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Abstract- PV energy are enticing an enormous focus in the actual energy scenario. In order to assure the transfer of the
maximum power to the load, a boost converter is used containing several MPPT techniques. In this paper, the comparative
analysis of the system dynamic behavior has been perform based in distinct MPPT techniques, which are P&O, FLC, ANN-PI
and ANN-SM. Taking into account the results of these techniques, the ANN-SM based MPPT controller can attain the MPP
rapid than the other MPPT techniques under various climatic condition and load. It is also confirmed that the ANN-SM
algorithm has a low ripple rate in power compared with the P&O MPPT controller. Furthermore, the ANN-SM MPPT
approach requires fewer dissipated energies than the other techniques. In conclusion, the ANN-SM dynamic behavior
illustrates that the PV system stay attain the MPP during load and climatic condition variations with high performances and

efficiency.
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1. Introduction

Renewable energy sources, such as photovoltaic and
wind energy, have recently been used in a variety of
industrial applications due to their accessibility and
environmental friendliness. In Tunisia, the photovoltaic
energy exploitation is estimated to a few hundred gig-watt
(GW) according to NAEM (National Agency for Energy
Management). In the same context, the average global
horizontal radiation in Tunisia is equal to 1850 kWh/m?,
which explains an average annual photovoltaic production in
the order of the value of 1650 kWh/kWp. Accordingly, the
PV energy is well regarded as a hopeful green energy source.
Indeed, the PV systems have distinct drawbacks such as the
low efficiency of the energy conversion and the high price of
the fabrication [1]. In order to avoid these drawbacks and to
increase the PV systems efficiency, a MPPT controller must
be used by extracting the maximum power towards the load
[2-3]. A DC/DC converter is required to use these MPPT
methods. This converter type is susceptible to a variety of
problems, including open-circuit and short-circuit failures
[4]. The MPPT approaches deliver the greatest power to the
load while taking into account the PV system's metrological
fluctuation [5-11]. Furthermore, in PV systems, the solar
panel is a critical component for generating power [12]. In

general, the role of the MPPT techniques is the extraction of
the MPP even with the climatic condition variations in order

to supply the load by the maximum power [13-15].

During the climatic condition and load variations, the
MPPT techniques try to modify the duty cycle in accordance
with these variations [16]. During these last years,
considering the technological development, several
researchers have created several MPPT techniques.
Moreover, these MPPT techniques are classified into distinct
categories, which are: voltage feedback, hill climbing,
current feedback, P&O, IC, neural network and fuzzy logic
[17-18]. In this context, an inexpensive current based MPPT
technique has been presented in [19]. Taking into account the
presented methods, the voltage feedback and hill climbing
have advantage such as the ease of satisfaction, however, it
have disadvantages the example of the inefficient of tracking
the MPP under climatic condition variations. The other hand,
the P&O MPPT technique has attached by a PI control loops,
which product a sluggish MPP tracking procedure [20-21].
The ANFIS algorithm is the most effective MPPT method in
terms of tracking the MPP even under the variations of the
climatic condition and load. In more detail, the ANFIS
algorithm combine the performance of the fuzzy logic and
neural network as addressed in [22-25]. Moreover, the ANN-
SM MPPT technique is presented in order to decrease the
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MPP tracking time. This is achieved by combining the SM
and the neural network which show the high performance
and efficient in terms of the MPP tracking speed [26].

In this paper, a MPPT techniques behavior comparison of
the P&O, FLC, ANN-PI and ANN-SM has been presented.
The outcomes of simulation prove to confirm the
performance and efficient of the ANN-SM comparing to the
other existing MPPT techniques in terms of MPP tracking
speed, fewer dissipated energies and low ripple rate even
under the variations of the climatic condition and load.

2. Description and modelling of the photovoltaic system
including MPPT algorithms

The studied PV system is composed by a PV generator,
DC/DC hoost converter controlled by a MPPT technique and
a DC load as presented in Fig. 1.

DC bus DC/DC
prp ==

DC Load

f=--

PV generator

Irradiation

Temperature

Tt

I MPPT d(t)
L ’ PWM

V] Technique

Fig. 1. Block diagram of the PV system.

The following section is focused on the modelling of all
PV system elements in more detail.

