity with voltage due to series
resistance of PV array. This linearity helps in tracking the MPP using a
set of linear equations. Once I, and V,,,, are computed using linear
equations, the PI controller and feedback system operate PV array at
MPP. The drawback of this technique involves hardware and software
complexity.

In best fixed voltage (BFV), the irradiance and temperature samples
are gathered for long period and BFV is found. The algorithm adjusts
array's operating point to BFV. Otherwise, it adjusts the output voltage
to load voltage [88,89]. In temperature control method [90,91], tem-
perature sensors and temperature function are used to trace MPP, since
PV array power is temperature and irradiance dependent. The im-
plementation of TM is simple and cost effective and has excellent
tracking factor [92]. The extremum seeking control (ESC) technique
involves Lyapunv function to map non-linear input-output of PV system
to extract MPP [93,94]. This reduces the perturbations around MPP and
hence this technique has fewer oscillations in MPPT. An adaptive ESC
further improves the efficiency of MPPT [94]. In TEODI approach
technique, two identical PV systems are used to equalize the output
operating points through forced displacement of input operating points
[95-98]. Fig. 13 depicts the implementation of teodi [96]. The overall
configuration resembles a micro-converter (dedicated dc-dc converter
for each panel), however, the output current and voltage of each dc-dc
converter is sensed, compared and thereafter, the control process is
centralized. However, the PV panels are operated separately to match
the output current and voltage. The teodi approach offers the following
advantages: 1) analog implementation is effective and cheap, and 2)
less sensitive to irradiance variations and noise of converter. However,
this technique does not work properly if mismatching occurs between
two PV modules/arrays.

The variable inductance based MPPT uses variable inductor in de-dc
buck converter to operate PV array at MPP. The researcher [99] proved
the robustness and reliability of this technique by experimental results
under varying weather conditions. In case of lower irradiance, higher
value of inductance is adjusted, while lower value of inductance is se-
lected in case of higher irradiance. The lower limit of inductance to
extract maximum power from PV array is given by Eq. (35).

DX(1-D)V,y
2 fily

The overall size of inductor can be reduced by 75% using variable
inductor and the value of inductor can be varied in accordance with the
irradiance levels. This method can be applied to any basic dc-dc con-
verter.

Bisect search theorem (BST) [100] is a mathematical technique to
find the roots of any function y = f(x) in an interval [a,b]. The function
depends on x and contains a root x*. When applied to a PV system, the
function will be AP/AV and the interval will be [0,V,.].The root V,,,, lies

Liin =

(35)

PV Module

Section A

Section B

Plor PID
controller

Fig. 13. Teodi MPPT controller [95].
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between the interval 0 and V,.. The function becomes zero at MPP. This
method is simple in hardware implementation and cost effective as it
requires less sensors.

3.1.4. Hybrid MPPTs

The MPPT methods discussed above can be combined together to
form a hybrid MPPT [101-120]. It usually attempts in gaining the ad-
vantages of the fused methods while discarding their disadvantages.
The resultant hybrid MPPT can be an off-line method or an on-line
method. An off-line hybrid MPPT is formed if the combined MPPTs are
both off-line or if an off-line MPPT is combined with an on-line MPPT.
The combination of two on-line methods yields a resultant on-line hy-
brid method.

3.1.4.1. Off-line hybrid MPPT. One combination is to combine the basic
offline methods i.e., FSCC and FOCV [101]. Another aspect is to
combine the offline methods with hill climbing algorithms
[106-109]. Some authors have combined three methods to track the
MPPT e.g., in [113] the MPPT measures I, and V,. and then
approximated MPP is calculated using the diode ideality constant and
reverse saturation current. It then shifts to the P&0 method to track the
actual MPP.

3.1.4.2. On-line hybrid MPPT. The on-line hybrid MPPT methods can be
designed in a variety of ways. One way is to combine the conventional
on-line methods with modifications to cater for the deficiencies of
conventional methods [114]. The main task is either to combine the
advantages or to diminish the inherent deficiencies. For example, the
drifting of P&O is eliminated using FLC in [116].

3.1.5. Ranking of full-sun MPPT methods

The ranking of MPPT methods that work under full-sun conditions is
mentioned in Table 2. The values of AC, Him TS, and SS-E for each
MPPT are entered in accordance with the criterion developed in Section
2 and Table 1. The overall rating of each MPPT is formulated with
regard to Eq. (1). Besides that the search variable, converter used, and
load application -are also mentioned.

