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Abstract: This paper elaborates a comprehensive overview of a photovoltaic (PV) system model,
and compares the attributes of various conventional and improved incremental conductance
algorithms, perturbation and observation techniques, and other maximum power point tracking
(MPPT) algorithms in normal and partial shading conditions. Performance evaluation techniques
are discussed on the basis of the dynamic parameters of the PV system. Following a discussion of
the MPPT algorithms in each category, a table is drawn to summarize their key specifications. In the
performance evaluation section, the appropriate PV module technologies, atmospheric effects on
PV panels, design complexity, and number of sensors and internal parameters of the PV system are
outlined. In the last phase, a comparative table presents performance-evaluating parameters of MPPT
design criterion. This paper is organized in such a way that future researchers and engineers can
select an appropriate MPPT scheme without complication.

Keywords: maximum power point tracking; photovoltaic systems; incremental conductance;
perturbation and observation; partial shading conditions; performance evaluation

1. Introduction

Energy is a necessity in our lives, contributing to the development of economies, and social
growth [1,2]. Fossil fuels such as coal, gas, and oil contribute nearly 87% of the total global energy
production, whereas nuclear power plants generate approximately 6% of the energy. Renewable-energy,
such as solar, geothermal, wind, hydro, and biofuels, produce the remaining 7% of the total energy
demand [3,4]. In the last couple of decades, many studies on solar energy have been conducted because
of its abundance, renewability and clean nature [5,6]. Photovoltaic technology (PV) is an important
technology that can convert solar irradiance directly to electrical energy through a PV panel [5,7].
However, solar PV panels have drawbacks, such as very low energy conversion efficiency (less than
22.5%), the high manufacturing cost of energy, and high dependence on environmental factors [5,7–9].
The power of a PV array is unstable, and the current and voltage characteristics curve of a PV cell is
non-linear at different solar irradiations, temperatures, and loads [10,11]. Conventional maximum
power point-tracking (MPPT) algorithms are designed for uniform environmental conditions where
the P-V curve generates only one maximum power point (MPP) [12,13]. Cloud cover, trees, buildings,
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and bypass diodes cause numerous power peaks on the PV string [12,14]. One of the main challenges of
designing MPPT schemes is to the need to quickly detect global MPPs (GMPPs) instead of searching for
other local MPPs (LMPPs) under partial shading conditions (PSCs) [15]. Numerous MPPT techniques
for investigating the performance of an overall PV system will be reviewed, and their advantages
and drawbacks will be identified. Based on their implementation complexity, flexibility, reliability,
and cost, the MPPT methods can be evaluated on the basis of the speed and accuracy of GMPP tracking
under PSCs. The performance evaluation of MPPT schemes is imperative because of their sensitivity
to various dynamics. This paper is organized as follows. Section 2 presents PV array modeling and
its normal and shading conditions. Section 3.1 compares the dynamic parameters of incremental
conductance (INC) algorithms. Section 3.2 presents perturbation and observation (P&O) techniques.
Section 3.3 presents other MPPT schemes. Section 4 discusses the standard evaluating parameters to
select a suitable MPPT. Section 5 discusses the performance-evaluation parameters of a PV system and
diverse MPPT techniques.

2. PV Array Modeling

Modeling PV arrays for different atmospheric conditions is a vital issue in designing the size
of a PV plant and its MPPT controllers [16]. Selecting accurate parameters for the model to achieve
precise matching between simulated results and the characteristics of the PV array under PSCs is a
challenging task [17]. A PV array behaves as a hybrid device in the current and voltage source, based
on the nature of tracking [18].
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where,

IPV: current generated by the incident light (A)
Io: reverse saturation or leakage current of a diode (A)
q: electron charge (1.60217 ×10−19 C)
k: boltzmann constant (1.38065 ×10−23 J/k)
α: diode ideality constant (1< α < 1.5).
Rs: equivalent series resistance of the array (Ω)
RP: equivalent parallel resistance of the array (Ω)
Nser: number of cells in series.
Npar: number of cells in parallel.
T: temperature of a P-N junction (k), and.
Vt: the thermal voltage of an array (V)

Figure 1 shows a circuit diagram of a PV array. Figure 2 depicts the characteristics of a PV array
under different solar insolation conditions, and Figure 3 shows the PV array characteristics under
different temperatures, namely (25 ◦C, 50 ◦C and 75 ◦C). Figures 4 and 5 demonstrate the P-V and I-V
curves in four PSC conditions with an ambient temperature of 25 ◦C. Two LMMPs and a GMPP are
shown at the PSCs in Figure 4.
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Figure 1. Circuit diagram of a photovoltaic (PV) array model [18].
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Figure 2. PV cell characteristics curves under different solar insolation.

Energies 2018, 11, x FOR PEER REVIEW  3 of 24 

 

 

Figure 1. Circuit diagram of a photovoltaic (PV) array model [18]. 

 

Figure 2. PV cell characteristics curves under different solar insolation. 

 

Figure 3. PV cell characteristics curves under different temperatures. 

 

Figure 4. P-V curves in many shading conditions. 

Rp Nser / Npar

Rs Nser / Npar

V I

V

I

Im

Ipv

Io

Rp Nser / Npar

Rs Nser / Npar

V I

V

I

Im

Ipv

Io

0 20 40 60 80
0

200

400

600

800

1000

1200

PV Output Voltage(V)

P
V

 O
u
tp

u
t 
P

o
w

e
r(

W
)

0 20 40 60 80
0

3

6

9

12

15

18

P
V

 o
u
tp

u
t 
C

u
rr

e
n
t(

A
)

 

 

I-V,G=0.1w/m2,25oC

I-V,G=0.8w/m2,25oC

I-V,G=0.2w/m2,25oC

P-V,G=0.1w/m2,25oC

P-V,G=0.8w/m2,25oC

P-V,G=0.2w/m2,25oC

0 20 40 60 80
0

200

400

600

800

1000

1200

PV output Voltage(V)

P
V

 o
u
tp

u
t 
p
o
w

e
r(

W
)

 

 

0 20 40 60 80
0

4

8

12

16

20

24

30

P
V

 o
u
tp

u
t 
c
u
rr

e
n
t(

A
)

P-V at 1K, 25C

P-V at 1K, 50C

P-V at 1K, 75C

I-V at 1K, 25C

I-V at 1K, 50C

I-V at 1K, 75C

LMPPs

GMPP

LMPPs

GMPP

Figure 3. PV cell characteristics curves under different temperatures.
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Figure 4. P-V curves in many shading conditions.
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Figure 5. I-V curves in several shading conditions.