2.1. Photovoltaic generator modelling

A photovoltaic generator is composed by several
photovoltaic module in order to meet the energy
requirements of the loads. In the same context, a PV module
is a set of the association of several solar cells. In this paper,
an equivalent circuit consists of a single diode is used as
presented in Fig. 2. The determination of their internal
parameters is presented in [27]. A photovoltaic generator
(PV generator) is a piece of equipment that uses photovoltaic
energy to satisfy load demands. A photovoltaic module is
made up of a group of solar cells that are connected in
parallel and/or series.

III II’

L. I - V SR v

Fig. 2. PV solar cell circuit with a single diode.

The I current expression is presented by the following
expression:

I =lsc— ld— Ip (1)
Where:
|pv _ V + Rsl (2)
RP
And
qVy
I, =1 -1 3
o = lo[exp( KT) ] 3)
Where:
v, =V +R,I @)
a

Where: | denotes the PV solar cell current, V: the PV cell
voltage, Is: the short circuit current of the photovoltaic cell,
Rp and Rs: the shunt and serie resistances, lo: the PV cell
saturation current, K: the constant of Boltzmann = 1.381x
1072 (J/K), T: the PV cell temperature, a: the ideality factor
and q: the electron charge equal to 1.6 107 C.

The PV cell characteristic (current-voltage) is given by:

gV +R.]I) V+RI
I =1_—1,[ex s 21-1]- S ()
T e e
Where the Is current is expressed by:
R,+R
p s
sc = R I pv (6)

P
Considering this condition Isc = lp, which is utilized in
order of optimization, the I current can be defined as follows:

gV +R.I) V+RI
I =1,-1 s 7)1 - S ()
o= lolexp U S-S
Where the V; voltage is given by:
N KT
Vt =5 (8)
q

With Ns represents the series cells number.
The PV generator current I, depends essentially on the
climatic conditions variations as given by [27]:

Ipv z(lpv,n +K|AT)GE (9)
n
Where AT = T-Tn, lp,n : the light induced current, Gy
represents the G irradiation at the nominal condition and K;
denotes the coefficient of the current/temperature. Based on
the equation (3) and (4), the 14 current is given by:

+R.I
1, = ldexp(W)—l] (10)
Where:
| = Isc,n + KIAT (11)
0=
eXp(q(\/OC,n + KIAT)) _1
aVv,

With the s current and the Vo voltage denote the short
circuit current and the open circuit voltage at the nominal
condition, respectively.
Taking into account the lp,m current as:
lovm = lpv — g (12)
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Accordingly, we obtain:
B gqTN IR
Fovm = 1N = 16N eXp[iaKNS: v+ N:p
Where Ngs and Np, denote the series and parallel PV modules

numbers, respectively.

In order to provide the maximum amount of power to
the load, a DC/DC power converter must be used.
Accordingly, the following sections detailed more the used

converter with their MPPT techniques.

Ny -1 (13)

2.2. Boost converter modelling

The used DC/DC power converter is a boost converter,
which means that the output voltage is always greater than
the input voltage. The electrical circuit of the boost converter
is presented in Fig. 3. Indeed, this converter is composed by
an input voltage source Vyy, an inductor L, an IGBT d, a
diode D, an input capacitor C; and output capacitor C.

d —( Cy Vie

Fig. 3. Boost converter circuit.

At the steady state, the transfer function of the used
converter is given by equation (14):

- (14)
=T 12d(

Where: d(t) denotes the duty cycle.
Furthermore, the inductance L is obtained basing on the
desired of the ripple amplitude 4i., which is expressed by:

L= Ve (15)
AI,

Where f represents the switching frequency. Moreover, C;
and C, (the input and output capacitors) are expressed in
function of the desired of the ripples amplitudes 4V, and
AV, respectively, as follows:

dv,,

t8LAv,, f? (16)

— didc
2 fAV,

2.3. MPPT techniques

Under the irradiation and temperature variations, the
MPP varies according to these variations. Therefore, it must
be applied these MPPT techniques in order to transfer the
maximum amount of electric power to the load while taking
into consideration the climatic condition and load variations.