3.2. Partial shading MPPTs

In this section, MPPTs specially designed for partial shading con-
ditions are discussed in comprehensive manner with special focus on I-
V curve tracer, restricted voltage window and bio-inspired MPPTs.

3.2.1. IV curve tracing MPPTs (I-V tracer)

The MPPTs from this category utilize the transient evolution of
capacitor to trace the power-voltage (P-V) characteristics of a photo-
voltaic (PV) array [121,122]. In general, MPPTs work in association
with dec-dc converter, which is installed between PV array and load as
shown in Fig. 14(a). The duty cycle (D) of the converter is served as a
search variable for MPPTs. For each perturbation in D, converter re-
quires a settling time in the range of 5-50 ms as shown in Fig. 14(b). It
is because of the well-known second order transients of the converter
[123]. At times, several adjustments in D are required to fix the PV
array at a specific point. In the search of global maximum (GM), MPPT
examines numerous points on P-V curve, which makes the tracking time
of these methods in hundreds of milliseconds, if not in seconds. Note
that during GM searching, PV array is not operated at maximum power
during the search. The mathematical principle of MPPTs [121,122] that
rely on 1st order transients of capacitor (C;.,) for fast scanning of P-V
curve is presented in (36):

I
2 At

Cscan

AVPV = AVC = (36)

The implementation of these methods requires a modification in the
conventional circuit, which is shown in the form of black dotted lines in
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Fig. 14. (a) Extra circuit (circuit in dotted lines) for I-V tracer, (b) Execution of MPPT through dc-dc converter, (c) P-V curve tracing with capacitor [127].

Fig. 14(a) [121]. Utilizing inherent features of capacitor, the P-V curve
can be scanned in tens of milliseconds. This duration is almost
equivalent to the execution time of single voltage step of other MPPTs
as evident in Fig. 14(b) & (c). Consequently, capacitor scanning based
MPPT has fast convergence speed and better dynamic efficiency. These
methods have following advantages:

e These methods do not suffer from second order transients of dc-dc
converter during scanning of PV curve, since they utilize first order
transient evolution of capacitor.

e Contrary to traditional MPPTs, which employ a complex and time
taking tracing method, these methods are simple, fast, and in-
expensive. Moreover, they can be expanded to any array size.

The work presented in [122] has theoretically estimated the re-
lationship between Ci.q, and total scanning time (t;) on the basis of size
of PV array as represented in Eq. (37). Whereas, the experimental va-
lidation of this Cg.,, formula is presented in [121].

Csean 2 0.55% 37)

where N, and Ng represent number of modules in parallel and series,
respectively. While, I ,, symbolizes short-circuit current and V.,
stands for open-circuit voltage of the module.

However, these methods suffer from following drawbacks:

o In order to scan the P-V curve with parallel capacitor [121,122], PV
array is isolated from load, which results in power unavailability at
load during scanning time.

e To re-initialize every succeeding scanning, it is necessary to dis-
sipate the previously stored energy in capacitor through an external
resistor, which results in further power losses [121].

Keeping in view the aforementioned disadvantages, the methods
presented in [124-126] perform the scanning of I-V curve through dc-
dc converter. The working principle of these methods involve in setting
the D of converter at one extreme, and then to other extreme. In the
process, the P-V curve is traced and information of GM is stored. After
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that, the D is re-modulated at the GM point. Consider that D is set at 0.7
and PV array is operating at GM. Whenever weather condition changes,
these techniques set the D from 0.7 to 1 and then from 1 to 0. In this
way, P-V curve is scanned from short-circuit voltage to open-circuit
voltage of array. The drawback of these methods are:

e Since these methods use the input capacitor (C;,) of converter in-
stead of separate capacitor, these methods may have compatibility
and scalability issues with PV arrays having small C;,. Moreover, an
A/D converter with fast sampling rate is required.

e These MPPTs consume extra time to set the converter at one extreme
before initializing the scanning.

e These methods also exhibit momentarily power cut-off to load be-
cause of extreme converter operation.