3. Assessment of Common MPPT Strategies

3.1. INC Algorithms

The conventional fixed step size (FSS) INC algorithm is based on an idea that its slope or the sum
of the instantaneous and INC of the P-V curve is zero at MPP, positive at the left of MPP and negative
at the right of MPP [19,20]. This algorithm is confused when detecting MPP during the steady-state
conditions and transient stages [21]. As an alternative, an adaptive step size INC approach is employed
in the PV system to increase convergence speed and tracking accuracy by reducing the number of
iterations of searching reference voltage [22]. Subsequently, a low-cost adaptive algorithm is used to
exclude manual perturbation to increase tracking efficiency, improve transient behaviour and reduce
the steady-state oscillations around MPP [23]. The variable step size (VSS) INC approach optimizes
the large step size of a duty cycle at the farthest locus of the MPP. This approach produces fast tracking
speed but creates additional oscillations and vice versa [14,24]. Therefore, a modified variable step INC
scheme is required to create a trade-off between the dynamics and the steady-state oscillations [21].
The performance of the VSS-INC algorithm is lower in dynamics due to a deviation in the step size of
the duty cycle under PSCs. A current controlled variable step size incremental resistance (INR) MPPT
algorithm is implemented to concurrently boost the tracking speed in the dynamics and the accuracy
at the steady-state [25]. The power increment (PI) aided INC MPPT is then introduced to improve the
slow tracking speed on the left side of the MPP due to the confusing flat-low values of current change
(∆I) in a PV panel with almost zero I-V slope [26]. To attain maximum power transfer from a PV array,
this method includes the frequency and duty cycle control variables (VFCD and CFVD) [26,27].

Several hybrid INC techniques are described in this paper. First, a solar tracker (ST) is combined
with the improved INC and constant voltage (CV) method to guarantee the rapid computation of
MPP with limited searching space for a reference voltage during non-uniform weather conditions.
This limited searching space provides less computation in searching for required parameters, the best
tracking scope and an increased convergence speed [5]. The fractional open circuit voltage (FOCV)
and fractional short circuit current (FSSC) algorithms have been merged with the INC technique to
avoid extra control loop and intermittent disconnection. However, a periodic tuning of a duty cycle is
required to operate a PV array at its optimum expected power. To operate the PV system at GMPP
with swift convergence speed, the permitted error in the duty cycle is predicted to be approximately
6% [28].This algorithm is used to differentiate between GMMPs and LMPPs extracted from the
PV characteristic curves under partial shading conditions [29]. A regulated duty cycle enhances an
overall system efficiency by diminishing the power oscillations during the steady-state conditions [30].
The main purpose of a hybrid Fuzzy Logic Controller (FLC) with INC system is to track the MPP
precisely and speedily in the dynamic and equilibrium conditions. The system can overcome the
drawbacks of a fixed conventional INC MPPT. The FLC has a considerable effect in reducing
power fluctuations near MPP under PSCs [6,31]. Table 1 shows a comparison of the main INC
MPPT parameters.
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Table 1. Comparison of INC algorithms.

Parameters/INC
MPPTs

Adaptive
INC

INR-Based INC
[25]

ST-Based
INC [5]

FC-Based
INC [28]

PI-Based
INC [26]

FLC-Based
INC [6]

Input variables Vpv, Ipv Vpv, Ipv Vpv, Ipv Vpv, Ipv Vpv, Ipv Vpv, Ipv

Control variables D Ire f Vre f Rload, D D Rload, D

Implementation cost Low Low Low Low Low Low

Controller types PIC Micro controller Microprocessor PIC DSP dSPACE

Converter types Boost Boost Buck-Boost SEPIC Fly Back CUK

Complexity Simple Simple Complex Simple Complex Average

System independence High High High High High High

Reliability in PSCs Less High High High High High

Convergence speed Average Fast Fast Fast Medium Fast

Oscillation around MPP No Less No No No Less

Periodic tuning Yes No Yes Yes Yes Yes

Power efficiency Average High High High High High

Tracking speed Slow Faster Fast Fast Fast Faster

3.2. P&O MPPTs

The conventional P&O scheme is part of a hill climbing (HC) algorithm. When the difference
between instant power P(k) and actual power P(k−1) is positive (dP/dV > 0), the direction of an
operating point is located toward the MPP and vice versa. To achieve the MPP locus, the perturbation
of a PV voltage and current continues in both directions [32–34]. The drawbacks of the algorithm are
the occasional tracking deviation from the MPP, slow tracking speed, and steady-state oscillation at
the vicinity of the MPP under PSCs [34]. Improved performance is expected upon accelerating the PV
system into a steady-state level prior to the next perturbation, when the frequency of a perturbation
is small enough [35]. A modified fixed-step P&O algorithm is then introduced to reduce the trade-
off between steady-state oscillations and tracking speed by selecting a proper scaling factor [36].
To overcome this trade-off, a conventional adaptive P&O is introduced, however, the same difficulty
is encountered due to its dependency on a pre-determined step size and fluctuating open circuit
voltage (Voc) under PSCs [37]. Moreover, an adaptive variable step-size P&O is developed to improve
tracking efficiency and convergence speed where an adaptive perturbation of a duty cycle change (∆D)
and periods (T) are determined to observe a load current [38]. The adaptive perturbation brings an
operating point close to MPP based on the estimation of a fractional short circuit current (Isc) [39,40],
and the variable perturbation reduces power oscillations toward the MPP [39]. The performances of
the conventional and adaptive P&O algorithms are diminished due to a drift that occurs from the
incorrect selection of a duty ratio (∆D), and the large change in perturbation [41]. The P&O algorithm
searches for an optimal power point consistently toward the front and back of a P-V curve even after
detecting MPP, thereby resulting in several oscillations around the MPP [42,43]. The oscillations can
be reduced by selecting the smallest step size, but the tracking speed will be decelerated. However,
the transient response is overcome due to delayed time in perturbation [43,44].

