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Abstract - Knowing that a large number of MPPT (maximum power point tracking)
techniques exist so far and that each technique has its own advantages and
disadvantages. Therefore, an appropriate examination of these techniques is
indispensable to facilitate the selection of one of the more appropriate ones for a given
application. This document provides a summary of these MPPT algorithms. Among them,
four commonly used are examined and compared using five evaluation criteria. Perturb
and observe (PO), incremental conductance (IC), sliding mode (SM), and fuzzy logic (FL)
control are selected for this study and tested under a rapid change of illumination. A
combined step and ramp changes in solar illumination is used to assess the effectiveness
of the chosen MPPTSs. The simulations of the PV system are performed by Simulink tools
of MATLAB software. The results conclude that the fuzzy logic controller is the best MPP
(maximum power point) tracker due to the absence of steady-state oscillations and its
average efficiency of 98%. Second place belongs to the slide mode control which is the
fastest and has small fluctuations. In addition, the best MPPT is successfully tested for a
change in temperature and load.

Résumé - Sachant qu 'un grand nombre de techniques MPPT existent jusqu’a présent et
que chaque technique a ses avantages et ses inconvénients. Par conséquent, un examen
approprié de ces techniques est indispensable pour faciliter la sélection de ['une des plus
appropriées pour une application donnée. Ce document fournit un résumé de ces
algorithmes MPPT. Parmi eux, quatre couramment utilisés sont examinés et comparés en
utilisant cinq criteres d'évaluation. Perturber et observer (PO), incrémentale de
conductance (IC), mode glissant (SM), et logique floue (FL) sont sélectionnés pour cette
étude et testés sous un changement rapide d'éclairement. La variation d'éclairement selon
des échelons et des rampes permet d’évaluer ['efficacité des MPPT choisis. Les
simulations du systéme PV sont effectuées par les outils Simulink du logiciel Matlab. Les
résultats concluent que le contrbleur de logique floue est le meilleur suiveur MPP en
raison de I'absence d'oscillations en régime permanent et de son efficacité moyenne de 98
%. La deuxieme place appartient au controle du mode de glissement qui est le plus rapide
avec de petites fluctuations. De plus, le meilleur MPPT est testé avec succés pour un
changement de température et de charge.

Keywords: Photovoltaic (PV) - Maximum power point tracking (MPPT) - Incremental
conductance - Perturb and observe - Sliding mode - Fuzzy logic.

1. INTRODUCTION

Pollution of the environment has become a big problem that has worried the whole
world since the beginning of the industrial revolution. So far, most of the world's
electricity production comes from fossil fuels (coal, oil and natural gas) that pollute our
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environment. The use of renewable sources (wind, solar, biomass, geothermal, etc.) in
the production of energy (heat or electricity) is one of the solutions to reduce
greenhouse gas emissions.

Photovoltaic (PV) panels can be a promising way to produce pollution free, low-cost
electricity (Ameli et al. 2008; Farhat et al. 2017; Himour et al. 2013). Unfortunately,
PV panels suffer from low conversion efficiency and their generated energy depends on
environmental circumstances (Berrera et al. 2009). For a given couple of solar radiation
and ambient temperature, PV panels have a nonlinear current versus voltage curve with
only single point allowing the optimal function mode which coincides to the summit of
power versus voltage characteristic.

This optimal mode can be achieved using an MPPT converter. The latter consists of
a static converter controlled by a MPPT strategy. A large amount of MPPT has been
proposed in several articles. Due to its simple structure and ease of implementation, the
P&O algorithm is widely used in PV applications, the second most used is the IC
technique (Belkaid et al. 2017a; Ghassami et al. 2013; Jubaer et al. 2015; Tey et al.
2014). Other existing MPPTs are short-circuit and open-circuit fractional techniques
that use a pilot cell for measurements.

The neural network (Heidari 2016), fuzzy logic (Abdourraziq et al. 2016; Soufi et
al. 2014) and sliding mode control (Belkaid et al. 2017b) can also be found in the
literature. Each MPPT system has its own characteristics, advantages and
disadvantages. Modifications are made to each technique in order to improve its
performance. Comparative studies (Hohm et al. 2003; Esram et al., 2007; Salas et al.
2006; Bidyadhar et al. 2013; Bhatnagar et al. 2013; Verma et al. 2016) between these
different MPPTs are performed by many authors to facilitate selection among them for a
given application.

The aim of this document is to present a comprehensive comparison and to propose
which MPP tracker is most effective based on some factors including grid or off-grid
application, number of stages in the power conversion chain, number of sensors
required, digital or analog circuitry, dependency of PV module parameters, competence
to track global MPP under partial shading situation, level of complexity, cost, efficiency
and speed of tracking.