In [127], a new MPPT technique is proposed which scans the P-V
curve of PV array with a series capacitor (Cs.q,) through a unique H-
bridge architecture as shown in Fig. 15(a). The proposed technique
employs a simple algorithm which controls H-bridge to scan the P-V
curve in two sequences: 1) during charging of capacitor, and 2) during
discharging of capacitor. The proposed MPPT neither requires the iso-
lation of PV array from load nor does it result in power loss during
scanning of P-V curve. In this paper, the comprehensive discussion re-
garding the effects of input capacitor (C;,) of converter during scanning
of P-V curve is presented. Also, sizing of capacitor Cs., according to
array size is explained with a design example. The working principle of
the proposed method is as follows:

Sequence — 1 (Capacitor charging sequence): In start, V},, of array is
organized at 0.1V,.. Then switches S2 and S4

are closed. Consequently, the capacitor (Cs,) is hooked up in a
polarity that is opposite to PV array, as shown in Fig. 15(b). The
mathematical expression of such circuit is expressed as:

vy ()1=ve ()1 = 0.1V, (38)
Since v¢ = 0 at t = 0, PV array starts operating at 0.1V, as in-
dicated in the above expression. With the passage of
time, the capacitor will charge with I,, of array and its voltage v¢
rises from zero. This in turn, causes vpy to rise, as
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Fig. 15. (a) A series capacitor tracer MPPT with H-bridge architecture, (b) organization of circuit when switches S2 and S4 are on, (c) organization of circuit with S1

and S3 are on, (d) bypassing of Cy., with S1 and S2 are on [127].

the difference between vpy and v¢ is equal to the fixed output vol-
tage of 0.1V, as expressed in Eq. (38). Finally, when vpy becomes equal
to V., vc reaches 0.9V,.. In this way, P-V curve is traced from 0.1V, to
Voe.

Sequence — 2 (Capacitor discharging sequence): During this se-
quence, PV array is set at 0.9V, and switches S1 and S3 are turned on.
The circuit transforms into a configuration where both PV array and
capacitor (Csq,) are connected in series with the same polarity as
shown in Fig. 15(c). This can be mathematically expressed as:

vpr (D)1 + ve(£)l = 0.9V, (39)

It is to be noted that Cy., is already charged to 0.9V, during the
previous iteration in Sequence-1. Since the output voltage is fixed at
0.9V, and vpy is zero at t = 0 as depicted by Eq. (39). Gradually, the
capacitor starts discharging at the rate determined by I, of array. As a
result, v¢ of Cyq, falls while vpy, of array rises as indicated by Eq. (39).
This process continues until Cs.,, becomes completely discharged. At
this point, vpy becomes equal to 0.9V, and P-V curve is scanned from 0
to 0.9V,.. Note that energy stored in C;.,, during the previous scanning
is re-injected into load during the current scanning. Consequently, no
energy is dissipated or lost.

The main disadvantages of this method are:

e Extra hardware in the form of H-bridge is required

e During each scanning, the algorithm requires extra step to set the PV
array at 10%V,. or 90%V,,, thus fast converter with low settling
time is required.

3.2.2. Restricted voltage window MPPTs (voltage zones)

The MPPTs from this category are developed after extensive probing
of P-V/I-V characteristics of array through theoretical analysis, math-
ematical modeling, and practical results [128]. A common consensus
between scientists is existed that voltage regions in which local max-
imum (LM) or global maximum (GM) may appear are equal to number
of series connected modules (N;) in a PV array [19]. The partitioning of
these regions depend on the integral multiples of open-circuit voltage
(Vo) of the module. Therefore, the objective mission of these MPPTs
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revolves around following major challenges:

® Acquiring the ability to distinguish between uniform and partial
shading (PS) conditions:
o In case of uniform condition, transferring of PV array in MPP vi-
cinity and quickly tracks the optimal point
o In case of partial shading, obtaining the global maximum (GM)
through evaluation of least amount of voltage regions
e Estimation of open-circuit voltage and short-circuit current through
sensor-less mechanism or feasible solution.
e Shrinking or expanding of voltage regions because of severe tem-
perature change, and therefore selection of representative point in a
region

The principle operation of MPPT presented in [128] checks the
power of integral multiples of 0.8V, of each region.

The region which represents the maximum power is declared as
global maximum region and PV array is set at that region. After that P&
O is applied to track MPP accurately. On similar lines, technique [129]
examines the power of mid-point of regions but with intelligent
mechnism to restrict the complete scanning of P-V curve. It first esti-
mates the open-circuit voltage of array and then calculates the voltage
limit (V) i.e. mid-point voltage of last region as represented in Eq.
(40):

Viim = % + (M_I)VDC (40)