An offline FSCC is combined with an online P&O to disconnect a PV array solely at PSCs and at
the inaugurating moment of the steady-state conditions. FSCC measures an operating point and sends
it to the online P&O algorithm. This method exhibits high tracking speed and less oscillations around
the MPP in PSCs [43]. Moreover, a modified hybrid drift avoidance P&O strategy with a fixed and
adaptive technique is applied to obtain the best decision for the duty ratio. Consequently, the PSCs in
this method solve the drift problem by moving an operating point adjacent to the MPP by increasing
the duty cycle (D) and positive values of dV and dI [41]. To improve tracking efficiency, convergence
speed, and steady-state response as well as reduce the searching space, a particle swarm optimization
(PSO) scheme is integrated with P&O. In this method, the P&O scheme consistently searches for
a unique MPP under uniform environmental conditions to track a current LMPP at non-uniform
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environmental conditions [45,46]. Then, the PSO technique is employed to regulate the perturbation
size of the P&O method at an instant of the PSCs [45,47]. An adaptive P&O algorithm is merged
with FLC to obtain a high tracking accuracy and reduced computational time without requiring PIC.
This hybrid technique improves system performance in steady-state and dynamic conditions by
reducing the step-size of the MPP in an incorrect direction and increasing the step size in the true
direction of the MPP [48]. To guarantee rapid convergence speed, an ant colony optimization (ACO)
approach is merged with the P&O method, which occasionally detects GMPP in the form of LMPPs
regardless of variations in the duty ratio (∆D). Oscillations are observed during the ACO search period
but they are removed by the P&O algorithm [49]. An artificial neural network (ANN) method is
incorporated with the P&O algorithm to sample the position of an operating point by measuring
currents and classifying the output reference voltage from partially shaded I-V curves. At each change
in irradiance, the ANN algorithm predicts a new area of GMPP in which the tracking position as a
voltage value is measured by the P&O technique. Then, the P&O algorithm searches for the GMPP by
perturbing the direct duty cycle into the pre-approximated zone left by the ANN algorithm [50].
The hybrid model based (MB) and heuristic P&O algorithms are implemented without direct
temperature and irradiance measurements to enhance tracking and dynamic performances with
less computational time and complexity [51]. In the hybrid gray wolf optimization (GWO) and P&O
methods, the offline GWO brings the operating point nearest to the obvious MPP by reducing the
searching space. Then, the online P&O method is executed to track the best wolf position when the
wolves are closest to one another. This combined technique can reduce the computational load at every
transition period of the atmospheric conditions, consequently accelerating the convergence speed
around GMPP at PSCs. In this combined method, only three animals have been assumed to scale down
computational complexity, although a larger number of animals produce a more precise MPP [52].
Table 2 describes all the parameters of the P&O algorithms.

Table 2. Comparison table of P&O methods.

Parameters/P&O
MPPTs

Adaptive
P&O [40]

FSCC
P&O [43]

DA
P&O
[41]

PSO
P&O
[45]

FLC
P&O
[48]

ACO
P&O [49]

ANN
P&O
[50]

MB
P&O
[51]

GWO
P&O
[52]

Input variables Vpv, Ipv Vpv, Ipv Vpv, Ipv Vpv, Ipv Vpv, Ipv Vpv, Ipv Vpv, Ipv Vpv, Ipv Vpv, Ipv

Control variables Ire f Ire f , D D, ∆I Vref D, Load D Vref, D Vref D

Implementation cost Low Low Low Low Low Low Low Low Low

Controller types dSPACE dSPACE Micro-
controller

Micro-
controller dSPACE PIC DSP PIC dSPACE

Converter types Boost Buck-Boost SEPIC Boost Cuk Boost Buck Boost Boost

Complexity Simple Average Average Simple Simple Simple Simple Simple Simple

System Independence Poor High High High Average High High High High

Reliability in PSCs Average High High High High High High High high

Convergence speed Fast Fast Fast Faster Fast Very Fast Fast Fast Fast

Oscillation around MPP Less Less Less Less Less No less Less Less

Periodic tuning Yes Yes No Yes No No Yes No No

Power efficiency Medium High High High High High High High High

Tracking speed Faster Fast Fast Fast Fast Faster Fast Faster Faster

3.3. Other MPPT Techniques

In this technique, the search skip judge (SSJ) and rapid GMPPT algorithms are integrated to skip
unimportant voltage intermissions (LMPPs) from a P-V curve at PSC, which yields a high tracking
accuracy with the best possibility of tracking the GMPP [12]. The gaussian arctangent algorithm (GAF)
generates an adaptive perturbation step size using the variations of error (E) and error change (∆E)
to overcome a trade-off between tracking speed and the oscillations around MPP. This system has
rapid dynamic performance, less oscillations around MPP, is robust in harsh atmospheric conditions,
and any similar function can be applied to it [53]. A double integral sliding mode controller (DISMC)
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is developed to remove steady-state error (SSE) by being integrated twice at the error section of the
tracking voltage on its sliding exterior. A converter can be operated with an accurate voltage regulation
at PSCs and load variations because this adds one more integral part into the sliding surface of a
controller [54]. The main advantage of this technique is that the system stability is retained over the
parameters, input values, and load variations within the PV system [54,55].

The nature-inspired unconventional flower pollination algorithm (FPA) is designed to use a search
space with flexibility in parameter adjustment. It also has faster convergence speed at PSCs than the
PSO technique because of the continuous adaptation of the duty cycle in each iteration. The FPA can
successfully locate the LMPPs and GMPP precisely in zero, low and high shading conditions, even in
the second iteration out of 25 iteration numbers [56]. The model-less extremum seeking control (ESC)
method is an alternative application of the P&O algorithm at PSCs to improve transient response and
convergence speed. However, its validation is limited near the MPP because an assumed function is
used to test the stability performance [57]. To confirm high tracking speed during the transient period
and minimum power oscillations in the steady state with less complexity, a modified beta method is
designed. This method is more accurate in tracking GMPP compared with conventional hill climbing
(HC) algorithms, when its scaling factor N is selected correctly during the changes of β at PSCs [58].
Auto tuning of the parameters, such as scaling factor N, is applied to accelerate tracing speed during
the transient stage at PSCs. To validate β parameters for the PV system, the meteorological data in
a year are taken from two different places [59]. A brief comparison between the parameters of other
MPPT algorithms is presented in Table 3.

Table 3. Comparison of other algorithms.

Parameters/Other MPPTs SSJ GMPPT [12] GAF [53] DISMC [54] FPA [56] ESC [57] Beta Method [59]

Inputs Vpv, Ipv E, ∆E Vpv, Ipv Vpv, Ipv Vpv, Ipv Vpv, Ipv
Control variables Vref D D, Vref D D N, β

Implementation cost Less High Less Less Less Less
Controller Microcontroller DSP FPGA Arduino Arduino dSPACE
Converter Boost Boost Boost Boost Buck -

Algorithm complexity Simple Simple Simple Simple Simple Moderate
System independency High High High High High High

Tracking to PSCs Yes Yes Yes Fast Faster Faster
Convergence speed High High High High High High

Oscillation around MPP No Less Less No Less No
Periodic tuning No No No No No Yes
Power efficiency High High High High High High
Tracking speed Very fast Faster Faster Fast Faster High

4. Performance Evaluation Parameters

Figure 2 shows the non-linear characteristics of P-V and I-V curves under different solar insolation
levels. The maximum output power of a PV system is obtained when the impedance between the panel
output and load is equal. Under different illumination and temperature values, the MPPT controllers
can match a load impedance to an output impedance of the PV cell [60]. The output energy can be
increased by 56% using a MPP tracker with a three-positioned one-axis system [61]. Selecting the best
MPPT technique can be difficult because many MPPT trackers exist. Therefore, several criteria, such as
PV technologies, implementation techniques, the number of sensors used, output power efficiency,
cost effectiveness and system applications are considered in selecting the best MPP tracker [8,62]. Thus,
many of the performance evaluation parameters of a PV system and the MPPT trackers are outlined in
the following section.