In this paper, we focus only on four MPPT methods, which
are:

e P&O,

e FLC,

e ANN-PI, and

e ANN-SM.
2.3.1. P&O technique

The P&O technique is extensively used in practical
implementation due to their simplicity and efficacy. This
technique is founded on the disturbance of the PV voltage
and compare this latter with the new voltage after
disturbance. Indeed, the P&O finds the MPP even with the
climatic condition and load variations. The P&O technique
flowchart is presented in Fig. 4 [28].

Begin

]

Measure: [, and U,
F}w = Im'* Vpu

PP (1) = 0 1=t+l:|

q=1]
|

d(ty=d(t-1) +q*5,

Fig. 4. P&O technique flowchart.

2.3.2. FLC

The FLC control the PV system basing on the data
knowledge. Indeed, the FLC modules are classified into:
* Fuzzification,

+ Decision making, and
« Defuzzification.
The structure of the FLC block is presented in Fig. 5.

Rules

Duty
E — cycle
A Fuzzification =+ Inference  F=—=wDefuzzification
(CE—n

Fig. 5. FLC block diagram.

The FLC bloc inputs are E and CE, which are presented
by equation (17). Indeed, the FLC bloc output is the duty
cycle.
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_Pu(K)=P, (k1)
TV, (k) -V, (k1) 17
CE=E(k)-E(k—1)

Where k denotes the sample time.

For more explaining, the fuzzification process, fuzzy
inference process and defuzzification process are presented
as follows:

- Fuzzification: the process of fuzzification needs that each
used variable to describe the control rules must be written in
terms notations of fuzzy set along with linguistic labels. The
MF’s of the inputs and output variables (E(k), CE(k) and
duty cycle) are illustrated in Fig. 6. Indeed, the PWM bloc
uses the duty cycle in order to control the boost converter
switch. Each FLC inputs and output are composed by a five
fuzzy sets, which are: LL, HL, ZE, LH and HH (where: L
and H represent low and high, respectively) as presented in
Fig. 6.

- Inference: the inference method is the step of formulating
the cartography using FLC of a given input to an output. In
this paper, we used a fuzzy inference of type Mamdani.
Furthermore, Table 1 illustrates the table of rules.

- Defuzzification: the defuzzification process computes the
FLC crisp output. In this work, the defuzzifier of type center
of gravity is adopted.

CE (b) E

D
(c)

Fig. 6. Inputs and output MF’s. Legend: (a): uce, (b): #e and
(©): up.

Table 1. Rules table.

CE LL | HL | ZE LH | HH

LL [HH | HH | LH | HH | HH
HL [HH [ LH [ LH [ LH [ HH
ZE |HL[HL [ ZE [ LH [LH
LH [LL [ HL [ HL [ HL [ LL
HH e [ee [ He (e [

2.3.3.  ANN-PI

Recently, ANN-PI technique has attracted many
interests in the tracking of the PV systems MPP. It is
underlined that this technique is based on the ANN in order

to resolving complex problems. The ANN technique is
composed by two important stages, which are the training
stage and the operational stage. The ANN model is shown in
Fig. 7. Referring to this figure, the ANN model’s inputs and
output are the temperature, irradiance and the reference

maximum power P gomax , respectively.

Input layer Hidden layer ' Output layer

O\
)

J
Irradiation A

(W/m?) :./ I]\ /’%// \/\___:<
NN~ w2 - _
TN 0 Vs
Temperature '/?.U;_J,\',,/ - \—/
(°0) Jr;\;._ \ N

-
=

4

\.
g |
NN

Fig. 7. ANN block diagram.

The ANN model determines the reference power
considering the climatic condition variations. The used ANN
model is developed using MATLAB/Simulink environment.
A feedforward NN composed by two neurons, five neurons
and one neuron in the input layer, hidden layer and output
layer, respectively, is used as presented in Fig. 8.

- -

4\ Feed-Forward Neural Network (view)

Fig. 8. MATLAB feedforward NN model.

After this step, the PI controller is utilized in order to
determine the difference in maximum power between the
reference and measured values. The PI controller is
illustrated in Fig. 9. The PI controller purpose is utilized to
reduce the error value, which can be expressed by the
following equation:

u(t) =Ke(t)+ Ki_t[e(t')dt' (18)

Where K, and K; denote the coefficients of the PI controller
[29].