This MPPT [129] starts scaning the regions of P-V curve from I,
point. After evaluating power of a region, the technique estimates the
power limit (Py;,) by the product of I,, of present region with Vi,
calculated from Eq. (40). If Py, is greater than power of present region,
the technique proceeds to examine the next region, otherwise it ter-
minates scanning process. Note that while moving from I, to V., the I,
of array always falls. In this way, the number of voltage regions to be
scanned are reduced. The capabilty of this MPPT can be enhanced by
restricting the I-V curve further. Another drawback of this method is the
estimation of open-circuit voltage of array by isolating the array. In
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MPPT [130], the reference voltage is set based on the formula re-
presented in Eq. (41):

N—- M
Vit = (1—%) X 0.85 X Vje

'S

(41)

where, Mj is calculated by counting the number of bypass modules at
iteration j. Here, j represents the number of possible irradiance condi-
tions on a PV array. In start, this method scans the I-V curve from right-
most region and applies P&O to reach MPP. After that, the other regions
of [-V curve are scanned based on sophistication mechnism, the math-
ematical representation of which is shown in Eq. (41). This method is
technically correct and maintains good accuracy under different
shading patterns. However, this method requires voltage sensing of
each module, which is expensive. Moreover, the application of P&O in
each region makes the dynamic efficiency of this method slow.

Keeping in view the high cost of analog sensing of each module, the
authors of [131,132] developed efficient MPPTs based on voltage (V},)
and current (I,,) sensing of array. Likewise MPPT [130], the technique
[132] starts its operation from right-most region and detects the first
peak through P&O. It stops the scanning process if practical power of
current region is more than the theoretical power of next region. The
theoretical power is estimated through maximum power current of STC
(Impp stc) and voltage of the future region (Vpyeure), where, Vi, is es-
timated through V,. of module. Due to probabilistic estimation of the-
oretical power through I, s1¢, this MPPT cannot smartly skip the in-
between regions. It also struggles if two respective peaks in the P-V
curve are quite distant from each other.

A global MPPT based on voltage window search (VWS) is presented
in [133]. At any operating voltage, power is assessed first. If present
power (Ppresend) is greater than the stored power, new voltage point
(Vpy.new) is estimated through Ppresent/Ipresens- In this way, the voltage
window is restricted between V,, .., and maximum voltage point
(Vpy.max)- In case, if Ppresene is smaller, a voltage step is induced. To
further restrict the voltage regions, technique [134] has designed two
voltage phases: downward and upward. In this method [134], the sci-
entific philosophy of technique [132] and VWS [133] is employed in
downward voltage and upward voltage phases, respectively.

In another MPPT [135], the voltage regions are assessed based on
the integral multiples of open-circuit voltage of module (V,.). Before
invoking the hill-climbing (HC) algorithm to detect the GM precisely,
the number of bends (peaks) are estimated on I-V curve based on for-
mula presented in Eq. (42). Because of its intelligent way of identifying
the GM and better employment of HC, this method is accurate. How-
ever, for fast varying partial shading conditions i.e. cloud passing, the
dynamic efficiency of this method becomes low.

Ipvgrcv - Ipv,new <01
Ipv _prev - (42)

Similar to [129], I,, of constant current region (I, ccr) of each
voltage region is assessed in MPPT [136] and maximum power of each
region is estimated through 0.9I,, ccr. The voltage of each region is
based on integral multiples of V,. of module. After identifying the
maximum power region, incremental conductance (IC) method is used
to reach the GM precisely. In another recent MPPT [137], control al-
gorithm examines the power slope of each region to identify GM, where
the distance between regions is equivalent to V,. of module. The main
drawback of methods [136,137] is that they cannot differentiate con-
veniently between uniform and partial shading conditions.

In MPPT [138], a three point sample is taken on P-V curve. The first
sample is taken automatically due to occurance of partial shading
condition. The second sample is taken at open-circuit voltage of array
i.e. upper bound of I-V curve. The third sample is the only one, which is
perturbed to reach the lower bound of I-V curve. Next, several samples
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of I-V curve are taken and maximum power is filtered out (Pyre). The
distance between samples are considered as voltage regions, where
region with maximum power amongst all the regions is further ex-
amined. The technique [138] is quite effective under partial shading
conditions and demonstrates better performance than the MPPTs of
similar category. However, the gain settings and tuning of PID con-
troller are not properly discussed. An effective solution for detection of
uniform and partial shading condition is proposed in [139]. This
technique also partitions the regions based on integral multiples of V,.
of module. The algorithm complexity of this MPPT is high, nevertheless
it outperforms several bio-inspired algorithms. Also, it performs well
under fast varying weather conditions.