4.1. PV Module Technologies

PV cell technologies are categorized into four systems, namely, mono-crystalline (m-Si),
poly-crystalline (p-Si), thin film and hybrid systems. A black-colored m-Si and a blue-colored p-Si
are considered traditional-type PV cells, which are highly efficient and reliable, but costly. Thin films
consist of amorphous silicon (a-Si), copper indium gallium selenide (CIGS), cadmium telluride (CdTe),
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copper indium selenium (CIS) and dye-sensitized solar cells (DSSC). The main advantage of thin film
is its low voltage temperature coefficients that reduce power losses against hot temperature profiles.
The production cost of the thin films is lower than that of the traditional technologies [63,64]. A hybrid
PV cell with an intrinsic thin layer (HIT) is called heterojunction. It performs well in extremely
hot temperature zones because of an increased open-circuit voltage across the cell, in which the
temperature coefficient is less than that of m-Si silicon. Another low-cost hybrid PV cell with merits of
thin-film and crystalline modules is called a Smart Silicon. HIT and Smart Silicon are highly suitable
for high-temperature climates due to their high-power density and hard-glass-back-sheet, respectively.
The selection of commercial PV technology for a specific location has to consider several factors, such as
ambient temperature, shading, space constraints (dirt), user affordability, and profitability in primary
investment, maintenance, and operation. Research has been conducted to evaluate the performance
of PV plants with different technologies, monitored by MPP trackers in different environmental
conditions and site locations. Rainfall, occasional cleaning of the cell and the wrong inclination of the
PV module can reduce the power of the PV cell from 2% to 7%. In Egypt, power loss was found to be
almost 50% in the installed PV technology due to a huge soiling spot on the module even though it
was cleaned every day compared with only 1–7% power losses observed in Italy [65].

A total of 14 months of data from five PV technologies, namely, p-Si, m-Si, CIGS, CdTe and CIS,
all operating in a mountainous climate zone, was analysed to investigate their conversion efficiency and
relative losses. The result of the analysis indicates that p-Si, m-Si, and the CIGS thin-films are the most
efficient modules in high-temperature climates with hot and sunny summers as well as cold, snowy
winters. However, low efficiency is observed in thin film, especially in CdTe technology. CIGS has
15% efficiency losses compared with the CdTe and the CIS. Another investigation was conducted on
eight different PV technologies for 18 months. The analysis showed that in the scope of MPP tracking,
the p-Si type consistently produced higher energy each month than the thin-films. In autumn and
winter, energy yield is the same for HIT, p-Si, cdTe, and a-Si/uc-Si type cells, but in summer, the results
varied over time. Moreover, HIT, p-Si and a-Si/uc-Si are the most profitable technologies and suitable
for a grid-connected PV system for residential and industrial applications [65]. During the winter
season, m-Si and p-Si modules cease to access solar irradiance because their glass surface becomes
too rough due to snow retention. However, these two technologies produced high-output power
during the day when used with MPP trackers at direct solar insolation level. In particular, the p-Si
module does not have rough surface issues when used in continental weather climate zones. In a
typical climate zone, the CIGS technology is preferable due to its cost effectiveness. These PV modules
are not recommended to be used in windy or rapid air-circulated areas because snow takes a longer
time to melt [66].

4.2. PV Module Connections

A single-diode PV cell generates extremely small current and voltage but is used in many PV
applications due to its high accuracy and performance under uniform solar insolation. To increase
the voltage and current through the PV cells, interconnections between cells should exist to form a
module or an array [67]. An increased cell current and output voltage are obtained from series and
parallel-connected cells, respectively [68]. The encapsulated configurations, usually among 36 cells can
be connected in series (SC), series-parallel (SP), total cross-tied (TCT), bridge linked (BL) and honey
comb (HC). TCT, HC and BL are categorized on the basis of their power extraction capability [67].
Power mismatches can occur in the cells when they are exposed to dissimilar shading patterns. If a
short circuit occurs in the module terminals, the non-uniform irradiance creates different voltages,
which are negatively biased in some PV cells [67]. Piece-wise linear parallel branches model (PLPB) and
the Newton Raphson method are introduced to solve this mismatch problem in the PV modules [67].

In the SC module, a bus connection has ohmic losses and the SP module treats each module as a
single unit and tracks MPP separately. Thus, the degraded modules do not hamper the performance at
non-ideal atmospheric conditions on other modules. In every SP cell, MPP voltages are identical with
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independent illumination, output power is slightly affected by a small deviation in the MPP voltages,
and the temperature fluctuation within 20 K is slightly sensitive for MPP voltages. Therefore, MPP can
be accurately tracked from the SP connection because it has a common reference voltage for each cell
regardless of the differences in the current caused by the shading patterns. In portable applications,
a shaded cell in the SC connection reduces desired operating voltage at non-ideal solar illumination
conditions [69].

4.3. Grid-Connected PV Stability and Island Mode

PV plants are first characterized by small rated power and connected to the low-tension
distribution networks. Subsequently, a large plant (10 MWp) is designed from many small plants and
interconnected with medium distribution lines or high-voltage electrical networks (115 kV, 60 Hz).
The purpose of this procedure is to estimate an approximated reliable active power, reactive power,
and voltage regulation at the point of interconnection (POI). This procedure introduces new aspects
to improve the operations of the transmission and distribution networks while an interconnection
between newer PV plants and the electricity grid is formed [70,71]. An investigation conducted by
the International Energy Agency (IEA) in 2013 found that the installation of GCPV systems exceeded
off-grid PV systems by 99%. This resulted in a mean power loss from GCPV systems of between 5.7%
and 10% in transmission and distribution networks in California in the United States [72]. The following
parameters should be addressed for stability analysis: impedance to a grid line; DC voltage and current
control; and the reactive power control, store energy and frequency regulation in the inverters [72,73].
The stability of the GCPV output power is affected by highly penetrated grid generators. Thus, dynamic
stability analysis is essential for faults that might occur in a grid network system [73].

During grid failure, a PV system continuously delivers power into the grid line. This system is
called an island mode. The voltage fluctuates and causes disruption between the PV station and the
grid line that deteriorates grid efficiency. Islanding is dangerous because utility workers may not notice
the existence of power supply in the grid line. An automated mechanism in an inverter is required to
counter the islanding problem caused by the matching phase, frequency, and voltage across the grid
network [74]. Establishing balanced power and stability using micro-grid (MG) operation is the most
difficult issue [75]. A self-controlled MG can be used to isolate the grid network from powering and
to let a distributed generator (DG) deliver supply into a regional circuit in island mode, as shown in
Figure 6 [76,77]. Island detection methods have disadvantages, such as the pollution caused by the
utility method, dead zones caused by the passive method, and the time requirements of the active
method. Harmonic voltage detection is an example of a passive method. A wavelet analysis has been
adopted to detect or diminish increased harmonic blind marks of the voltage in the islanding stage [74].
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4.4. Seasons and Locations of PV Installation

The most influential factors in achieving optimal efficiency are the seasonal climate and the
geographical location of the PCV system. Excessive heating of a PV panel located in hot-climate zones
degrades the performance of the PV system. An investigation of crystalline silicon modules was
conducted using solar tracker (ST) MPPT. This investigation indicated that energy production is more
than 39% in Berlin, Germany, 16.8% in Stuttgart, Germany, 30% in Turkey and nearly 8% in Aswan,
Egypt [61]. Rooftop technologies, such as green or white roofs, are popular in hot rural areas to achieve
the best performance of a PV system. However, a study of the roofs in cold cities with their thermal
profiles has been conducted. Vancouver, Calgary, and Toronto in Canada, showed that cost-effective
white roofs (cool roofs) with optimal solar reflection have worsened the effects on the environment
due to an overheating penalty in warm climates, thus, these types of roofs are not recommended in
the aforementioned regions. Moreover, an expensive green or grassy roof is suitable for rich countries
because less energy is required in the heating and cooling processes [78].