Others factors such as the instant efficiency, the average efficiency, the steady state
tracking accuracy, the transient tracking accuracy and the tracking time are added to
better compare four commonly used MPPTs: the perturbation and observation, the
incremental conductance, the slide mode control, and fuzzy logic.

This comparative study is organized as follows; Section 2 presents the mathematical
modelling of the PV panel with its static converter. The third part is dedicated to the
complete description of the operating principle of each algorithm.

In section 4, the main aspects in the choice of MPP tracker are offered. The
simulation results under Matlab/Simulink are presented in section 5. Finally, we come
to certain conclusions.

2. MODELLING OF THE PV CONVERSION CHAIN

The main component in the considered conversion chain is the solar panel which can
be modelled by an equivalent electrical circuit, consisting of an ideal current source,

photocurrent Iph, a diode and two resistances, in series, RID in parallel. The PV

module current | in function of the PV module voltage V is given by next formula as
in (Fathy et al. 2017; Sahraoui et al. 2016):
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Where, g, is the diode saturation current, N, number of cells related in series, A, is
the diode ideality factor, q, is the electron charge (1.6 x 10 C), kg, is Boltzmann's
constant (1.38 x 102 J/K), T, is the module temperature (K).

The MSX-60 module by SOLAREX Company was utilized in this study. Its current
vs. voltage characteristics and power vs. voltage characteristics under varied

temperatures or under diverse irradiance levels are accessible in a lot of academic
documents such as (Belkaid et al. 2016 a,b).

This manuscript talk about stand-alone PV panel connected to a boost topology of
static converter which feeds a resistive load as shown in figure 1. The red diode is used
to prevent reverse currents. The binary control signal of the switch is obtained by
comparing the duty cycle of the converter with a sawtooth signal. The duty ration is
determined using one of the MPPT algorithms.

The slide-based MPPT requires three sensors, but the other MPPTs need only two.
The inductor L , the input capacitor C; and the output capacitor C, are used as filters.
The energy extracted from the PV panel depends of two main parameters which are the
solar irradiance G and the temperature T .

{Eq. (2)} gives the model of the boost configuration:

di, V-V, V,

= +— . u

dt L L .

dV, Ve i, i )
= - + - . u

dt RC, C, ) C,

where i , is the current across the inductor, V;, is the load voltage, R, is the load and
u, is the position of the switch.
The technical specifications of the entire system are shown in Table 1.
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with 2 or 3 sensors /\/M L,

Saw tooth waveform

Fig. 1: The PV conversion chain

Table 1: Detailed specifications of the PV module and static converter

MSX 60 parameters
Maximum power Pmax 59.85 W
Open-circuit voltage Voc 211V
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Short-circuit current I 3.8A
Voltage at MPPVmpp 17.1V
Current at MPPV mpp 35A
Temperature coefficient of V. -0.08 v/°C
Temperature coefficient of I 0.003 A/°C

Boost converter parameters
Switching frequency f 10 kHz
Inductor L 5mH
Output capacitor C; 47 uF
Input capacitor Cy 1000 pF
Load R 30 Q

3. DESCRIPTION OF THE DIFFERENT MPPTS

Tracking the MPP of a PV panel is frequently a necessary part of a PV system. As
such, a lot of MPPT techniques have been proposed and realized.

MPPT methods vary in complexity, required sensors, speed of convergence, cost,
efficiency range, implementation material, popularity, and other considerations. In
effect, so many MPPTs have been developed that it has become hard to sufficiently
decide which technique, recently proposed or existing, is the most suitable for a given
PV application.

In this paper, four MPPT's were chosen for comparison; PO, IC, SM and FL. Their
operation principles are described below.

3.1 Perturb and observe algorithm

The perturbation and observation algorithm is the most widely used in the literature
and especially in practice because of its ease of implementation. The purpose of this
algorithm is to operate the system at its maximum power by incrementing or
decrementing the operating point voltage and observing the effect of this perturbation
on the PV output power.

According to this observation, the algorithm decides the act to be performed during
the next iteration. The working principle of the PO algorithm is as described in the
organizational chart of the figure 2.

At beginning, it has to detect the current and the voltage of the PV module by two
sensors and then the PV power is computed as the product of them. If the disturbance
causes an increase (decrease) in the power of the module, the following disturbance is
performed in the same (opposite) way (Gautam et al. 2016).

The problem with this algorithm is: the oscillation around the MPP under constant

operating conditions; the weak convergence of the algorithm in the case of sudden
changes in temperature and / or illumination.

