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A Comparative Study of Classical and Advanced MPPT Control
Algorithms for Photovoltaic Systems

Abstract. This paper is aimed to study and compare the performance of four different Maximum Power Point Tracking (MPPT) techniques used to
extract the maximum power from photovoltaic (PV) systems. The MPPT methods considered in this study include Perturb and Observe (PO), Fuzzy
Logic Control (FLC), Sliding Mode Control (SMC) and Fuzzy Sliding Mode Control (FSMC). A PV model and DC-DC power converter are modelled
in Matlab Simpower Systems toolbox and the MPPT algorithms are tested under different operating conditions to analyse the performance and
limitations of each algorithm.

Streszczenie. W artykule przedstawiono poréwnanie wiasciwos$ci czterech technik MPPT — Maximum Power Point Tracking stosowanych do
sterowania systemami fotowoltaicznymi. Te cztery techniki byty symulowane | analizowane w réznych warunkach pracy. Analiza poréwnawcza

metod MPPT stosowanych w systemach fotowoltaicznych
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Introduction

Traditionnally, electrical energy is produced mainly from
fossil fuels and nuclear power plants. Due to the increasing
demand of energy worldwide, there has been an excessive
consumption of these resources during the last century
which has led to considerable pollution of the atmosphere
with a significant impact on the environment [1], [2]. Since
these primary source of energy are non-renewable and
rapidly declining, it is necessary to explore other solutions
to satisfy the continuously increaing demand of energy. The
aim is therefore to have an economic, sustainable and less-
polluting source of energy, since the protection of the
environment has also become a serious concern [3].

The search for new energy resources is one of the
priorities of the energy policy of many countries. Renewable
energies represent a viable alternative to fossil fuels and
could provide electricity everywhere [4].

Solar energy, which is available in abundance over the
entire surface of the earth, despite a significant decrease in
the crossing of the atmosphere; the quantity that arrives on
the ground remains quite important. Solar irradiance can
reach 1000 W/m? peak in temperate zones and up to 1400
W/m? when the atmosphere is slightly polluted. Currently,
photovoltaic (PV) technology is become mature and more
advanced. The basic elements are cells or photovoltaic
panels that convert solar radiation into electric current [5].
Maximum Power Point Tracking (MPPT) controllers allow
PV system to work at maximum power points of their
characteristics without prior knowlege of these operating
points and their variation following changing weather
conditions [6]. MPPT is a principle for tracking the maximum
power point of a nonlinear electrical generator in order to
force the generator to work at its maximum power (MPP).
Indeed, this operation makes it possible to obtain the best
power output of the cell.

There are several MPPT algorithms in the literature
based on methods such as: Hill-Climbing, Perturb &
Observ, (P&O) [7] - [9], fuzzy logic (FLC) [10] - [15], sliding
mode (SMC) [16] ], [17] and fuzzy logic sliding mode
(FSMC) [6], [18], [19], super twisting Sliding mode control
(STSMC), integral Sliding mode control (ISMC), double
intergral Sliding mode control (DISMC), higher order SMC
(6], [19] - [22].

According to the literature search it was found that the
classic P&0O method is the most widely used because of its

simplicity and ease of implementation [5] but its major
disadvantage is that it is not robust against parameter
variations such as the meteorological data (temperature
and irradiations). To overcome this problem several
advanced techniques have been proposed to improve the
performance of MPPT and also ensure its robustness.
Among these, FLC-based MPPT is often used [15], due to
its robustness and also it does not require any prior
information about the studied system.

In addition, MPPTs based on non-linear control theory
have also been proposed recently [19]. They tend to be
more robust and give better performance under variable in
the weather conditions. The only drawback of this MPPT is
that they tend to produce excessive fluctuations due to the
chattering phenomenon [20]. To overcome this problem
several combinations have been proposed including: Fuzzy
logic control (FLC), Sliding Mode Control (SMC), Fuzzy
Sliding Mode Control (FSMC), Super Twisting Sliding Mode
Control (STSMC), Integral Sliding Mode Control (ISMC),
Double Integral Sliding Mode Control (DISMC) and higher
order Sliding Mode Control (HOSMC).