4.5. PV Panel Tilts and Orientations

A moveable sun tracker (ST) used with the PV panel can increase daily energy production by
43.87% compared with a fixed system. This rate may vary between 10% and 100%, depending on the
different time frames and site locations [79]. The use of dual-positioned ST method (morning and
afternoon) in a solar panel can improve energy production by 10–20%. However, the ST tracker is not
recommended for use in small solar collectors, especially in residential applications or in hot climate
zones due to its high design cost and high internal energy consumption (5–10%) [61,79]. For the fixed
installation of a PV plant without ST, deviation of the tilt angles throughout the year reduces gross
output power, notably, at non-uniform solar insolation levels. The surface of the installed PV panel
can be adjusted to be perpendicular to the sunlight to reduce the fluctuating trends of the output
electricity of the PV due to earth and sun dynamics and moving cloud coverage. For an additional
cost, an optimum tilt angle can be set for summer and winter, and the azimuth angle can vary from
east to west throughout the day [79,80].

A 2015 report investigated the cost-effectiveness of installed PV panels in 23 sites in Germany and
Austria for various tilt angles and adaptations. The cost impact of the electricity generation after the
adjustments of the tilt and azimuth angles is low in the short and medium term, respectively, except for
a plant size of approximately 70 GW [80]. Another study found that the power yield increased monthly
and seasonally in five cities in Malaysia. The seasonal and monthly increments in Kuala Lumpur,
Johor Bahru, Ipoh, Kuching, and Alor Setar are 5.03%, 5.02%, 5.65%, 7.96% and 6.13%, respectively.
The seasonal increments for the same cities are 4.54%, 4.58%, 5.70%, 4.11% and 5.85%, respectively [81].
Another study conducted in Belgrade, Serbia found that the optimum tilt angle was 44.47◦ north for
each square meter of the solar panel mounted on a building. Compared to a fixed system, the amount
of the energy gained annually, seasonally, and monthly is 5.98%, 13.55% and 15.42%, respectively.
No significant distinguishable difference in collected energy is found when the optimum tilt angles are
regulated daily, monthly, or every two weeks. For maximum performance, adjusting the angles is not
necessary for every season (spring, summer, autumm, and winter), only at the beginning of spring and
autumn [79].

4.6. PV Module Soiling Effects

Soiling consists of debris, such as dirt, tree leaves, bird droppings, and dust from vehicular
exhaust, airflows, building construction, pedestrians, and volcanic eruptions. Figure 7 shows a chart
consisting of the causes of dust accumulation on the surface of PV arrays. The worst dust materials are
desert sand and polluted soil, which are mostly found in Middle Eastern and North African countries.
Libya has the highest dust deposits from the Sahara Desert [82,83]. The performance of the PV module
is negatively affected by environmental factors, especially soiling (which causes a 2–50% power loss),
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due to the scattering effects of the sun on its irradiance [83,84] and blocked sunlight. The PV cells were
shaded by the two types of soiling, namely, soft shading due to air pollution, and hard shading due to
dust blocks and bird droppings (typically 10 um) [83].

In soft shading, the voltage in the PV panel was unchanged, but the current was affected [82,83].
In hard shading, the output power of the PV panel was reduced when the voltage decreased. Various
studies have been conducted on the effect of soiling on PV cells. In Massachusetts, USA, dust analysis
showed 1% solar radiation loss in three months, and 4.7% instantaneous power loss was also recorded
which was the most noticeable degradation during the period. Another study conducted on 204 sites in
California found that efficiency degradations during normal weather with no rainfall were 0.2% daily
and 1.5–6.2% annually [83]. Moreover, an investigation of three dusty PV modules located in Baghdad,
Iraq found that the average monthly, weekly, and daily percentage of performance degradation was
18.74, 11.8 and 6.24 respectively [84]. A five-month analysis in the Canary Islands, Morocco found a
−20% reduction in PV efficiency due to soiling on the PV array from building construction [85].

A set of artificial cleaning methods has been proposed to protect the surface of PV modules from
dust accumulation and natural processes, such as volatile rainfall and unpredictable winds. In the
manual cleaning process, brushes with special bristles can be used to remove the soil and protect
the module from scratches when washing. Furthermore, washing and scrubbing can be performed
with brushes combined with a water supply. Mobile cleaning is another pragmatic process in which a
machine is used to clean the module surface with the reserved water or a sprinkler system. Cleaning is
recommended weekly during dry seasons and daily during sudden dust accumulations [83].
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Figure 7. Causes of dust accumulation on the surface of PV arrays [83].

4.7. PV Panel Snow Effects

PV systems are well-developed for use in temperate regions regardless of their low solar
illumination, especially in Northern European countries, and frequent snowfall in Northern America,
Canada, Japan and Germany [86]. Snow degrades the PV generated power in three ways; through wave
diffusion, albedo reflection to the neighboring module and conduction with snowless modules [87].
Power loss due to the snowfall is directly influenced by the tilt angles of PV modules and the level of
ground interference [86,88].

A study found that power losses in a year due to snowfall was more than 15% on low tilted
PV modules. In Germany, power loss was from 0.3% to 2.7% for an unshaded rooftop module at
a 28◦ angle. Another study was conducted on 209 snowfall samples in Calumet, IT, USA for one
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year. The samples were composed of four flat monocrystalline modules without ground clearance
at 15◦, 30◦, and 45◦ tilt angles and three modules mounted with 1.5 m ground clearance at 15◦, 30◦,
and 45◦. The power loss in the obstructed module varied from 29% to 34% with no change in tilt
angles, and it decreased from 34% to 5% in the unobstructed module by changing the angles between
0◦ and 45◦. On the contrary, the Energy loss at low tilt angles was the same in the obstructed and
unobstructed modules. The gross energy losses calculated by subtracting from the obstructed modules
to the unobstructed modules were 26.1%, 18.8%, 18.8% and 34% at 45◦, 30◦, 15◦ and 0◦ tilt angles,
respectively. These results indicate that the severe-case loss of 34% occurred for the lowest tilt angle,
as predicted [86].