3.2 Incremental conductance algorithm

Because of its ease of implementation, the IC algorithm is the tracking strategy
traditionally used. The main disadvantages compared to contemporary techniques are
that in steady state, the operating point varies between neighboring values and that,
under transient phenomena, it is not able to quickly follow the MPP.

Figure 3 shows the block diagram of the IC algorithm, where k —1 corresponds to

the previous sampling instant, while k indicates the measured values in real time. The
IC method follows the PV maximum power through comparison between two terms the
instantaneous conductance ( 1/V') and the incremental conductance (d1/dV).
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When the operating point reaches the maximum power, the sum of the two elements
will be equal to zero. If the operating point is located in the left (right) side of the MPP,
the last sum becomes greater (lower) than zero.

3.3 Slide mode control

Because of its fast dynamic response and its robustness with respect to parameter
uncertainties and perturbations, SM control is very popular in the community of non-
linear control systems. The working principle of SM strategy is to design a switching
control law U to push the non-linear state path on a switching surface and maintain that
path sliding on that surface for the entire time that follows.

The switching control signal is designed on a the base of the Lyapunov theory
guarantee the movement of the stae trajectory towards a preferred behavior, knows as
the sliding surface (S = 0) (Belkaid et al. 2016b; Belkaid et al. 2017b).

When the PV panel is running at its maximum power, we can make the following
relationship:

dP  dVI dl

—=—=14+V—=0 3)
dv dv dv
Thus, the sliding surface is chosen as
S=dP/dV 4)
And the control signal u can be defined as:
U = Uy + Ugg ()
The non-linear term known as the switching control takes usually the next form:
Up = —Keq - Sign (S) (6)

where, K, is a positive constant.
In sliding mode, the dynamics of the system can be expressed by:
SxS<0 O
The second term of the switching law called equivalent control Ugq Can be designed

by means of the invariance conditions (Belkaid et al. 2016b; Belkaid et al. 2017b; Zhu
et al. 2015):

S=0 and S=0 (8)
Consequently we find:
\Y
Ueq = 1- V_O 9)
We replace (6) and (9) in {Eq. (5)}, we can get:
\Y . dpP
u=1l-—-Kk sign | — 10
v, eq X SI9 [ qv ] (10)

3.4 Fuzzy logic control

Fuzzy logic is a nonlinear controller, can work with inaccurate inputs without the
need for a precise mathematical model. On the other hand, the designer must have more
knowledge about the operation of PV panels. Three main steps are necessary when
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designing the Fuzzy Logic control, as shown in figure 4: fuzzification, inference engine

A. Belkaid et al.

and defuzzification (Ali et al. 2014).

First, the physical variables are rehabilitated into linguistic variables. After that, the
inference method by means of If-Then rules establishes the fuzzy output in function of
the inputs. Generally in literature we find the method of inference of Mamdani and that

of Sugeno.

In this document, Fuzzy inference is performed using the Mamdani method. In the
third step, defuzzification uses the center of gravity strategy to calculate the duty cycle
that is the output of this control system as given by the following expression

(Choudhury et al. 2015; Menadi 2015):

_ 2H(D)-D;

dD,

> H(D;)

The fuzzy inputs employed here are the error E and the change of error AE as in

(Soufi et al. 2014).

P(k) -P(k-1)

E(k) =

V(K) - V (k1)

AE(K) = E(k) — E(k-1)
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Measure V (k),I(k)

No
ENU @ Yes %
No Yes No

<

Update

Vk)=V(k—1)

(k) =I(k—1)

(12)

(13)

Increase d

Fig. 2: Algorithm scheme (Belkaid et al. 2017a)

Table 2: Fuzzy rules table

AE
E
NB
NS
ZE
PS
PB

NB

ZE
ZE
PS
NS
NB

NS ZE
ZE PB
ZE PS
ZE ZE
NS NS
NB NB

PS

PB
PS
ZE
ZE
ZE

PB

PB
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NS
ZE
ZE
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MeasureV (k), (k)
AV = V (k) — V(k — 1)
Al = I(k) — I(k — 1)

Update
V(k) =V(k—1)
1(k) = I(k— 1)

Fig. 3: IC algorithm scheme (Belkaid et al. 2016a)

The FL-MPPT block provides the duty ratio of the converter. When the fuzzy entries
are computed, they are converted into linguistic variables based on a membership
function (MF). Each of these entries is expressed by five MFs: Big Negative (BN ),
Negative (N), Zero (Z), Positive (P ), Big Positive (BP). The various associations
between the error E and the change or AE give 25 responses for the boost duty cycle,
as shown in Table 2.