5 - ~elt
B () P

+

» Duty cycle

DX

Fig. 9. Pl controller block diagram.
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Indeed, a PWM bloc uses the duty cycle (the output of
the PI controller) to control the boost converter switch (ON
state or OFF state).

2.3.4. ANN-SM

The control discontinuous aspect specifying a desirable
dynamic of the system characterizes VSC and their sliding
regimes (dubbed Sliding Modes SM). Such dynamics are
achieved by selecting suitable variety spaces, also known as
sliding surfaces controllers provide sufficient switching, and
resulting in the closed loop systems desired behavior.

Consider the structure defined by the state equation
below [30]:

Y(t)=FY +BU (19)

Where: Y € R" denotes the state vector and U € R™ is the
vector of control. The SM control action is expressed as:
U=U,+AU (20)
Where: Ueq represents the so-called equivalent control to get
to and stay on the sliding surface S(Y) = 0. The AU term
corresponds to the required term to have a steady PV system
external the sliding surface, even in the case of bad-modeled
systems and external disturbances.
e Design of the sliding surface:

The sliding function S(Y) should be chosen in such

away: when S(Y) = 0, Y goes to the desired state Y . The
basic principle of the SM controllers consists to oblige the
system to reach the sliding surface and to remain on it. That

is: S(Y) = 0, and then: S(Y)=0.
S(1) = (427 =) @

With: j represents the time number to derive the surface in
order to obtain the control and A is a positive constant.

e Equivalent control writing:

S(Y) =2—$[FW)+B(Y)U t]=0 22)

And under the regularity of matrix 273 B(Y), yields:
Y

U, =—(‘;S( B(Y)J %F(Y) (23)

e The discontinuous term of the control is chosen as:
B .
AU = _Lav B(Y)) U,sign(S) (24)

Where: Uy is a definite diagonal matrix of positive value.
Considering the following Lyapunov function:
V,(x):%STS>O (25)

Its derivative in function of time results in:

. To T@
Vi()=8T$ =5 [F(X)+BOOU )]

1 05
oX
105
X
=-S"U,signS

=S [F(X)+B(X)U, +AU)]

=ST 2 B(X)AU

=U,|s|<0 (26)

Then, the control laws (20, 23 and 24) stabilize system
(19) [31-32].

The Pl controller used in the previous work is
substituted by SM controller. In fact, the sliding function S
(X) is considered as follows:

S(X) = (lﬁw ~P)+4 j (ﬁw —P )t 27)

With Py, is the power delivered by the controlled generator
power.

The equation of the switching state or the switching duty
cycle U (U=d) is:

U =U,, —U,sign(S) =1-U,sign(S) (28)

With Uo illustrates a positive gain. Then the equation of
switching state is in the following equations system:

U=0 if S>0
U=1 if

S<0
3. Simulation results

(29)

For an effective comparative study of the various MPPT
techniques, the system dimension is founded on the security
norms needs. Furthermore, Fig. 10 depicts the suggested
Simulink model of the PV system, which includes the MPPT
techniques employed. The electrical parameters of the
photovoltaic generator and the boost converter are presented
in Tables 2 and 3.

Discrete,
Ts=1e-06s.

powergui

Temperature

PV Array

PWM

Load

Fig. 10. MATLAB Simulink model diagram.

The PV generator is composed by 4 modules connected
in series with 5 parallel strings. This PV generator produces a
1 kW energy. Kyocera LA361651 is the used PV panel
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model as illustrated in Table 2. Furthermore, the boost
converter parameters is illustrated in Table 3.

Table 2. The Kyocera LA361651 PV panel’s settings.

Description Value
Solar irradiation (Gy) 1000 W/m?
Temperature norms (Tp) 25°C
Maximum power (Pmax) 51 W
Max power voltage (Vpmax) 169V
Peak current (lpmax) 3.02 A
Current of short-circuit (lsc) 3.25A
Voltage of open-circuit (Voc) 21.2V
Table 3. Boost converter parameters.
Description Value
Input capacitor C; 440 pF
Inductance L 47 pH
Switching frequency f 20 kHz
Output capacitor C, 1100 pF

In the healthy operating conditions, the maximum power
point (MPP) of the PV generator current, voltage and power
change according to the climatic condition variations as
presented in Fig. 11.