A cost-effective snow detection method was applied to a solar PV module for three months in
St. John’s, Newfoundland, Canada. The module was composed of an Arduino controller connected
with a Wi-Fi system combined with a light dependent resistor (LDR) to measure the output voltage,
current, and solar insolation. A Twitter message is sent to the owner if the snow accumulation is more
than 5 cm, based on the algorithm shown in Figure 8 [87]. To maximize efficiency during the winter
season, modules mounted on the ground should be plowed intermittently, and rooftop modules require
active cleaning. The active washing techniques for dissolving the snow blocks from the modules
include chemical coatings, pressured hot air and soft squeegees [86].
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Figure 8. An algorithm to detect snowfall [87].

4.8. Bypass and Blocking Diodes

In conventional MPPT configurations, the energy produced by the shaded cell as complete power
extraction from the PV array can be preserved because it is inhibited by the cell [69]. A cell will be open
circuited or fully damaged if it dissipates more than the maximum tolerated power in the hot-spot
stage of non-uniform irradiation [89]. Figure 9 shows that the bypass diodes (D1 to D4) are connected
in parallel with the panels, and a blocking diode (Db) is in series with the battery. A bypass diode in
reverse biased condition acts as a generator with small internal voltage and leakage current, and the
panels are in normal mode operation. However, the bypass diode can sustain a sudden increase in
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power and temperature [90]. A bypass switch (Mosfet) or a bypass diode is also used in satellite stems
to mitigate hot-spotting damage in the PV strings [91]. A bypass diode starts functioning if 20% of the
panel is shaded. When the shaded portion of a module exceeds 20%, the power loss is alleviated due
to a huge current flowing through the bypass diode [92].

When one cell is shaded, its bypass diode behaves as a load and allows current to flow through it
from the rest of the cells, which maximizes the performance of the system [90]. By contrast, a shaded
cell can be excluded by using a bypass diode to avoid impediment in power collection from the
remaining cells, which results in energy loss from the shaded cell [69,93]. In thin-film CIGS, the bypass
diode cannot protect the modules from damage [92]. The bypass diode in the panel produces multiple
power peaks on the P-V curve. A power loss can be minimized if a blocking diode (Db) is used to stop
current flow from the battery to the panels at night when the voltage across the cells reaches zero [90].
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4.9. Implementation Complexity

The PV system is complex in terms of hardware and software implementation. Extra circuitry
that provides a single MPP in conventional MPPT algorithms increases the system complexity due
to hardware compensation and reconfiguration techniques [12]. The implementation simplicity is
a significant factor in selecting the right MPPT algorithm. The level of complexity depends on the
measurement of position and weather conditions of the PV system. The proper implementation of
MPPT using microcontrollers utilizes the dynamic changes in PV voltages and currents [8]. current and
voltage feedback methods are relatively simple to implement due to their minimal complex circuits [94].
Hill climbing and P&O methods are designed with simplicity and implementation flexibility, but recent
modifications and developments have increased their complexity [95,96]. Mathematical complexities
in hill climbing techniques can be reduced by using DSP or other controllers at the expense of increased
system cost [97]. Intelligent MPPT algorithms experience significant complexity in implementation
if the primary point is incorrectly selected. However, Rapid-GMPPT is simple to operate because
it does not require information on the output electrical features of the PV panel or voltage and
current sensors [12]. Complex MPPT algorithms, such as PSO, ANN, RCC, and FLC techniques,
are used in PV systems to identify a precise MPP, but their complexity level increases due to the use of
microcontrollers [98].

4.10. Effect of Sensors, Switches, and Passive Components

Sensors are used to detect input and output variables that are required to track the maximum
power from PV arrays. These sensors measure the solar irradiance, ambient temperature, output
voltage and output current of the PV panel. However, many improved MPPT techniques have been
designed to reduce the number of sensors in a particular application, which reduces the overall costs.
For example, the conventional offline open circuit voltage (OCV) method requires only one voltage
sensor [8]. In hybrid FSCC & P&O, the irradiance sensor is excluded to decrease the system cost [43],
and the power angle-based algorithm is implemented without the current sensor in the grid-connected
PV system [99].
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4.11. Cost

The cost of the MPPT algorithm depends on the type of control technique (digital or analogue),
number of sensors, computational process, circuitry and extra power component [100]. The cost of a
digitally designed system depends on the various types of analogue controllers used and the complex
programming required [8,101]. An inexpensive MPPT system contains only a single sensor and is
sufficient for a design with constant voltage or current methods. The average cost of P&O and INC
methods increases because they require large computational steps and a minimum of two sensors
to reach MPP. Expensive MPPTs are those that involve artificial intelligence techniques due to their
hardware complexity [100]. A single sensor is used in a P&O technique, which results in lower costs
compared with the INC algorithm [101].

4.12. Photovoltaic Array Size

A study was conducted on an off-grid in a rural area in Pakistan, with an average daily household
electricity demand of approximately 5.9 KWh. The equation for calculating the PV array size is
shown in Equation (2) [102]. The size of the PV array is classified into three categories: below 1 kW,
which requires a cheap MPPT; medium (1 KW to 1 MW) for the average cost techniques; and large
(exceeds 1 MW), which is the most expensive [100].

Apv =
Demanded Load (KWh)

Gagv × ηpv × ηBattery × ηInverter × TCF
m2 (2)

4.13. PV Converter Selection

MPPT schemes drive a controller at maximum power to maximize the load power of a PV system.
This process is achieved by adjusting the duty cycle or switching nature of a converter (analyzing its
current or voltage). The direct duty-cycle regulation of a converter or a closed-loop method is used to
measure the MPP [103]. DC/DC converters are connected between the PV panel and load [28,104]
so that the load line falls on the I-V curve at MPP [28]. They are particularly used to maintain the
output voltage of PV panel as constant in any weather conditions [33]. When a converter with fixed
duty cycle experiences PSCs or load changes, variations occur in its PV output voltage and current.
The duty cycle of the converter is only regulated by the controller once solar insolation and load
variations are detected [28]. To ensure constant maximum power supply in PV panels and robust
MPPT techniques with few ripples, the input and output of converters should remain continuous.
However, this process creates negative output power, such as electrical resonance, device heaviness,
expenses, and unreliability. These effects are due to the requirement of connecting a filter circuit or large
electrolytic capacitors (with 1000 h lifetime) to store energy and reduce the ripples of primary current
and secondary voltage of the converter. An operating point close to MPP might not be attainable due
to the ripple current where a controller has less bandwidth than the converter switching frequency.
The efficiency of a uniform PV array can drop to 5% if the ripple in RMS MPP voltage is approximately
8% [104].

The popular converters used in solar MPPT applications, namely, the single ended primary
inductor converter (SEPIC), Cuk and buck-boost are used to increase or decrease the input voltage.
Only the buck or boost converter is unsuitable for PV systems because it provides limited output
voltage. The buck and buck-boost converters have discontinuous current input flow, and SEPIC has
a discontinuous output current with many components [104,105]. A single buck converter can be
applied in dc MG for distributed and stand-alone PV systems due to its simple construction and high
efficiency [103].