In this paper, a combination of the classical P&O type
control with advanced algorithms such as FLC, SMC and
FSMC is proposed to determine the best configuration in
terms of both performance and robustness against
variations of meteorological data.

The paper is structured as follows: Section 1 on the
description and modeling of the photovoltaic conversion
system. Section 2 presents the mathematical modeling of
the PV system and its MPPT control. Section 3 presents the
different MPPT algorithms. In Section 4,the simulation
results are presented and an interpretation is made to
evaluate the contributions of the MPPT methods studied in
the paper. Finally, the conclusion of the paper is presented
in Section 5 .

2. Photovoltaic Conversion System

The photovoltaic conversion system consists of four
building blocks as shown in Fig. 1. The first block
represents the energy source (photovoltaic panel), the
second block is a DC / DC adaptation stage, the third block
represents the load and the fourth block represents the
control system. The matching stage operates in such a way
that the panel delivers the maximum energy.
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Fig. 1 : Basic structure of the PV conversion system.

2.1. Modeling of the PV Array

The electric power generated from the PV array fluctuates with
the operating conditions and field factors such as the sun’s position
angle, irradiation levels and ambient temperature. A solar cell can
be represented as a current source model as shown in Fig. 2.
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Fig. 2 Single-diode equivalent circuit of a PV cell.

Applying Kirchhoff's current law, the terminal current of the cell
is [4], [23]:
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The junction current is given by:
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The formula relating the current and voltage in the circuit is:
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The light generated current of the PV cell depends linearly on
the solar irradiation and is also dependent on the temperature
according to the following equation [4], [6], [7] :
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The diode saturation current and
temperature may be expressed by:
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The parameters and model constants of the KC200GT solar
array, used in this study,are given in the Appendix.

its dependence on the

2.2. Maximum Power Point Tracking

Fig. 3 shows the basic circuit configuration of a DC-DC boost
converter with an MPPT controller. A capacitor is generally
connected between PV panel and the boost circuit to reduce high
frequency harmonics.

PV Array

Boost Converter

Fig. 3 Boost converter circuit and MPPT control.

3. MPPT Command Algorithms
A. MPPT based on P&O

The principle of this algorithm is to perform a disturbance on the
voltage of the

PV panel while acting on the duty cycle a . Indeed, following this
disturbance, the power supplied by the PV panel is calculated at
time k, and then compare to the previous one of the moment (k - 1).

If the power increases, we approach the point of maximum
power, 'PMP" and the variation of the duty cycle is maintained in the
same direction.

On the contrary, if the power decreases, we move away from the
point of maximum power,'PMP'. Then, we must reverse the
direction of the variation of the duty cycle [7]. Table 1 summarizes
the operation of the P&O algorithm.

Table 1. the operation of the P&O algorithm

Case dPpy dV, Action | duty
cycle
1 P(k) > P(k-1) V(k) >V(k-1) V++ D--
2 P(k) > P(k-1) V(k) <V (k-1) V-- D++
3 P(k) <P(k-1) V(k) >V(k-1) V-- D++
4 P(k) <P(k-1) V(k) <V (k-1) V++ D--

B. MPPT based on FLC

Similar FLC-based MPPT controllers have been proposed in
[10] - [15]. The basic structure of a FLC is shown in Fig. 4. The
inputs are the error E and error change dE; the output is the PWM
duty cycle variation dD.
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Fig. 4 Building blocks and structure of a FLC.

In Fig. 4 Kg, Kge and Kge are scaling gains selected to achieve
the desired transient and steady-state response characteristics [6],
[12]- [14], [16. The universe of discourse for each input and output
variable is divided into five fuzzy sets defined by triangular
membership functions and labelled as NB (Negative Big), NS
(Negative Small), ZE (Zero), PS (Positive Small) et PB (Positive
Big) as shown in Fig. 5. The fuzzy rules used to determine the
controller output are summarized in Table 2. The defuzzification is
based on the popular centre of gravity method.

