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ABSTRACT
The arrival of the photovoltaic(PV)technology in the electric power sector has given rise toa significant clean,
low carbon footprint powerprovision with the associated environmental sustainability. The growth and
utilization of this technology hashowever been hindered by low efficiency as a result of its non-linear
operational characteristics, the inherent low efficiency of the solar cell and the environmental variability that
affects the maximum power generation of the system. The application of maximum power point concept to the
PV system for tracking and extracting the maximum power produced by the photovoltaic system has been looked
into.Several maximum power point tracking(MPPT) methods using different algorithms to extract the maximum
power have been developed and implemented by the application different PV technologies. In a nutshell, some
of these MPPT methods perform extremely well under rapidly changing environmental conditionswhereas the
others prefer constant environmental behaviour. This paper looks at each of the MPPT methods, their
operational concepts, performanceand the attendant issues as well as the merit and demerit in each
implementation.
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I. INTRODUCTION
The continuous exploration and use of conventional energy resource create negative impact that
endangers the environment. As a result of this threat the development and utilisation of renewable energy
resources has been accelerated. Among the various renewable resources solar energy has proven to be the most
promising due to its environmental sustainability as well as its wild range of applications using photovoltaic
(PV) technologies [1]. Even with these favourable benefits and applications, photovoltaic solar technologies still
have many challengingissues. As a result of the non-linear characteristics and metrological dependent nature of
the PV technologies, it is difficult for PV cell to generate and supply constant power to load. Solar technologies
are also expensive compared to conventional based electricity generation. Also, the conversion efficiency of the
PV system is low due to many factors such as the manufacturing process, nature of PV materials, operating
temperature etc. [2-3]. These and many other factors are some of the obstacles that are currently plaguing the
exponential growth of solar electricity utilization in many areas.
Current research trend on PV power generation has identified specific operating point on the PV
characteristic curve that yields the maximum power for any given environmental condition.This has also
systematically focused on tracking this maximum power point at different metrological variations particularly
temperature and irradiancein order to ensure relatively constant electricity power generation and supply. The
tracking concept, involves the use of smart controller called the Maximum Power Point Tracking (MPPT)
system, which harvest the maximum power of the PV module or array by varying the duty ratio of the converter.
This concept is very unique and has been identified as the most economical way of improving the power
produced as well as the overall efficiency of the PV system [4].
Several MPPT methods have been proposed, designed, developed and implemented [5 – 13]. These
methods, although performing the same function of tracking the maximum power point, employ different
techniques and algorithms in extracting power in the PV system.Several issues such as the cost of the system,
the energy loss, range of effectiveness, type of implementation, tracking speed and efficiency etc., are some of
the key considerations in the design of these MPPT systems. These systems differ considerable from one
method to the other in terms of complexity, sensor, type of circuitry and hardware implementation [14 – 15].
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Thus, these MPPT methods display different degrees of accuracy and performance, and as such several
modifications have also been proposed and implemented in order to address those issues as well as improve
efficiency [16 – 18].
There is no doubt that the availability of different MPPT methods has added unique options in moving
the operation to the maximum power point region and thereby improve the performance of the system.
However, it is worth mentioning that these PV MPPT algorithms developed and implemented are tested on
different PV system, with different rating, and size, and under different metrological factors. Thus it is difficult
to ascertain the best technique to adopt as all these method have their unique characteristics. However, in
orderto clearly identify the merits and demerits of these systems, it is necessary to carry out systematic
comparative performance analysis of each individual MPPT system. Therefore, the aim of this study is to review
various MPPT methods used for photovoltaic system.

II. THE MPPT CONCEPT
The concept of MPPT is explained by examining the current – voltage (I-V) characteristics and power
– voltage (P-V) curve of a single solar cell shown in figure 1; which indicates that the solar PV can give
maximum power (Pmax) only at a single point. This point, which is referred to as the maximum power point
(MPP) of the solar cell occurs at a particular operating voltage (Vmpp) and current (Impp) under a given
temperature and insolation [19]. However, temperature and insolation vary continually in the natural
environment and these variations alter the I – V and P – V characteristics by varying the PV cell current, voltage
and power generated unit per time. These continuous changes in the solar cell characteristic causes the operating
point as well as the MPP that delivers the Pmax of the PV system to vary throughout the day, and these affect
the performance and the overall efficiency of the PV system. In order to operate the solar cell at a MPP for any
given environmental variation, the MPPT system is required in order to shift the operating point to the
maximum power point where the Pmax value is achieved as shown in figure 1.