3.2.3. MPPTs incited from bio-inspired/physical phenomenon (Bio-I)

The techniques developed from the scientific philosophy of fuzzy
logic, artificial neural network, neuro-fuzzy inference system etc., are
comprehensively reviewed in [140-142]. Keeping in view the past lit-
erature survey and latest trend in the development of MPPTs, special
emphasis is given to bio-inspired MPPTs in this section.

In the workspace of numerous local peaks, multiple variables/
agents can be deployed to search the required target. Since these
variables are operated in close association with each other, an optimi-
zation of multivariable function is essential [143]. Particle swarm op-
timization (PSO) is one of the renowned optimization method, which is
inspired from the natural social behavior of biological species such as
bird flocking and fish schooling [143]. Compared to other meta-heur-
istic optimization methods, PSO exhibits fast convergence speed and
requires simple implementation. Therefore, it gains tremendous popu-
larity in the searching of global maximum (GM), when PV array is
under the influence of partial shading [143-146].

Consider an example of birds flocking: birds are the particles, which
are living or working in a flock known as swarm, and their mutual
cooperation enables them to reach the required target [143]. Since each
particle in a swarm has its existence and thinking, it has some fitness
value mapped by an objective function. Through its own fitness value
and best fitness value of the swarm, each particle decides its future
individual velocity, which will determine the new direction and posi-
tion of the particle.

In accordance with the parameters of PV array, the PSO is trans-
formed as follows: position (x;) of each particle is modeled as operating
voltage or duty cycle (D) of de-dc converter [143,145], velocity (v;) of
each particle represents the step size and direction i.e., + /- AV or + /-
AD, search space is I-V curve, and required target is the searching of
GM. The working principle of PSO and its mapping with PV system is as
follows:

Physical phenomenon of PSO

Mapping with PV system

Step-1 In start, particles (x;(k)) are ran- In the first iteration, operating
domly positioned on search plane voltage (Vp,i(k)) points or D;(k)
to take the information. Where, k values of converter are randomly
represents the present instant and i selected to probe different oper-
being the number of particles. ating points of I-V curve.

Step-2  Each particle has a fitness value The fitness value of each V,,,(k)/
mapped by an objective function, Dy(k) is determined through a
where Py, is the personal best power based objective function.
position and Gp.s; is the best posi- The Py, is the personal best
tion in the group or swarm. operating point and Gp.s; is best

operating point amongst all the
Vpi(k)/Di(k) values of I-V curve.

Step-3  Velocity (vi(k)) of each particle is The step size along with direction
calculated on the basis of Pp,,; and (+/- AVy(k) or + /- AD;(k)) of
Gpesri @s represented in Eq. (43) each D;k) is formulated through

Ppegi and Gpegi
Step-4  Future position (x;(k + 1)) of par- Future Vpy(k + 1)/(Di(k + 1)) of

ticle is updated through velocity
(vi(k)) as represented in Eq. (44)

particle is updated through per-
turbation step + /- Vjyi(k)/
AD;(k).
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Goto Step-2
vi(k+1) = wik)  +an| Pres — xi(k)
- 2 — ——
New Velocity/+AVj (k+1) Velocity/ + AVj (k) LM; Position/ Oper. poin[vai orD;

+ Gn Gbes[i — X (k)
—
GM; (43)
x;(k+1) = x; (k) + v; (k+1)
— 2 —— N
New Position/New Oper.pointVy,;orD; Position/Oper,poz‘ntva-orDi New Velocity/ + AV (k+1)
44

where, i = 1,2,..., N is number of particles, w is inertial weight, c; is
cognitive coefficient, c, is social coefficient, r1 and r2 are random
variables.

In start, a deterministic -PSO (DPSO) [145] randomly selects three D
values of buck-boost converter. It then follows the aforementioned Steps
with the exception that it removes the randomness of Eq. (43). It makes
the solution deterministic and only w needs to be tuned. On similar terms,
the random nature of PSO is removed in accelerated APSO [147]. This
reduces the computation cost of MPPT and it can be implemented with
low cost microcontroller. In [143], Lagrange Interpolation formula is used
for better management of distributions of D. The Cuk converter is used by
this MPPT. An overall distribution (OD) algorithm is merged with PSO in
OD-PSO [148] to improve the tracking speed of PSO. In this method, a
Cauchy distribution from the field of continuous probability distribution is
applied for the better positioning of future particles i.e. D values.