Table. 1 Fuzzy control rules.

dE
E NB NS ZE PS PB
NB ZE ZE PB PB PB
NS ZE ZE PS PS PS
ZE PS ZE ZE ZE NS
PS NS NS NS ZE ZE
PB NB NB NB ZE ZE
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C. MPPT based on SMC

SMC is an effective nonlinear robust control approach which
provides system dynamics with an invariance property to
uncertainties once the system dynamics are controlled in the sliding
mode.
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Fig. 6 Building blocks and structure of a SMC.

The first step of SMC design is to select a sliding surface that
models the desired closed-loop performance in state variable
space. Then the control should be designed such that the system
state trajectories are forced towards the sliding surface and stay on
it. The system state trajectory during the period of time before
reaching the sliding surface is called the reaching phase. Once the
system trajectory reaches the sliding surface, it stays on it and
slides along it to the origin. The system trajectory sliding along the
sliding surface to the origin is the sliding mode. The structure of a
sliding mode controller is defined by [10]:

®) U= Ug+ U,

where: U_eq is called equivalent control. U_n is called normal
control.

The structure of a sliding mode controller is defined by [17]:
9) U= o(k+1) and Ueq=c(k)
with «<(k+1) and o(k) is the duty cycle in the instants k and k+1
respectively.
The switching function (S) defined as:
(10) S=[0P)p/[OV]pv
With
(11) Pov=Vp*loy
Substituting equation (11) in equation (10) gives:
(12)  S=(8(Volo))(Vpy )=Vou ([81]w/[8V]pv * lpw/ Vv )
The switching function in the instant k and k+1 respectively
becomes:
(13)  S=Vey ((lov (k) - oy (k-1))/(Vpy (K) - Vi (k-1) ) +
(lov (K)Vev )

The duty cycle of boost is :

(14) oc=1-(Vin ) (Vout)
The equivalent control of the MPPT_SMC is the expression for the
duty cycle is obtained as follows:

(15) Ueq=

The normal control (U_n) it is defined as:
(16) Un=K*sgn(S)
K is a positive constant, representing the maximum controller

output required to overcome parameter uncertainties and
disturbances. The basic SMC scheme is shown in Fig. 6.

D. MPPT based on FSMC

This MPPT control strategy is a combination of FLC and SMC.
In order to eliminate the chattering phenomenon inherent in the
SMC, the sgn block of the SMC (Fig. 6) is replaced by the FLC
block as illustrated in Fig. 7.
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Fig. 7 Building blocks and structure of a FSMC

4. Simulation Results and Discussion

The PV conversion system and MPPT control schemes studied
are simulated in Matlab/Simulink and SimpowerSystem toolbox
with the parameters given in the Appendix. This simulation study
will be based on three scenarios: (i) constant weather conditions (T
= 25°C and R = 1000 W/m?), (ii) T variable and R constant and (iii)
T constant and variable R.

Under these conditions, the performance of the MPPT
controllers will be assessed according to their performances, speed
(response time to the transient regime), robustness to parameter
variations and the presence of oscillations around the optimal
values of the electrical quantities studied (Powers, voltages and
currents of the photovoltaic panel and boost converter).

(i) Scenario 1: Constant weather conditions
The results are shown in Fig. 8.
. Between t =0 s and t = 0.02 s the voltage V,, is unstable

for all MPPT methods and in particular for SMC where the

voltage peak exceeds 30 V.

. When t > 0.02 s, the voltage V,, begins to stabilize

around its average value which exceeds 26 V for all MPPT

methods but with less chattering with FLC, SMC and FSMC as

compared P&O as shown in Fig. 10.

. att=0s, it can be notice that the current I,, for exceeds

8 A for all MPPTs and almost reaches the value of I = 8.21

A. Between t = 0 and 0.02 s, the SMC exhibits a significant

negative peak amplitude of about 4 A whereas the currents for

the other MPPT controllers have amplitudes varying between

1.5Aand 2 A.

. When t > 0.02 s the current |, starts to stabilize for all

commands but with less chattering in the case of FLC, SMC

and FSMC as compared to the P&0O method as shown in Fig.

10.