The buck-boost converter is cost effective compared with Cuk, but is less applied in MPPT
due to its discontinuity in input current, excessive peak currents through power elements, and poor
transient response. These buck-boost converters increase the output voltage at opposite polarity [6,95].
However, Cuk is superior because of its continuous input and output currents, few circuit components,
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collective voltage step up and down, flexibility in inverted output, less switching losses and
high-efficiency [95,104]. However, the requirement of bulky filters to overcome an input ripple current
with a high switching frequency and large inductors lead to high costs, large sizes, and switching losses.
Furthermore, a new buck-boost-D converter does not require a coupling inductor or an electrolytic
filter capacitor and is designed to reduce the input ripple current [104].

4.14. PV Controller Selection

To sense the voltage and current of PV modules and operate an MPPT algorithm, a PIC is used
between PV panels and DC/DC converters [28]. Proportional integral derivative control is used to
generate duty cycle in pulse width modulation (PWM) after sensing and optimizing the voltage and
current of PV modules, as demonstrated in Figure 10 [106]. Real-time control or computing should be
investigated to control the operation of hardware and software systems. The implementation facility
of a controller effects the MPPT selection technique, which highly depends on the expertise and
experience of the user. A real-time control system should be updated continuously to guarantee its
calculation accuracy and produce immediate results. For example, a digital signal processor (DSP) is
designed to implement PWM signals and digitize DC/DC converters and DC/AC inverters. DSP is a
popular microprocessor controller with high computing power, flexibility, reliability, reduced cost and
high execution speed [107].
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4.15. Load Effect

Load nonlinearity occurs in a PV system, and load impedance is changed by panel voltage.
Considering that the voltage source is sinusoidal, the variation in impedance produces nonlinear
load current that contains several harmonic components. This process affects the devices and loads
connected to the distributed power system. The harmonic distortion levels are small when using
switching components and large with electrical machine loads. Nonlinear loads can also be identified
during the transition period of active switches and in the nonlinear V-I curve [108].

The performance of a PV system is deemed detrimental when a change in the amount of solar
insolation and loads occurs, especially in fixed step size MPPT schemes. The schemes have slow
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convergence speed in a single perturbation, which can be corrected swiftly by using the modified
variable step size techniques. dV and dI in the I-V curve are positive and negative due to the increase
in load resistance. Thus, the operating point shifts away from the MPP. A new duty cycle should be
selected after the load variation to carry the operating point close to the MPP and for the voltage and
current of the I-V curve to remain unchanged. Conventional MPPT techniques are not allowed to
be executed in the system unless the power difference is (dP < 0.06). Equation (3) shows that a new
duty cycle should to be calculated over the period of load variations [28]. In the modified INC MPPT
technique, the load variation is detected if the paths of voltage and current fluctuations are different.
Thus, a load-variant subroutine should be started functioning to carry the operating point of PV array
close to GMPP. Conventional MPPT requires a long period of time to return to LMPP, once the load
resistance is decreased (10 Ω to 5 Ω) [109].

Rload =
D2

(1− D)2 .
Vpv

Ipv
; D =

√
α

1 +
√

α
(3)

4.16. PSC Handling

PV systems can be completely or partially shaded by flying objects, large trees, and tall buildings,
which results in many localized maximum points on P-V curves. This process causes the system
to track undesired LMPPs rather than GMPP, which results in significant power losses [101]. In a
PV string under PSCs, voltage mismatches can occur between the shaded and unshaded modules,
which leads to power losses. To handle partial shading in a PV system, voltage equalizers, DC/DC
converters and micro-inverters are introduced along with MPPT techniques. The micro-inverters are
usually interconnected in each module to accurately regulate PSC. However, this process results in an
increase in cost and complexity because many stages of power conversion are required. By contrast,
a two-switch voltage equalizer with LLC resonant converters in series connected modules is used to
reduce switching complexity, maintain equal voltage between the modules, and to bypass undesired
LMPP [110].

4.17. Oscillation Near MPP

In most online MPPT schemes, power losses are mainly due to steady-state oscillations in the
vicinity of the MPP [43]. The use of a large step size in a fixed duty cycle to increase tracking speed
causes many oscillations around the MPP of PV panels [43,111]. These power oscillations can be
extreme if the conventional algorithm (P&O) continues to search for the operating point on the P-V
curve, although the MPP is tracked in advance [43]. A function-based modified MPPT method is
implemented to track a current MPP with less steady-state oscillations to remain close to the MPP
compared with the variable step size INC algorithm [53]. All improved and hybrid MPPT algorithms
are employed to curb the oscillations adjacent the maximum power point in the dynamics.

4.18. Tracking Performance

In conventional algorithms, the tracking accuracy is found to be higher when using soft computing,
moderate with P&O algorithms and lower when used with constant voltage or current methods. In the
P&O technique, tracking accuracy is reduced if the tracking speed and perturbation size are increased to
track the MPP [100]. In the conventional INC MPPT method, the fixed step size is the main constraint in
achieving high tracking performance for the PV system. Thus, the variable INC algorithm is introduced
to improve the tracking efficiency, but it has an inversely proportional effect on steady-state oscillations
and tracking speed. Fast and accurate tracking speed is attainable by calculating the distance from the
operating point to MPP in combination with an automated tuning of the duty cycle step size [8].

In the hybrid ANN based fuzzy logic controller, the tracking accuracy is found to be better than
the conventional INC algorithm [112]. Many improved MPPT methods have attained high tracking
speed in the dynamics. For example, a modified firefly algorithm has higher tracking precision than



Energies 2018, 11, 365 17 of 24

the ordinary PSO algorithm [9]. Noises due to measurement error can reduce the tracking accuracy
of an MPPT algorithm. In several MPPT applications, the reduction in periodic perturbation size
produces a low signal-to-noise ratio. This process rarely decreases the output power of a PV panel,
although the actual MPP is tracked by the algorithm [113].

4.19. Convergence Speed

Convergence speed is the time required to obtain the maximum power point. The position and
shape of a P-V curve can change due to excessive instant solar insolation on the PV system. Thus,
the potential energy is fixed in the system rather than going over the load side and algorithm delays in
tracking an original MPP [114]. The convergence speed in offline MPPT techniques is generally high.
By contrast, the convergence speed in online schemes is slow to track MPPs when an operating point
reaches close to the peak of the PV curve. The convergence time of an expected operating current or
voltage should be as short as possible in designing an efficient MPPT [101]. When the convergence
speed is high, the operating point moves around the MPP, which leads to many power oscillations in
the PV panel [101,115]. The high cost is the main barrier in designing an accurate and fast convergent
MPPT scheme [101].