It is pertinent to note that the majority of bio-inspired algorithms
follow the same route as mentioned in above Steps. The main difference
lies in the distinct objective functions involved in the estimation of
velocity (step size and direction) and position. Generally, the objective
functions are also based on power functions. In ant colony optimization
(ACO), the homing strategy, in order to return to the nest, is executed
through pheromone-based communication. Through this communica-
tion, the next ant movement and position is decided. A hybrid method is
presented in ACO-PO [149], where the global and local search cap-
ability of algorithm is enhanced through ACO and PO respectively. For
global search, the ant pollution is selected as 6 for I-V plane. The po-
sition of each ant is referred as D of the converter. The step size (§) for
an ant movement is calculated from Eq. (45) and the perturbation in D
is calculated from Eq. (46).

6 (k+1) = So ek
— N——
New Step/ AVi(k+1)  Step/+AVi(k+1) (45)
di(k+1) = 4k  + ax&k+D)
N —— — ~ 7
New Position/New Oper.pointD; Position/ Oper.pointD; New Step/+AVi(k+1) (46)

where, a is the unit vector.

A gray wolf optimization method is adopted in GWO [150] for the
detection of global maximum. In nature, gray wolves usually live in a
pack and follow a leadership hierarchy for hunting of prey. For PV
application, the D values of converter represent the wolves. The fitness
value of each wolf is estimated through power based objective function.
Finally, the new step size and future perturbation in D is calculated
from Eq. (47) and Eq. (48), respectively. The whale optimization (WO)
inspired from hunting behavior of humpback whale is merged with
differential evolution (DE) in WODE [151]. The hunting behavior of
whale involves searching, encircling and bubble-neck attacking on a
prey, which is similar to hunting mechanism of GWO.

D = |Cx; (k) — x; (k)] (47)
x;(k+1) = xi(k) —AXD
—_— ~——

Position vector of wolf / New Oper.pointD; Position vector of prey/ Oper.pointD; (48)

where, A, C and D are coefficient vectors.
Fireflies are unisex and get attracted towards the brighter and
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attractive fireflies. The brightness of a firefly determines the fitness
value, which depends upon the distance between itself and other flies.
By using this information, the firefly movement and its new position is
determined. A modified firefly algorithm is proposed in MFA [152],
where the mapping of natural behavior of fireflies to PV system for the
tracking of GM is accomplished as:

FA algorithm — PV system

Firefly position — Voltage reference (Vi)
Distance — Voltage step (AV,.p)
Attractiveness — An exponential function of AV,.¢
Brightness — Power (Ppesy)

Brightness of the brightest firefly Global maximum (Gpes)

Bats utilize the sonar based sensing to detect the prey and avoid
obstacles. Likewise fireflies, which utilize the brightness to update their
position and distance, bats use the frequency of sonar waves to calcu-
late the future velocity and position as illustrated in Eq. (49) and Eq.
(50) respectively. The MPPT based on foraging bat behavior is pre-
sented in BA [153], where chaos search strategy is introduced in bat
algorithm for the better management of bats population.

v; (k+1) = k) + @i(k) —x*) x Qi
New Step/+AVi(k+1) Step/+AV;(k) Position/Oper.pointVy; (49)
x;(k+1) = x; (k) + (k)
— 2 —— ——
New Position/New Openpointva- Position/Oper.poin[Vp,,i Step/ +AV;(k) (50)

where, x* is the best position, and Q; is the varying frequency.

In artificial bee colony (ABC) algorithm [154], the vector solution
revolves around the position and food amount of a nectar source. Three
groups of bees are working for it: 1) employee bees, onlooker bees, and
3) scout bees. The employee bees always update the more enriched
nectar source through visual information and discard the location of
previous source, while onlooker bees move towards the new nectar
source discovered by employee bees. The mapping of ABC with PV
system is implemented in ABC [154] by replacing the nectar amount
with PV power and variations in food source position with the pertur-
bation in D. Likewise previous algorithms, random values of D of con-
verter initiate the initial positions of bees. In cat swam optimization
(CAT) [155], all cats search for an optimal position through two dif-
ferent searching modes, primarily known as seeking mode and tracking
mode. Each cat in a group contains its individual velocity and position.
The algorithm is similar to PSO, where position of each particle re-
presents the D value of converter. Through its own position Eq. (51) and
the best position amongst the swarm, a new velocity of each cat is
determined through Eq. (52).

wv; (k)

Vi (k+ 1) =
N — 2
Velocity/ + AV (k)

New Velocity/ + A Vi (k+1)

+oin|  Xeesi xi(k)
— —

Best Position Position/ Oper.pointV,,;0rD; (51)
xi(k+1) = al o+ ey
[

New Position/New Oper.pointVp,;orD;  Position/Oper.pointVp,jorDi  New Velocity/+ A Vi (k+1)
(52)

where, i = 1,2,..., N is number of cats, w is inertial weight, c¢; is ac-
celeration constant, rl is a random number ranging from 0 to 1.