It can be noted that the power of the boost converter with
P&0O method does not reach its optimum average value
(185.32 W) that after a time (t = 50 ms) with ripples of
amplitude of £ 0.87 W.

The power of the boost converter with FLC boost reaches
its optimum average value of 189.02 W after a time t = 40 ms.
Note that this time is less than that of P&O with amplitude
ripples of the order of + 0.4 W. On the other hand, for SMC and
FSMC the powers have the same average optimal value
189.04 W.

These results are illustrated by Fig.11.

Between t = 0 s and t = 0.04 s, the SMC and FSMC based
MPPTs have a shorter response time of Vboost equal to 10 ms as
compared to FLC and P&O where the response times are 40 ms
and 50 ms respectively.

Fort> 0.4 s, the voltage Vboost begins to stabilize around its
average value for all MPPT controllers as shown in Fig. 12. From t
= 0.1s the current Iboost starts to stabilize at its average value for
all the MPPT control schemes but it is lower than the current I,,.
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(ii) Scenario 2- T = 25 and 40°C and & = 1000 W/m’

The results are shown in Fig. 13. In this scenario, R = 1000
W/m? and the temperature is varied from 25°C to 40°C. After a time
(t = 0.1s), the powers of the FSMC and SMC controls begin to
stabilize around their new optimal average value compared to the
other two MPPT methods (FLC and P&O) and they will appear
more robust to these variations. A slight decrease in their power
amplitudes of all controls. The FLC based MPPT remains the best
method to minimize the chattering amplitudes.

— PO FLC =——SMC ——F5LC

]
3

- -
=} o
=] t=1

o
=1

output power of boost{W)

Time(S)

Fig. 13 Power of Boost with T variable.

(iii) Scenario 3 - T= 25 and R = 1000 W / m2 and
600 W / m”
The results are presented in Fig. 14.

In this scenario, T is set at 25 ° C and R is varied from 1000
W/m? to 600 W / m?. After a time t = 0.15 s, the powers of the
FSMC and SMC controls begin to stabilize around their new
optimum average value compared to the other two (FLC and P&O)
and they will appear more robust to these variations. A significant
decrease in the power amplitudes of all controls can be observed.
The FLC-based MPPT controller remains the best approach to
minimize the chattering amplitudes.

D) e | C = SMC === FSMC

output power of boost (W)

Time(S)

Fig. 14 Power of Boost with F variable.

5. Conclusions

In this paper a four MPPT algorithms (PO, SMC, FLC, FSLC)
has been evaluated for tracking MPPs of a PV system. The
simulation results show that improved performance has been
achieved by these algorithms as compared to P&0O. P&O method
can cause large ondulation caused by discontinuous control law
and a of the parametrs system are actually known. SMC, FLC,
FSLC methods provides better performance and robustness even
under large temperature and irradiation changes. For any
algorithms, more simulation results will be presented and discussed
by considering other operating conditions with a comparative study
between the proposed MPPT strategies.
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Appendix

Parameters of the model of the PV

Type KC200GT
Prax[W] 200.143

(Voon) [V] 32.9

(lse,n) [A] 8.21

Ic,n[A] 9.825.10°

R.[Q] 415.405
RJQ] 0.221
Kv[V/K] -0.123

KIA/K] 0.0032

a 1.3

Ns 54

DC/DC converter parameters

Chopper type Boost
Semiconductor switch type IGBT
Converter inductor 11uH
Converter capacitor 1mF
Nomenclature

Pov Photovoltaic system output power

Vov Photovoltaic system output voltage

lov Photovoltaic current

ly Diode current

le Saturation current

lon Nominal saturation current

Iscn Nominal short-circuit current

Vocn Nominal open circuit voltage

Rs Series resistance

Rp Parallel resistance

Ky Voltage coefficient

K; Current coefficient

Vi Thermal voltage

A Diode ideality factor

Ns Cells connected in series

K Polarization voltage

T Tempurature

Q Electron charge

C Input filter capacitance of PV converter

L Inductive filter

Voc DC-link voltage

loc DC-link current

Pload Load power

P Real power
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