Figure 1: Solar cell I – V and P – V characteristics
II.i. MPPT Methods
These techniques are based on the I –V characteristics and the P – V curves as shown in figure 1 where
the operating region that produces the maximum power point (MPP) keeps changing with both irradiance and
temperature. In order toadjust to the MPP position, any variant of the maximum power point tracking with
power conversion system is used The MPPT system searches and tracks the specific location of the MPP using
an algorithm. Several algorithms have been developed for MPPT however, some of these algorithms suffer from
slow tracking to low efficiency, and these issues have in one way or the other, impacted negatively on the
implementation of some MPPT methods and as a result, provided other platforms for modifications and
development of improved version of MPPT method. However, a general survey of these MPPT methods and
their MPP tracking operations for PV system is required, and in this review, the MPPT methods are presented in
two categories – classified as Conventional methods and Artificial Intelligence method
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II.i.i. Conventional Methods
This class is well established, easy to implement and shows a good performance in tracking the
maximum power point (MPP) under uniform solar irradiance. However, it exhibits relatively low tracking
response and efficiency when compared with the artificial intelligence class. Under rapidly changing
environment and partial shading condition, the conventional class fails to track the maximum power point [20].
The conventional method includes but not limited to the following: Perturbation and Observation (P&O) [21 –
22], Hill Climbing (HC) [20], Incremental Conductance (IC) [23 – 24], Fractional Open Circuit Voltage [25],
Fractional Short Circuit Current [26], etc.
II.i.ii.Perturbation and Observation
Perturbation and Observation method is a computational approach that uses periodic perturbation of PV
operating voltage in determining the operating point of the photovoltaic system. The output power based on the
perturbation is observed in order to predict the next perturbation direction that will drive the operating point to
the MPP; where change in power with respect to voltage is zero. Based on the analysis; if the change in power
(∆P) due to the perturbation is positive, the system will continue to increase the operating voltage towards the
MPP and the subsequent perturbation step will be generated in the same direction. Conversely, if the ∆P is
negative, it means the system operating point is farther away from the MPP thus; the perturbation size needs to
be reduced in order to bring the operating point back to the MPP [20], [27]. This process continued until MPP
region is reached as shown in figure 2.

Figure 2: Operating Principle of perturbation and observation in P-V curve
This method is one of the most commonly used methods because of its low cost, simple
implementation and good performance under a steady environmental condition. However, under a rapidly
varying atmospheric condition, the algorithm exhibit lower coverage speed, drift and high oscillation around the
maximum power point [22]. This is due to its inability to relate the changes in the PV power to the changes in
the atmospheric condition and these challenges have on occasions led to the tracking of MPP in the wrong
direction resulting to energy losses as well as reducedtracking efficiency[28 – 29]. Several improvements of the
P&O algorithm have been proposed. Among them are the use of instantaneous PV array voltage and current
instead of the average [16], fixed and adaptive step perturbation size [28], and improved variable step
perturbation size [30 – 32]. These modifications do improve the efficiency of the system by providing dynamic
response in tracking speed to compensate for the drawbacks of the P&O.
II.i.iii.Hill Climbing (HC) Method
The operational principle of this method focuses on perturbation in duty cycle of its converter to
achieve MPP. The perturbation direction is based on the initial and calculated value of the power. If the change
in power is positive the operating point is move towards the MPP otherwise it is reversed. As a result of this
operation the switching duty – cycle converter keeps changing until the operating power reached the MPP [33].
Fundamentally, this principle is the same with the Perturbation and Observation method. Both employ
perturbation process in tracking the MPP but operationally, the perturbation focused is different. While the P&O
perturbs the operating voltage of the PV system, the Hill Climbing perturbation focuses on changes in the duty
cycle as stated earlier [34 – 35]. Though both methods enjoy the same advantages, they also face the similar
challenges of inability to track the MPP under rapidly changing environmental conditions.
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Hence, improved versions, based on the same principle have been developed to minimise the
drawbacks and improve the tracking performance. Among them is the introduction of a digital hill climbing
method incorporating bi-directional current mode power cell. This has been implemented in space application
[36] and review [37]. In another study [38], HC is used in a parallel connected MPPT system for stand-alone PV
power generation. The proposed structure reduces the negative influence of dc–dc converter losses, hence
increasing the efficiency of power generation
II.i.iv.Incremental Conductance (IC) Method
The quest for improved efficiency of the MPPT system has led to the development of incremental
dP
conductance and the algorithm is based on the derivative of the power gradient ( ) from the power-voltage
dV
curve; which is zero at the maximum power point, greater than zero at region before the MPP and less than zero
at region after the MPP as shown in figure 2. Operationally, this method measures and compares instantaneous
I