Knowledge
base

v
Error 4 v

=== Fuzzification Duty cycle
== interface Illfzr?n:e Def.[“”iﬁcaﬁ"“ —)
Change of g interface

error

Fig. 4: Structure of FL controller

References (Ait Cheikh et al. 2007; Bouchafaa et al. 2010) presented a comparison
between an intelligent method based on fuzzy logic (FL) and that of perturb and observe
(P&O). They show that FL displays better performance, has a faster response time in
dynamics, and a smoother power signal around steady-state maximum power. The
major flaw of MPPT based on FL control when used alone is its inability to handle
partial shading.

3.5 Fractional open circuit voltage technique (FOCV)

The fractional open circuit voltage technique is based on the fact that the output
voltage at the MPP of the PV panel depends linearly on its open circuit voltage for
different levels of illumination and temperature, i.e.:

Vmpp ~ Koo X Ve (14)
Where K, is a proportionality constant which is limited between 0.72 and 0.78 (Verma

et al. 2016). V,, must be measured at each period by briefly opening the circuit, this
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causes the temporary loss of energy. To avoid this drawback, we use pilot cells from
which we can obtain V.

These pilot cells must have characteristics identical to those of the photovoltaic
panel used. After, V., is calculated using (14) which is only an approximation, it
means that the panel never reaches the true MPP. According to the PV system
application, this method can occasionally be suitable. The FOCV technique is very

simple and inexpensive to implement because it does not really need a DSP or a
microcontroller.

3.6 Fractional short circuit current technique (FSCC)

The fractional short circuit current technique is based on the fact that the output current
at the MPP of the PV panel is quasi linear proportional on its short circuit current under
change of environment conditions, i.e.:

Impp & Kge X g (15)
Where K., is a proportionality factor which is bounded between 0.78 and 0.92
(Verma et al.). The constant K. as K, depends on the PV panel used.

To measure the I, the PV panel must be short-circuited periodically with an
interrupter added to the static converter that increases the number of components and
also the total cost of the system. By using a boost converter we can avoid the additional
switch.

On the other hand, the accuracy of these techniques is low, in particular because of
the methods for estimating the characteristic parameters of the PV panel (I, and V).

In addition, whenever a measurement of current or voltage is made, this entails a
mandatory power transfer stop and therefore energy losses that are not negligible.

3.7 Artificial neural networks (ANN)

ANN is among the smart commands, it is based on the electronic neuronal
arrangement of the brain. Neural networks associate the inputs to the outputs via via a
hidden layer as depicted in figure 5.

The diagram of this last figure shows that solar irradiance and temperature are used
as two input neurons, the output neuron is represented by the duty cycle of the power
converter, the hidden layer is constructed by five neurons. The neuron in the hidden
layer receives data from the input layer, calculates their outputs using the sigmoidal
activation function, and then transmits them to the output layer.

Irradiance

Temperature

Input layer Hidden layer Output layer

Fig. 5: Structure of neural network controller
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3.8 Particle Swarm Optimization (PSO)

The PSO is a soft computing algorithm based on the analysis of the similarity of
social behaviour and movements of animals such as birds and schools of fish. The PSO
method can be useful for any optimization difficulty that has a multivariate function
with several optimal points (Bidyadhar et al. 2013).

The PSO is very efficient to follow the global MPP in case of partial shading
condition where more than one maximum point exists. The displacement of the PSO
(swarm) agent into the search space depends on its own better anterior position and the
best overall position for all swarms. For each position, the power calculation is
performed for all agents, thereby MPP reached.

3.9 Temperature based technique (T-MPPT)

Temperature is the second most important parameter in the behavior of the solar
cell. The theoretical characteristics |-V and P—V of the solar cell under a constant

illumination and under different temperatures show that the short-circuit current remains
very little sensitive to the variation of the temperature but the open circuit voltage
decreases by increasing the temperature which causes a decreased power at the exit of
the solar cell. The open circuit voltage as a function of temperature is given by (Tafticht
et al. 2008):

Voo = Vo +0.(T-T ) =15 . (I — Ig) (16)
where 1, , is a series resistance and 9, is a coefficient obtained empirically (V/°C).
According to temperature change the voltage at MPP V,,,, varies approximately
as V. . The temperature based MPPT was born from the fact that the output voltage is

directly proportional to the temperature on the panel surface, as described in (17):
Vinpe (1) = Vinpp (T) + Ky  (T=T7) 17)

where Vi, (T) is an optimal voltage for a given temperature T ; Vinpp (T*) isan

optimal voltage for a reference temperature T*; k is a temperature coefficient of

mpp

V, and V at T are given in the PV module datasheet.

mpp - mpp mpp

Most MPPT techniques use two sensors to measure current and voltage. But in the
technique based on the measurement of the temperature, the current sensor is replaced
by a temperature sensor, fixed on the rear face of the panel.

