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FUZZY MAXIMUM POWER POINT TRACKING COMPARED TO SLIDING MODE
TECHNIQUE FOR PHOTOVOLTAIC SYSTEMS BASED ON DC-DC BOOST
CONVERTER

Aim. This paper presents the amelioration of maximum power point tracking using fuzzy logic methods for photovoltaic
system supplying a standalone system. Method. The main role of the maximum power tracking is to force the system for
working at the maximum point for each change of meteorological conditions. The classic technique Perturb and Observe is
more attractive due to its simple and high efficiency. Sliding mode is a non-linear control technique; characterised by
robustness against the parameters change or disturbances, it gives a good maximum power operation under different
conditions such as changing solar radiation and photovoltaic cell temperature. Novelty. Fuzzy logic tracking technique is
treated. Fuzzy rules construction is based on Perturb and Observe behaviour when the appropriate disturbance step is
produced in order to obtain a fast system with an acceptable precision. We use in our study 60 W photovoltaic panel
associated to boost chopper converter in order to supply a standalone system. Results. As show in results figures using fuzzy
maximum power point tracking the ameliorate performances especially the very low oscillation rate (nearly 0.6 W), and very
acceptable response time 0.1 s. References 20, tables 1, figures 19.

Key words: solar panel, maximum power point tracking, perturb and observe, sliding mode, Fuzzy logic.

Mema. YV yiiti pobomi npedcmasieno NOKpAwjeHHA GIOCMEdCeHHs MOYKU MAKCUMANbHOI NOMYICHOCMI 3 GUKOPUCMAHHAM
Memodie Hewimkoi 102iKu 011 PomoereKmpuyHoi cucmemu, wo NOCMAYAE eNeKMmpOeHep2ilo 00 A8MOHOMHOI CUCTEeMU.
Memoo. Ocnosna ponv 6i0cmedicens MAKCUMATLHOI NOMYACHOCMI — NPUMYCUMU CUCHEMY RPAYlo8amu 6 MAKCUMAnbHill
mouyi npu KOMCHIU 3MiHi Memeoponoziunux ymos. Knacuuna mexunixa 30ypenns ma cnocmepedgicents € 0invul npugadaugon
3a60saKU  €60ill npocmomi ma GuUCOKil epexmuenocmi. Peojcum KoezamHs — ye HeMHIUHUL Memoo Kepy8aHHs.,
Xapakxmepusyemvcs CmIilkicmio 00 3MiHu napamempie abo nopyuienb, 04€ XOpPOuly MAKCUMAIbHY NOMYAICHICMb pobomu 6
PDISHUX YMO8AX, MAKUX AK 3MIHA COHAYHO20 SUNPOMIHIOBAHHA ma memnepamypu omoenexmpuunux eremenmis. Hoeusna.
Buxopucmosgyemuvca memoouka giocmeosicens 3 UKOpuUcmantam Hewimroi noziku. I1o6yoosa nevimkux npasun 6a3yemocs Ha
n06edinyi 30ypeHHs ma CnoCmepedtCceH s, Kou 8upoOIaEmbCs 8i0N08IOHUL KPOK 30YPeHHs, Wob ompumamu weuoxy cucmemy
3 NPUUHAMHOI MOYHICMIO. Y yboMmy 00CHIONCeHHI BUKOPUCTNOBYEMBCSA (DOMOeleKMPpUiHa naHervb nomyowcHicmio 60 Bm,
nioxn0ueHa 00 nepemeopiogaud, wo nidGUWYE, 0 NOCMAYantsa elekmpoenepeii 00 agmonomnoi cucmemu. Pesynomamu. Ax
NoKaA3yIomy pe3yabmamu, O0aHi 6UKOPUCHOBYIOMb HEYIMKY MAKCUMAAbHY MOYKY NOMYICHOCMI, AKA 8I0Cmedcye NOKpaujeHi
Xapaxmepucmuxu, 0cobaueo 0ydce HU3LKY WEUOKICMb KoaueaHv (maidce 0,6 Bm) i dyoce npuiinamuuii yac sioeyky 0,1 c.
Bi6a. 20, Tabun. 1, puc. 19.

Kniouogi cnoséa: coHsYHa NaHeJb, BiACTe:KeHHS] TOYKHM MaKCHMAJIBHOI MOTYXKHOCTI, 30ypeHHsI Ta CIIOCTePe:KeHHS, PeXUM

KOB3aHHsI, HeYiTKa Jiorika.