The MPPT algorithm based on flower pollination is presented in
[156], where the natural phenomenon of self-pollination and cross-
pollination of flowers are mapped for the local maximum and global
maximum of PV system. A monkey king evolution algorithm inspired
from mythological novel is presented in MK [157]. In the eve of un-
favorable scenario, the monkey king has the power to convert himself
into several monkeys. Each monkey finds out the solution and reports to
the monkey king. After receiving the information, the monkey king
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filters the most feasible solution and then directs the monkeys to move
towards the target accordingly. In PV system, the monkey king creates
several D values of converter, and after receiving the power from each D
value, it finds out the global power. Thereafter, it updates the global
best solution from Eq. (53) and updates the D values with the solution
proposed in Eq. (54).

dgbes[(k+ 1) = dgbcst (k) + X ddiﬁ"
— ., 7 —
Update Best Solution/New Oper.pointD Prev Best Solution/Prev Oper.pointD
(53)
d(k+1) = Mi® d(k) + B
— —
Update Others Solution/New Oper.pointD Prev Others Solution/ Prev Oper.pointD (54)

where, F, is fluctuation coefficient, diff is the random difference be-
tween two random variables, M; is the binary reversal at iteration i, ®
denotes the element multiplication.

From the field of meta-heuristic optimization, a moth-flame opti-
mization (MFO) algorithm is proposed in MFO [158] to solve the pro-
blem of GM tracking. The algorithm works on the flying principle of
moth, which maintains a constant angle with respect to the nearest light
source. This optimization revolves around the movement of moths (1)
and flames populations in the research space (d). Both moths and
flames are vector quantities, the positions of these play a vital role in
detecting the GM. The positions of moths and flames are transformed
into operating V,, points and P,, points respectively in the research
space of I-V curve. A four-step layout is proposed in MFO [158], which
is as follows: 1) the random distribution function is used to initialize the
moths positions, 2) the research space of moths is checked and moths
fitness is computed, 3) the best positions and values of flames is up-
dated, and 4) finally, the moths position is updated with regard to
flames position. The MFO [158] based controller directly controls the
duty cycle of dc-dc converter to optimize the operation of incremental
conductance (IC) method.

In [159], a global minimization algorithm based on explosion of
fireworks in the sky is proposed for the detection of GM in PV array. An
improved differential evolution is presented in [160], where the GM of
PV array is tracked through SPEIC converter and load variations. An-
nealing process used in metallurgy is essentially a random search pro-
cess guided by temperature parameters that can accept a worst oper-
ating point under certain conditions. Simulated annealing based MPPT
algorithm explores the search space and leads to global peak for both
uniform and non-uniform conditions SA [161]. An MPPT based on
Cuckoo search is presented in [162] to track the global peak of medium
as well as large PV systems. This MPPT achieves better performance
than both P&O and PSO algorithms under shading conditions.

Table 3 encapsulates the mapping of natural/physical environment
and behavior of biological organisms with the PV system. In table,
second column indicates the particles behaving as D or V,,, values in PV
system. Similarly, the third and fourth columns show the mapping of
natural working plane with I-V plane and required target with global
maximum (GM), respectively. The last column depicts the complex
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mathematical operations required to compute the future operating
points and perturbation steps.

In these methods, the following considerations and improvements
are put forward for the new designers:

e In majority of the methods, population of particles and their spread
on I-V search plane is random. Since size of I-V plane and number of
particles may vary with different array sizes, a proper study is
needed, which should clearly define the population of particles with
regard to array size.

® The bio-inspired MPPTs have compatibility and scalability issues i.e.
all the parameters need to be reconfigured or retuned with different
array sizes.

o The spread of particles (duty cycle values of converter) with distinct
loads is not comprehensively discussed.

® Bio-inspired methods are complex in nature as they require random
distribution functions and complex mathematical operations. A
high-tech embedded system with fast sampling rate of A/D con-
verters is required to install these MPPTs in PV system.