The parameters kK

3.10 Ripple correlation control (RCC)

This algorithm in its pursuit of maximum power uses ripples of the power signal
caused naturally by the opening and closing of the switch of the static converter which

serves as an interface in the PV conversion system. RCC correlates the dp /dt with
the di/dt or dv/dt to bring the power gradient to zero, thus achieving the MPP.

If vori increases and p increases too, then the operating point is located under the

MPP. On the other hand, if V or | increases and P decreases, then the operating
point is overhead the MPP. Joining these two observations, we can see that the
products dP /dt x-dV /dt or dP/dt x-dl/dt are positive in the left side of the

MPP, negative to the right side of the MPP, and zero at the MPP.
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In the case where the employed static converter is of type of boost topology, the
increase in the duty cycle increases the current of the PV panel, but decreases the
voltage of the latter. Therefore, the duty cycle d can be expressed by (18) or (19) as in
(Bidyadhar et al. 2013):

fd_de—th (18)

dp  dl
d=kyx [ x="dt 19
¢ ) gt " dt (19)

where Kk is a constant.

3.11 Look-up table method (LT)

Databases rich in current and voltage measurements for different environmental
conditions of illumination and temperature are needed for this method in order to follow
the MPP.

MPPT based on look-up tables of module characteristics, should be able to instantly
determine the optimum operating point when solar radiation and/or temperature
readings are available; however, the non-linearity and the change of solar module
characteristics according to these variables make it difficult to establish and store a
reliable look-up table.

This technique has a slow convergence speed, needs a great data storage and fails in
case of fast changing in climatic conditions; Similarly, it cannot follow the global
MPP in case of partial shading situation.

3.12 Curve fitting technique (CF)

The power-voltage characteristic of the PV module is nonlinear and can be modelled
mathematically using a curve fitting method. This characteristic can be estimated as a
cubic polynomial equation:

P=aVi+bVZ+cV+d (20)
The derivative dP /dV is zero at the MPP

9P 3avZi2bVi4c =0 (21)

dav

The coefficients a, b, ¢ and d can be determined by sampling k values of PV
voltage, current, and power. Afterwards, the optimal voltage that is the solution of (21)
can be calculated and the MPP will be located.

v —b ++b? - 3ad

mpp 3a

(22)

A modified curve fitting method that expresses the PV power as a function of the
temperature and voltage of the panel in fourth-order polynomial form has been provided
by (Leedy et al. 2013).

P=eTV *+fTV34+gVZ+hTV+iT (23)

with e, f, g,h and i are coefficients.
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3.13 Three point technique (TP)
As its name implies, the three-point method compares the power of three points (the
power at the current point P, , that of the previous point P,_; and that of the next point

( P,.1) of the solar panel P—V characteristic. If the power P, is greater than or
equal to the power P,, a positive perturbation is assigned otherwise a negative
disturbance. If the power P,_; is smaller than P, , a positive disturbance is applied,

otherwise a negative disturbance as indicated in Table 3.

The three power points are compared after each disturbance of the voltage and the
duty cycle of the converter is modified consequently. The main advantage of this type
of MPPT is the no oscillation around MPP (Jiang et al. 2005; Hohm et al., 2003).

Table 3: Three point MPPT (Bhatnagar et al. 2013)

State Control action
Poa>Py & Py >P, No change
Prya>Py & Py <Py Increase d
Pra>Py & Py =h, No change
Pra<Pn & Py >P, Decrease d
Pria <Py & Py <P, No change
Poa <Py & P4 =P, Decrease d
Pra=Pn & P1i>P, No change
Prit =Pn & Pyyg <Py, No change
Prsa =Py & Py =P, No change

4. MAIN ASPECTS IN THE CHOICE OF MPPT METHOD

4.1 Number of sensors

According to the theory above, the different MPPT techniques can be classified
according to the number of parameters to be controlled, or in other words depending on
the number of sensors required to measure the input variables of the MPPT command.

So, MPPT techniques can be classified into two types, such as one-sensor and two-
sensor techniques. The variables that can be sensed for an MPPT block are voltage,
current, temperature, sunshine or can be a combination of them. It should be noted that
it is easier and less expensive to use a voltage sensor while the current sensor is
expensive and bulky and, therefore, the use of the current sensor is troublesome in PV
systems.

It might be better to use MPPT schemes that only need one sensor as in (Kasa et
al. 2005), the PV current is estimated from the PV voltage, eliminating the necessity for
a current sensor.