1100 20
1000 G1 @ (a2)
G2
3
800 15
= =
& 600 g
z 210
2 3
Z 400 z
5
200 N\
0

0 20 40 60 80 90 0 20 40 60 80 90
PV voltage [V] PV voltage [V]
1100 20
b1 b2
1000 — T ( ) ( )
T2
T3
800 15
= =
& 600 £
% 240
2 3
& 400 i
5
200
0 0
0 20 40 60 80 90 0 20 40 60 80 90
PV voltage [V] PV voltage [V]

Fig. 11. Simulation results of the PV generator
characteristics effects under climatic conditions variations.
Legend: (al) and (a2): power-voltage and current-voltage
during irradiation variations (G, G, and Gs), (b1) and (b2):

power-voltage and current-voltage during temperature
variations (T1, T2 and Tg).

Referring to Fig. 11-(al) and 11-(a2), the MPP PV
generator current, voltage and power increase (decrease) with
the increase (the decrease) of the irradiation. It is to be
underlined that G;, G, and G; are equal to 300 W/m?, 600
W/m? and 1000 W/m?, respectively. In the case of the
temperature increase (decrease) as presented in Fig. 11-(b1)
and 11-(b2), the MPP of the PV generator voltage and power
decrease (increase), however, the current register a slightly
increase (decrease). The values of T1, T2 and T3 are equal to
25 °C, 55 °C and 75° C, respectively. In order to extract the
maximum power to the resistive load, we use a boost
converter to apply these distinct MPPT techniques. The used
DC/DC power converter in this work is of type boost, which
the output voltage always superior to the PV generator
voltage.

In this simulation section, we are focused on the MPPT
techniques, which are P&O, FLC, ANN-PI and ANN-SM.
Moreover, Fig. 12 presents the PV generator outputs (Vgpy,
lgpv and Pgpy) under standard climatic condition (T=25 °C and
G= 1000 W/m?).

To study and analyze the dynamic behavior of the
studied MPPT techniques, the resistor load is equal to 30 Q
keeping the irradiance and temperature in the standard state.
Referring to Fig. 12, the MPP of all MPPT techniques try the
same trajectory just the difference at the level of the ripple
rate and rapidity. Furthermore, one can underline that the
P&O command has a large ripple of the PV generator voltage
(zoomed area) in comparison to the others that are currently
available (FLC, ANN-PI and ANN-SM). The ANN-SM has
a low ripple compared with the others studied MPPT
techniques. Indeed, the ANN-SM and ANN-PI have fastest
on the time response (zoomed area).

[o=]
o

T T T T

0 — 70
60 66

(2]
o
T

PV voltage [V]
5 &

o & & 10 008 0081 0082 (a)
0 0.02 0.04 0.06 0.08 0.1
Time [sec]
20 T T T T
%15}-_‘
]
E10F
3
Q
> 5f y
-, . . . .
0 0.02 0.04 0.06 0.08 0.1
Time [sec]
1200
= 1000 F
5 800F P&O
2 600F FLC
2 400} ANN-PI
E 200 ANN-SM| |
0 . , . , (c)
0 0.02 0.04 0.06 0.08 0.1
Time [sec]

Fig. 12. PV generator outputs under standard climatic
conditions with a resistive load equal to 30 Q.
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In order to study the photovoltaic system dynamic
behavior, we have tested the PV system during a day with
the following climatic condition and load variations as
addressed in Fig. 13. Indeed, the PV generator power and
current and the load power under these variations of the
climatic condition and load are presented in Fig. 14.

Considering these variations, the MPP of all MPPT
techniques try the same trajectory. For example, at the instant
t = 1301 (G = 978.6 W/m? and T = 23.01 °C), the PV
generator power and current, as well as the load power are
equal to 1014 W, 14.40 A and 700 W, respectively. Referring
to Fig. 14, the ripple rate of the P&O command has a large
ripple comparing to the others techniques. It is to be noted
that the ANN-SM has a low ripple (zoomed area) comparing
to the others MPPT techniques. Moreover, as compared to
other MPPT methods, the ANN-PI and ANN-SM provide
quicker response times. As conclusion, the ANN-SM has a
low ripple rate and faster time on the response, which prove
their high dynamic performance comparing to the others
existing MPPT techniques.