® There are number of coefficients and other key parameters involved
in the mathematical operation. The tuning of these parameters is not
usually formulated and instead a constant value is awarded.

e The involvement of numerous iterations, where in each iteration

new position (operating point) and velocity ( = voltage step) are

computed, makes the computation burden and cost of Bio-I algo-
rithms high.

Most methods use V,. or I values in their operations, however ro-

bust estimation of these key parameters is a missing link in Bio-I

MPPTs.

o Generally, these methods start their operation with an assumption
that new condition is a partial shading condition. Thus, these
methods cannot conveniently differentiate between uniform and
partial shading conditions.

3.2.4. Comparison table of partial shading MPPTs

The three different types of MPPTs for partial shading conditions are
summarized in Table 4, where the overall rating of each MPPT is esti-
mated through formulations proposed in Section 2. It can be deduced
from table that I-V curve tracing MPPTs exhibit the highest tracking
speed, nevertheless they require additional hardware arrangement in
the PV system. The MPPTs derived from the power-voltage character-
istics of PV array also show good efficiency. Since numerous iterations
along with several particles are involved in Bio-Inspired algorithms,
they exhibit less tracking speed compared to others. However, in terms
of hardware requirements, they are better than I-V curve tracer MPPTs.
In the end, a unique graph is presented in Fig. 16, which indicates the
progression tree of the development of MPPTs with years. This graph
also outlines the comparison between different MPPTs and provides
awareness to new MPPT researchers in the selection of benchmark
method.

[1-1-V Curve Tracer MPPTs | | — Restricted Voltage Window MPPTs | | — Bio-Inspired MPPTs [ ] - Other MPPTs
2009 /f
2010 [170] // [
2011 171 [164] / [
¥ 2012 / I g
E
A0y | ] /] [\ \
R 2014 [T\ | 1201 // igse—~_ 1301 \ 11g6l / | 162 \ N\ 6711721
s 2015 | L \ 1] / N \l/ Jiiz3) s /- \ 116811691 | /
wis i\ ] 748 Y B A AN A
2017 193] oy \ |/ 135] [LEN| nse]| sy |/ Gmei \[159)/ 5111321
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Progression of Comparison Tree - Arrow Direction Pointing Towards Better Technique

Fig. 16. Progression tree between MPPTs with years [163-173].
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4. Conclusion

The cost effective and efficient extraction of maximum power from
PV array depends on the MPPT control strategy. This paper presents
review of various MPPT techniques, which are explained with block
and schematic diagrams, working principles, algorithms, and their pros
and cons. This review explores the input, output and hidden parameters
of MPPT techniques under uniform, rapidly changing and partial
shading conditions. This paper concludes that most of the conventional
MPPT algorithms operate PV array at MPP under uniform weather
conditions and fail to obtain true MPP under rapidly changing and
partial shading conditions. The intelligent and advanced algorithms
drive PV array at true MPP under partial shading and rapidly changing
conditions, however, they are complex algorithms and, therefore, dif-
ficult to implement using embedded technologies. This paper also
provides evaluation criteria for various MPPT algorithms which can
help the MPPT developers to pick a convenient technique for any de-
sired PV system. The potential application areas of the reviewed papers
have also been addressed in the form of Tables, where the load (re-
sistive, inductive, battery and grid) of MPPTs are mentioned. Following
are some noteworthy recommendations:

e (Classical hill climbing methods are the most widely used algorithms
in commercial applications, however; they suffer from continuous
power oscillations around MPP and have the tendency to operate in
wrong direction under rapidly changing atmospheric conditions.
Nevertheless, researchers have developed intelligent controlling
techniques to operate PV array at optimal point under all weather
conditions.

e Fractional MPPT methods are approximate methods to obtain MPP.
However, they are fast and the least expensive.

e Under partial shading case, curve tracing MPPTs show best con-
vergence speed with high efficiency in detecting the global max-
imum. However, their practical implementation requires additional
hardware. MPPTs based on voltage restricted window have med-
iocre complexity and efficiency. Bio inspired MPPT algorithms are
also accurate methods under partial shading conditions. They are
however, not easy to implement because of the innate high com-
plexity of algorithms. Obviously, sophisticated embedded system is
required for the implementation of these MPPTs. In addition, high
level programming skills are required to translate the algorithm for
embedded controller.

® A complete ranking criterion is introduced and formulated, which
can be applied on any MPPT to rank its effectiveness.

o The tree network shown in Fig. 16 provides a historical perspective
of the development of partial shading algorithm that will act as a
beacon for the future researchers in understanding the evolution of
MPPT methods.
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