4.2 Digital or analog implementation

Another aspect to consider in selecting which MPPT is appropriate for a given
application is the need for analog, digital, or both circuits to implement it. However, it
depends a lot on the knowledge of the users.
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Some users are more familiar with analog circuits; in this case FSCC or FOCV,
and RCC are more preferred. Others are more familiar with digital circuits, although
this may require the use of software and programs; in this case, P& O, IC, FL
control and the neural network are right alternatives.

4.3 Monetary costs

The use of MPPT commands in photovoltaic panels is intended to reduce the cost
of the energy they generate. This aspect indicates which MPPT technique is more
economical compared to others.

The method used to estimate the cost of any tracking strategy is directly linked to
the number of sensors required, the computation procedure and the circuits employed to
implement them.

Methods requiring complex circuits are more expensive. It is not easy to provide the
exact cost of each MPP tracker because of the lack of cost data by the designer.

4.4 Applications

MPPT techniques can be classified according to the type of installation on which
they can be applied. There are two types of system, stand-alone system and network-
connected system.

4.5 Stages of power conversion

Generally a PV conversion chain is constructed by one or two stages. A stage is only
a static converter which can be either DC-DC type or DC-AC type. A MPPT technique
can be applied to t he DC-DC converter, the DC-AC converter, or both.

4.6 PV parameters dependence

Some MPPTs are dependent and others are independent of PV parameters. For
example, FOCV method and FSCC method are respectively dependent on V., and
|

SC *
4.7 Competence for partial shading

The appearance of several local maxima on the P—V characteristic due to the

partial shading of the PV panel located next to trees or buildings can be a real obstacle
to the proper functioning of a MPPT controller.

A considerable loss of power can be observed if a local maximum is followed
instead of the global maximum (true MPP). Some existing MPPT methods such as
ANN, FL control and PSO based method are efficient to track the true MPP under

partial shading situation. Others like P & O and IC techniques are not competent to
defeat the problem of partial shading.

4.8 Efficiency of tracking

This factor measures the efficiency of the MPPT command and gives the
percentage of the system operating point position relative to the PPM. According to
this aspect, the different MPPT¢ can be classified in four categories: low, medium,
high and very high.

4.9 Speed of tracking

A MPPT command must have a good behaviour in dynamics in order to be able to
ensure that the search for the new MPP, as a result of changes in luminosity or
temperature, is made as quickly as possible.
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Table 4 provides a brief comparison of different MPPT¢< and shows that all
methods have their own pros and cons. The table is supposed to serve as a helpful guide
in choosing the correct MPPT technique for specific PV applications.

Table 4: Comparison of different MPPT < according to various aspects

Stages of power conversion=SPC, PV parameters
dependence=PD, Competence for partial shading=CPS

MPPT |Application |SPC |Sensors |PD |Simplicity |Tracking |Tracking | Analog or | Monetary |CPS
efficiency |speed digital cost

P&0O  |autonomous |both |[V&I [no |Simple di slow A&D di no

IC autonomous |both |V&I |no |Medium |high medium |D medium no

FOCV |autonomous |de- |V yes | Simple low fast A&D |inexpensive |no
de

FSCC |autonomous [de- |I yes | Simple low fast A&D inexpensive |no
de

SM both both [VorI |[no |Medium |high fast D expensive | yes

FL both de- |V&I |yes |Complex |veryhigh |fast D expensive | yes
de

ANN  |gnd de- |V&I |no |Complex |veryhigh |fast A&D  |expensive |yes
de

PSO  |autonomous |both [V&I [no |Medium |high fast A&D  |expensive |yes

T- autonomous |de- |V&I |yes |Simple high fast D expensive  |no

MPPT de

RCC  |both de- |VorI |yes |Complex |high slow A expensive  |no
ac

LT autonomous |de- (V&I |yes |Simple medium | fast D inexpensive |no
de

CF autonomous |de- |V yes | Simple medium | fast D inexpensive |no
de

TP autonomous |both |[V&I |no |Complex |[high slow A&D expensive  |no

5. ANALYSIS OF SIMULATION RESULTS AND COMPARISON

The system discussed in this document is shown in figure 1 and its detailed
specifications are given in Table 1. It consists of a boost chopper used as an interface
between the source of the solar panel and a resistive load. The diverse chosen MPPT
algorithms are implemented into Matlab/Simulink environment and tested with same
parameters of irradiance, temperature and load, in order to show how they are
performing against each other.

Consequently, to acquire this object, a rigorous profile composed by varied shapes
as recommended by the European Norm EN 50530 has been used for the solar radiation
as exposed in figure 6. All simulations are done using the atmospheric temperature of
25 °C and constant resistance of 30 Q. However, the irradiance takes many forms such
as step-down, step-up, ramp-down and ramp-up.