In order to study the power losses of these MPPT
techniques a results of simulation were performed. The
oscillations minimization reflects a minimization of the
energy loss. Indeed, considering the energy of the PV power

error (gng = |5gp -P,. P, € R), as expressed by:

to+T
E. = E, _[gggp dt (30)

to
Where Ej is a constant value.

Since the P&O controller gives the worst case of
oscillations, the comparison would be between the other
three intelligent MPPT techniques namely: FL-MPPT, PI-
ANN-MPPT and SM-ANN-MPPT.

=
o
o
o

(a)
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o
o
o

o

o
(8]

10 15 20 24
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N
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-
o

0 5 10 15 20 24
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B
o
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8

(c)

" [
10 L 1 1
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Time [hour]

Fig. 13. Climatic condition and resistive load variations
during a day.
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10 15 20 24
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Fig. 14. Simulation results of the PV generator power,
PV generator current and the load power under climatic
condition and resistive load variations during a day.

The ratio R1g, of the energy of the PV power error given
by the FL-MPPT controller by the one given by the PI-ANN-
MPPT controller is expressed by the following equation:

E,(FL—MPPT) 31)

R =
o E.(PI — ANN — MPPT)

The ratio R2g, of the energy of the PV power error given
by the FL-MPPT controller by the one given by the SM-
ANN-MPPT controller:

R, - E.(FL - MPPT) (32)
E.(SM — ANN — MPPT)

In Table 4 the energy ratios, between FL-MPPT, PI-
ANN-MPPT, SM-ANN-MPPT techniques, is given for
different irradiation levels (the temperature is fixed at 25 °C).
One can notice that the SM-ANN-MPPT approach requires
less dissipated energies compared to the others one. For
example, the energy is almost 35 times smaller using the
SM-ANN-MPPT controller for the case of G = 1000 W/m?
comparing to the FL-MPPT.

Table 4. Energy ratio for different irradiation levels.

G (W/m?) 100 500 1000
Ep(FL-MPPT) 0.0051 | 0.0664 | 0.2369
Ep(PI-ANN-MPPT) | 0.0876 | 0.0445 | 0.1955
Ep(SM-ANN-MPPT) | 0.0001 | 0.0019 | 0.0068
Rlg 0.0580 | 1.4932 | 1.2122
R2c 93.5283 | 34.7765 | 35.0012

1162



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

M. A. Zdiri et al., Vol.11, No.3, September, 2021

4. Conclusion

In this paper, four MPPT techniques for PV generator
system are successfully compared and presented. The first
MPPT technique is a conventional algorithm, which is P&O,
while the others MPPT techniques are intelligent algorithms,
which are FLC, ANN-PI and ANN-SM.

The performance evaluation of these MPPT techniques
are validated using a boost converter in order to provide the
most power to the resistive load. Based on the simulation
results and taking into account the variations in climatic
condition and load power, the ANN-SM can produce more
energy power with a low ripple rate and rapidity on the time
response comparing to others existing MPPT techniques.
Furthermore, the ANN-SM approach requires fewer
dissipated energies than the other techniques. For example,
the energy is almost 35 times smaller using the ANN-SM
controller for the case of G = 1000 W/m? comparing to the
FLC technique.

It is concluded that the ANN-SM has a better dynamic
performance comparing to the others MPPT techniques in
terms of MPP tracking speed, fewer dissipated energies and
low ripple rate even under the climatic condition and load

variations.
Appendix

PV: Photovoltaic;

P&O: Perturb and observation;

IC: Incremental conductance;

FLC: Fuzzy logic controller;

ANN: Artificial neural network;

PI: Proportional integral;

SM: Sliding mode;

MPPT: Maximum power point tracking;
MPP: Maximum power point;

IGBT: Insulated gate bipolar transistor;
E: Error;

CE: Change in error;

MF’s: Membership functions;

ZE: Zero Equivalent;

VSC: Variable structure Control; and
PWM: Pulse with modulation.
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