4.20. PV Power Efficiency

Accurate tracking of the maximum power point in fast dynamics improves the PV system
efficiency, as shown in Equation (4) [116]. However, aggregated efficiency is decreased once the
operating point swings throughout the MPP because the trial process is used to search the global
maximum power point [8]. For example, a boost converter in the conventional FSCC method is
replaced by a switch that measures the short circuit current. The efficiency of a boost converter is low
during a sudden change of atmospheric conditions due to the continuous periodic tuning process
in the converter switch to track the MPP. The maximum power efficiency is attainable if a scaling
factor is used to compensate for a change in weather conditions and a periodical sweep operation
during partial shading conditions. In the PSO technique, the system efficiency is higher due to the
high convergence accuracy between the particle positions and zero steady-state oscillations under the
PSC [116].

η =
Power Tracked

Vmpp Impp
(4)

4.21. Applications of MPPTs

MPPT charge controllers are used in many applications to correct the variations in I-V curves and
maximize the current propagating toward the battery from the PV panel. They also ensure that the PV
module operates at a higher voltage than the rated value of the battery. These techniques are mainly
applied for charging and discharging the specified batteries [8]. FLC and ANN algorithms are used
to control solar powered vehicles due to their convergence speed in finding MPPs. Simple CV and
OCV methods are employed to power LED street lights by charging the battery during daytime and
releasing it at night [117,118]. The INC and P&O algorithms are suitable for use in the PV system [101].

5. Discussion and Conclusions

This study reviewed three categories of MPPT schemes considering thirteen parameters, including
their advantages and disadvantages, tracking performance, cost effectiveness, and implementation
complexity. The classification of MPPT approaches in addressing the transient and steady-state
errors are made based on their input variables, sensor numbers, tracking speed and tuning process.
The digitally implemented P&O and INC algorithms with their simple circuitry provided good
performance because they are based on maximum value theory. However, they suffered from
oscillations near MPP, and finding an approximated variable in the PV panel is challenging.
The modified INC techniques overcome the oscillations across MPP. However, the control of modified
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techniques is complex and costly in practice. The improved P&O techniques are considered the best
selection in terms of their simple circuitry and low cost, but are inferior to INC due to the increasing
oscillations near the MPP. Table 4 shows a summary of the comparison of nine important points for
each evaluating parameter of the PV system.

Table 4. Comparison among several evaluating parameters of the PV system.

Parameters/Evaluations Certain Type Climate
Zone Reliability Efficiency Complexity Installation

Cost Ocillations Tracking
Speed

System
Accuracy

PV Technologies
[63,65,66]

Thin-Film Hot High High Simple Cheaper - - Best
Mono-Crystalline All High Low Simple High - - Average
Poli-Crystalline All High High Simple High - - Better

Hybrid Hot High High High Low - - Best

PV Array Size [100]
Bulky Size - Less Low High High High - Average
Medium - High Average Medium Low Medium - High

Small - High High Less Low Less - High

PV Module
Connections [67,69]

Series-Parallel - High High Simple Cheaper Less - High
Series - Less Low High Cheap High - Less

Panel tilt and
Orientation [80] Bulky PV Moderate High High Simple Cheap No High High

PV Installation
Conditions [82,83,86]

Soil Hot Less Low High - High Low Less
Snow Cold Less Low High - High Low Average
Dust Hot Less Low High - High Low Less

Bypass Diode [90,91] In shaded Cell - Less Low High High High Low Average

PV Installation
Complexities [8,12]

Sensors - High High Simple High - - High
Switches - High High Simple Average - - High

Passive Component - Average High Simple Average - - High

PV Converter
Selection [95,103,104]

CUK - High High Less High Less - Best
Buck Boost - Less Low High Low Less - Less

SEPIC - Less Low High Low Lesser - Average

PV controller Selection
[107]

Arduino - Less Average Simple Low - - Less
dSPACE - High Medium Average High - - Average

DSP - High Medium Medium Medium - - Medium
FPGA - High High High High - - High

Load Impact [28,108] Non-Linear - Less Low High High High low Less

In evaluating the performance of PV systems, 21 parameters for MPPT approaches are discussed.
The thin-film PV technologies, especially p-Si, m-Si, and CIGS, are inexpensive to build and are highly
recommended for use in hot temperature climate zones due to their low-voltage temperature coefficient.
Similarly, the hybrid HIT and Smart Silicon technologies are applicable due to their high-power density
and hard covered glass. In the grid-connected PV system, the islanding problem can be eliminated by
analyzing the phase, frequency and the voltage of an inverter. An automated stability analysis should
be conducted when a grid line experiences a fault. In cold cities, rooftop PV systems are not profitable
because they are severely affected by cold weather, which causes significant energy degradation.
ST-MPPT is not recommended for a typical climate profile and a low-cost PV system because its
internal power consumption is from 10% to 20% of the total energy production. However, nearly 45%
more energy is produced by rotating PV panels during cold weather in cold cities. The highest annual
power loss due to the natural soiling effect on PV panels was found to be from 4.7% to 6.2% in the US
and 6.24% in Iraq. In Morocco, artificial soiling from building construction contributed to a 20% power
loss during a six-month observation. The complexity of MPPT algorithms can be minimized by using
powerful but expensive digital controllers. The modified MPPT techniques are designed to limit the
number of sensors and reduce the total costs of the PV system. The overall costs will be high if the
following components are applied to PV technology: a difficult to control technique, bulky circuitry,
a complex algorithm, many sensors, and a complex computational technique. The higher the power
rating of a PV array is, the more complex and expensive the operation. A Cuk converter is well
suited for implementation in several PV systems, due to its continuous operating capability, flexibility,
and switching frequency. Considering the variation in the loads, the harmonic components of PV
current are increased, which causes the operating point to move away from the MPP. Thus, a new
duty cycle should be selected to maintain the tracking accuracy. PSC creates a voltage mismatch
between the shaded and unshaded modules. Thus, the use of a micro-inverter in each module is the
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optimal solution to protect PV panels from significant power losses, but its implementation cost is
high. The oscillations near MPP increase if the operating point is continuously searched, although
MPPs are tracked in advance. The oscillations can be mitigated by using a proper MPPT scheme
with a variable step duty cycle technique. For any MPPT scheme in dynamics, a fair tracking speed
is desirable if an automated tuning of the duty cycle holds the operating point continuously close
to MPP. Increased cost is the main hindrance in implementing a PV system with high convergence
speed once the operating point moves away from MPP. The efficiency of a PV system can be improved
with an accurate tracking operation and fast convergence toward GMPP for each weather condition.
MPPT algorithms are widely used in many applications, such as solar vehicles, street lighting, and other
PV systems. A well-performed selection of the right MPPT scheme can be completed by reviewing all
of the specifications and limitations discussed in this study. Future improvements on the existing and
hybrid MPPT techniques could obtain optimum performance under the partial shading conditions
of PV modules. For commercial applications, a balance should be observed between the costs of
implementing a PV system, its performance, and profit.
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