The object of this comparative work is to suggest which method amongst others is
the more efficient on the base of multi-criteria:

-The tracking accuracy or the instant efficiency T,.. (Bizon 2016; Jubaer et al.
2015):

_ Puper 100 (%) (24)

max

T

acc

Where Ppppt is the reached power using a given MPPT method and P, is the
theoretical maximum power.

-The tracking or the average efficiency To¢ can be estimated as follows (Bizon
2016; Jubaer et al. 2015; Sarigiannidis et al. 2015)
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t
P
_[0 MPPT

eff =~ x 100 (%) (25)

P
o max

-The tracking time t, which can be described as the required time to get the new
MPP when the illumination changes.
-The steady-state tracking ac.

-Accuracy T ,cc determines the performance of the MPPT system in stationary
state, i.e. how the algorithm moves toward the actual MPP under fixed irradiance.

-The transient tracking accuracy T; ... computes the MPPT performance in a
dynamic situation, i.e. how the MPPT technique acts in response to sunlight changes.

Figure 7 shows the simulation results for abrupt change in solar radiation with the
four chosen control schemes, where the power waveform of the tracked MPP achieved
by a particular MPPT is compared to that obtained by the others and to the theoretical

peak power point Pp,,..

Enlarged images were taken at different locations to better distinguish the difference
between the maximum power behaviours tracked by the selected extracting techniques
in transient and stationary situations. The zooms added to figure 7 indicate from left to
right respectively: the steady-state performance, the step-down transient, the step-up
transient, and the ramp-down transient.

It can clearly be seen that all the methods miss their tracking trajectory if the
variation of the irradiance is in the form of a ramp with the exception of the FL tracker
which does not lose its direction of tracking during the descents of the irradiance.
Another remark is that the SM controller has the best response time compared to other
MPPTs when sunlight changes suddenly.

However, under such conditions, FL needs more time to obtain MPP. Although all
techniques exhibit power oscillation during the transient period, this behavior can not
significantly affect the total efficiency of the PV system. In zoom of the stable state, one
can observe that the true MPP is equal to 59.75 W for irradiance of 1000 W/m?, the
MPP followed by the FL control is without oscillations and very close to the theoretical
value, the SM tracks the maximum power with a very low ripple, the PO algorithm
takes the third place with an average ripple amplitude and finally 1C method generates
maximum power with a large ripple of 3 watts.

The major benefit of FL is the non existence of steady-state MPP oscillations, which
makes energy loss almost nil. The instantaneous behaviour of the tracking capability for
each method discussed under a rapid change of solar radiation is depicted in Fig. 8 in
which a comparison between their average efficiency is shown.

The largest value of the power transfer efficiency is obtained for the FL controller,
its average value is equal to ( Tepr_p. = 97.95%), the second place comes to basic SM

tracker with average efficiency of (Tge_gy =97.73%), followed by

(Tetr_po = 97.58%) for the PO algorithm and then by ( Te¢_jc = 97.28% ) for IC

technique. Moreover, one can observe that the FL and SM techniques have an
instantaneous tracking efficiency greater than 99 % at any time, with the exception of
transient periods where the curve has profound descents.
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To give more details on this comparison, numerical results of the simulation are
summarized in two tables. Table 5 compares the considered MPPT ¢ by three criteria
of evaluation as: the follow-up time, tracking accuracy, and tracking efficiency. Table 6
compares the same techniques by means of the transient and steady-state tracking
efficiency.

After this in-depth analysis, we can conclude that the fuzzy logic controller is the
best MPP tracker according to: its overall average efficiency of about 98%, its
instantaneous tracking capability greater than 99 %, no steady-state MPP oscillations,
and the acceptable tracking speed. Second place belongs to the nonlinear slide mode
control which is the fastest and has small fluctuations.

The resulting curves of the best MPP follower are shown in figure 9. The PV
current, PV power, and PV voltage are provided in association with the output voltage
of the converter. From these curves, it can be confirmed that the different quantities
have reached values similar to those given by the MSX 60 characteristics (Belkaid et al.
2016a). In addition, the current and power waveforms are significantly affected by the
change of illumination, whereas the voltage is only slightly affected.