∆I

conductance
with incremental conductance
at different voltage operating points until both are equal.
V
∆V
At that point MPP is achieved, the operating voltage equals the voltage at MPP and the algorithm will stop
∆I

operation. However, if a change is detected in
due to environmental variations then, the algorithm will re∆V
calculate until optimal point is obtained [20]. How fast the MPPT algorithm searches for the MPP is a function
of the incremental size. Large incremental size reduces the duration of the tracking process; however, this will
make the system to oscillate around the MPP. The incremental conductance algorithm is derived from the
following equations:
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V
generally, this method has better performance and less oscillation around the MPP compared to the P&O and
HC methods. However, the complexity of the algorithms and the high system cost as well as the compulsory
measurement of PV current and voltage are limiting factors. Several modifications in the area of advanced IC,
improved variable step size IC, control circuitry incremental conductance, etc., have been introduced based on
the Power (P) - Voltage (V) curve [34] [36] [37] [39 - 40]. However, these modifications are considered
insufficient solutions for addressing all of these problems.
II.i.v.Artificial Intelligent Methods
The artificial intelligent methods were introduced to solve practical problems in different areas which
include the challenges of conventional method in tracking the maximum power of PV system under any given
atmospheric condition, including partial shading. These methods have shown improved performance in tracking
efficiency compared to the convention methods. The artificial intelligence method involves the use of artificial
intelligent technology, such as Genetic Algorithms (GA) [15], Particle Swam Optimism (PSO) [41], Neural
Networks (NN) [42], Fuzzy Logic (FL) [14], etc.
II.i.vi.Artificial Neural Network (ANN)
Artificial Neural Network is a computational network model that is capable of modeling non-linear
relationship that exists between input and output within systems. The network structure usually consists of three
layers (input, hidden and output) with processing elements that are interconnected. An example of ANN is
shown in figure 3; the input variables for PV array may include temperature, rate of solar irradiance and shortcircuit current or open-circuit voltage. The system processes the data in the hidden layer to achieve the MPP and
output the expected result which could be voltage or signal that can be used to drive the power converter to
operate at MPP [43]. Thenumbers of nodes in each layer as well as the input variables varies and are user
defined; the performance of the system is based on the number of hidden layers as well as the nodes in each
layer [44]. The algorithm used by the hidden layer as well as the knowledge of the trained user determine how
close the operating point gets to the MPP
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Figure 3: The three layers of ANN structure [43]
The main disadvantage of this MPPT technique is the fact that the data needed for the training process
has to be specifically acquired for every PV array and location, as the characteristics of the PV array vary
depending on the model, the atmospheric conditions and location. These characteristics also change with time,
so the neural network has to be periodically retrained. However, the uncertainties posed by solar irradiance,
ambient temperature and electrical load characteristic in PV systems are compensated in the ANN MPPT
algorithm using neural network compensator [45]. Several other authors have equally proposed different ways to
enhance the performance of the system for improving the MPPT. An improved efficiency MPPT based on
artificial neural network suitable for solving non-linear relation has been proposed [46]. The proposed ANNMPPT is compared to the conventional perturbation & observation algorithm. The comparison shows that ANNMPPT outperforms the traditional P & O MPPT in term of efficiency and the reduction of the output oscillations
around the MPP. One of the major improvement of this method is in the implementation of variable step size
neural network MPPT controller, the system reached MPP very rapidly in fast changing environmental
conditions and show reduction in the energy losses and oscillation in the steady state [47]. In addition, there are
other research works on the application of ANN with other algorithm methods like P&O, IC, Fuzzy Logic
Controller (FLC) and these combinations improved the MPPT performance [4], [48 – 49].
II.i.vii.Fuzzy Logic Controller (FLC)
Fuzzy logic control method has been identified as one of the most commonly used MPPT methods
according to several authors [50 – 52] and this is largely due to the advantage of using imprecise input which
does not require accurate mathematical model [16]. This technique benefits from the concept of linguistic
mapping of membership function of the variable, expert rather than technical knowledge applicationand
systematic application of fuzzy logic for tracking MPPT. The simplicity of design, improved microcontroller
processing power as well as the ability to model nonlinear and complex system gives the FLC an added
advantage in tracking maximum power point under varying atmospheric conditions [16]. Generally, fuzzy logic
controlsystem structure consists of four blocks: fuzzification, rule base, inference and defuzzification, as shown
in figure 4. These blocks respectively involved the conversion of the crisp input variable of the system into
linguistic variable based on defined membership function through the fuzzification process, this is followed by
the formation of rulesbased on the system control behavior, the operational application of the rule base to
compute the activation of each linguistic variation is performed by the inference engine and finally, the
defuzzification block converts these linguistic output results back to crisp variable using different
defuzzification methods. This defuzzification stage provides output control signal that drives the operating point
to the MPP. The efficiency of the system depends on the number of linguistic variable used in the system, and
the number of linguistic variable applied for both inputs determines the number of maximum rules require for
tracking the MPPT in the system. Sample of membership function for seven linguistic variable are depicted in
figure 5 and these variables are expressed as Positive Big (PB), Positive Medium (PM), Positive Small (PS),
Zero (Z), Negative Big (NB), Negative Medium (NM) and Negative Small (NS). More stable and accurate
results are produced with increasing number of linguistic variable [53– 54].
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Figure 4: The Structure of a fuzzy logic control system