60~_P0 T T a4 T T ]
—SM 4
50{=—Pmax 38 ]
—IC
~ 40._
% FL
§ 30+ ;
201 8:5 :
57 as' § .
10 3707 9
1 T e 28
0 1 1 1 1 1 1
0 0.5 1 2:5 3

3 Time (s)
Fig. 7: Power response to fast change in irradiance for the selected MPPTs

Moreover, by comparing the PV voltage to the load voltage, it can be confirmed that
the power converter used is of the boost type. Under standard test conditions

(G =1000W/m?, T= 25°C), the PV module generates a maximum power of
approximately 60 W corresponding to an optimum voltage of 17.1 V and an optimum
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current of 3.5 A. The behavior of the boost duty cycle corresponding to the used
irradiance profile is illustrated in figure 10.

T T T T T T

[
T

> 0.9H
9
5
3 0.8
<]
v
zo7
3 — PO, average efficiency=97.58
& 06 —IC, average efficiency=97.62 i
0.5 —SM, average efficiency=97.73
’ —FL, average efficiency=97.95
e 0.5 1 LS Time s) 2 2.5 3 32

Fig. 8: Performance comparison by tracking efficiency

Table 5: Performance evaluation using: the follow-up time,
tracking accuracy, and tracking efficiency

Method tr (S) tr (S) tr (S) Tacc. (%) Tacc (%) Teff (%)
Start-up Step-up  Step-down Min max
IC 0.05 0.013 0.0001 65.90 100.30 9728
PO 0.05 0.017 0.0001 69.81 100.31 97.58
SM 0.05 0.0001 0.008 56.71 100.30 9713
FL 0.05 0.016 0.05 69.00 100.30 97.95

Table 6: Performance evaluation using: the transient
and steady-state tracking efficiency

Wty 2 500 750 1000 250500 500 1000

IC Ty =911 Topp =781 Top =687 Topoe =965 Tyue=9659 Ty o =971
PO Tyge =9852 Ty e = 9759 Ty g = 97.24 Ty g = 9695 Ty goe = 9791 Ty g = 97.58
SM  Tyae = 9861 Ty o = 99.08 Ty e = 9927 Ty gee = 9933 Ty g = 9870 Ty oo = 99.11
FL  Tyge = 9895 Ty gec =98.96 Ty o = 98.78 T, oo = 9938 Ty ge = 98.77 T, g = 99.08

N——= ' : . x r .
[ —PV current (A) —PV voltage (V) —PV power (W) —Load voltage (V)|
60. 4

50,
40
30
20 .
v
10
0 14 1.8
Time (s)

Fig. 9: Resulting curves obtained by the FL
technique during a rigorous irradiance signal
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Fig. 10: Duty cycle behaviour when the converter is
controlled by the fuzzy method during a rigorous irradiance signal

A second factor that affects photovoltaic conversion after sunlight is temperature, so
we test with this factor the most efficient MPPT technique.

A temperature change profile is chosen in the trapezoidal form evolving from 0 °C

to 50 °C as that of figure 11a, the irradiation is kept constant at G =1000 W/m? and
the resistance is set at 30 Q. The results obtained are illustrated in figure 11b. It can be
seen that the waveforms of PV voltage, PV power are inversely proportional to the
temperature change and the PV current is only slightly affected.

The last test concerns the change of load as shown in figure 12a. The corresponding
results are shown in figure 12b. They show that PV quantities, power, voltage and
current are not affected by the change in resistance.

33(1‘ T T T T T

3201

310

Temperature (K)

280r

270

70 T

60,

50

40

30ff' —PV voltage (V) — Load voltage (V) — PV power (W) — PV current (A)

w
10 1
0 L L L 1 1
0 0.2 0.4 0.6 0.8 1 1.2
Time (s)

Fig. 11: (a) Temperature change, and (b) corresponding results
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Fig. 12: (a) Load change, and (b) corresponding results

6. CONCLUSIONS

This document presents a synthesis of several MPPT < and their classification on
the basis of 09 evaluation criteria. The comparative analysis provided here may prove to

be a good tool that can guide the selection of the most appropriate MPPT type for a
particular application.

An extended comparison of the four most widely used MPPT methods in PV
systems was also provided. Many evaluation criteria counting: grid or off-grid
application, stages of power conversion, sensors required, digital or analog circuitry,
dependency of PV parameters, competence to track global MPP under partial shading
situation, level of complexity, cost, efficiency and speed of tracking are considered.

According to steady-state MPP oscillations, the studied methods can be classified
from the best to the worst as follows: FL, SM , IC and finally PO.

Based on the dynamic performance, the considered MPPTs can be organized from
the highest to the lowest tracking speed in the following order: SM , IC, PO and

FL . However, the tracking speed is less important than the yield of the generated
power.

The results demonstrate that the FL algorithm performs significantly better than the
other algorithms, offering precise tracking under rapidly changing irradiation,
temperature, and load conditions.
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