Figure 5: Sample of membership function
Several different PV variable such as power, voltage, current, irradiance and temperature or the
derivative of power with respect to either voltage or current [55] are used for the computation of fuzzy logic
control inputs which are usually referred to as error (E) and change in error (CE). It has been shown that the
derivative of PV Power with respect to voltage is used as error input while the change in error as a result of
change in derivative is used as change in error input as shown in equation 4 and 5 respectively [44].
𝑬 𝑥 =

𝑑𝑝
𝑑𝑣

=

𝑃 𝑥 − 𝑃(𝑥 −1)
𝑉 𝑥 − 𝑉(𝑥 −1)

(4)

𝑪𝑬 𝑥 = 𝐸 𝑥 − 𝐸(𝑥 − 1)
(5)
Where, x is the sampling time while P and V are the instantaneous power and corresponding voltage of the PV
system. The error and change in error indicate the operating point and direction of the operating point in the
system respectively. The system operational condition for extracting the maximum power is such that the
operating point has to always be at the MPP when the input error is zero [36]. However, for the input error value
greater or less than zero, incremental and non-incremental changes will take place in the duty cycle based on the
rule base until the MPP is reached. A sample of the rule base is shown in table 1 and clearly states the rules that
govern the error and change in error computations during the MPPT tracking. The rule states that if the error E
is NB and change in error CE is PS THEN duty cycle is NB. This implies that if the operating point is far to the
right of MPP (error value is negative big) and the direction of operation point is further away to the left of the
MPP (change in error value is positive big), then the controller output from the duty cycle will be decreased
greatly in order to moves the operating point towards then MPP. The number of rule generated in any designed
system is a function of the number of linguistic variable used for both the error and change in error input as
shown in table 1.
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Table 1: Sample of Rule Base

Fuzzy logic control based MPPT method has robust performance with fast convergence, fast tracking
under highly variable environmental change, improved MPPT efficiency, superior performance and minimal
oscillation around the MPP [44] with comparedallthe other methods [54] [56 – 57]. Although, the effectiveness
of FLC MPPT system depends on the skill of the designer in error computation and, formulation of appropriate
rule-base based on the membership function. However, several optimization and modifications of FLC MPPT
which include adaptive FLC [54], scaling factor and switching pulses [58 – 60] have been implemented to
further enhance the performance and efficiency of the system.

III. CONCLUSION
The MPPT systems have been reviewed to show that the conventional methods although simple to
design unlike the artificial intelligent methods, perform poorly under rapidly changing operating variables. On
the other hand, the artificial intelligent methods performed exceedingly well; in tracking the MPP and extracting
the maximum power from PV system, under rapidly changing environmental condition. However, any
comparison can only be meaningful if the tests were carried out under identical conditions.
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