Introduction. Renewable energies represent an
attractive solution as replacement or complement of the
conventional sources. Among renewable energies, are
those resulting from the sun, wind, heat of the ground,
water or of the biomass. With the difference in fossil
energies, renewable energies are unlimited resource.
Renewable energies are divided in a certain number of
technological fields according to the developed energy
source and useful energy obtained. The field studied in
this paper is photovoltaic (PV) solar.

In direct couplings of the loads to PV system, the PV
panels are often oversized to ensure a sufficient power to
provide the load; this led to an excessively expensive system.

It very is easy to calculate the operating power of the
PV panels. But, the determination of the reference power
is more delicate view that it is function of meteorological
parameters (temperature and illumination).

This variable reference, characterized by a non-linear
function, makes the operation at maximum power more
difficult to achieve. Then, maximum power point tracking
(MPPT) is necessary. Generally it is based on the adjustment
of the duty cycle controlling the static converter until it is
placed on the PPM. Different MPPT methods have been
published in the literature for optimal functioning, such as
short-circuit current, incremental conductance algorithms,
modified hill climbing MPPT method [1].

Perturb and observe (P&O) method is largely
widespread approach in the research of the MPPT because
it is simple and requires only measurements of voltage
and current of the photovoltaic panel (Vpy and Ipy
respectively, two sensors necessary), it should be known
that this type of control imposes a permanent oscillation
around the maximum power point (MPP) [2].

The sliding mode control technique is generally used
to control the power electronics converters that constitute
systems with variable structure [3, 4]. Recently sliding
mode is used to control a grid connected PV system [5, 6]
supplying stand alone PV system such as the pumping
system.

In order to ameliorate the respond time and
eliminate the oscillation around the MPP, a fuzzy control
based on P&O idea is applied with different membership
and fuzzy rules at both sides of MPP. Under this method,
the perturbation step is adjusted according to controller
inputs and working point.

The aim of this paper is the amelioration of maximum
power point tracking using fuzzy logic methods for
photovoltaic system supplying a standalone system.

Electric model of PV cell. To predict the PV system
performance, it is better to make an equivalent model and
analyze its behavior under variable conditions.
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The simplified equivalent circuit of the PV cell with
junction p-n (Fig. 1) includes a current source /py, who
gives the photoelectric current model, associated with a
diode in parallel which gives the junction p-n model,
whose polarization determines voltage.
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Fig. 1. Equivalent model of the simplified PV cell

And also a series resistance which is the internal
resistance of the cell, it depends mainly on the resistance
of the semiconductor used, it is also affected by
temperature influence [7]

I:Iph+ID; (N

Ly =101+ Ko - (T=T))]; 2)
G

Iph(Ti):Icc(Ti)'[G_Ojs (3)

where [ is the current produced by the PV cell; 7, is the
photonic current, proportional to the illumination G; I is
the current flowing through the diode; 7 is the reference
temperature (77 = 25 °C = 298 °K); G, is the reference
illumination (G, = 1000 W/mz); K, is the coefficient of
variation of the current as a function of the temperature T;
1. is the short-circuit current (the current flowing through
the junction under illumination when the cell is short-
circuited).

And the relationship between current and voltage of
a solar cell is:

AV+RD),

I=1,-I( ™" -1, 4)

where [, is the saturation current; k, is Boltzmann
constant; V' is the voltage at the cell terminals; Ry is the
resistance series; n is the diode ideality factor, where
1 <n<2; q is the electron charge (g = 1.602-10" C).

Boost converter modeling. Boost converter (Fig. 2)
is composed of a boost inductance L, a controlled switch
K, a diode VD and filtering capacitors C. When the
switch K is on, the boost inductance current increases
linearly, the diode VD being blocked. When switch K is
off, the energy stored in the inductor, pass through the
diode to the output circuit [8].
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Fig. 2. DC-DC boost chopper scheme
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The modeling of this converter passes by the
analysis of the different operation sequences that we will
suppose durations fixed by the command S. There appear
two operation sequences according to the state of the
switch K.

When K is closed so VD is opened:

Voy = L9L.
dv, “ ©)
0=C—toad 1
dt
When K is opened:
di
Vey = L71L+ Viad s
(6)

. dVload .
154 C dt +1.
By putting (S = 1) when the switch K is closed and
(S = 0) for open K, we can represent the converter
according to the switch state S by the following
equations:

di
% =L7j+Vzoad-<1—S>; (7)

(1-8)iy = ¢ Lot ;- (®)
dt
Perturb and observe algorithm. The principle of
P&O MPPT control is to disturb the voltage Vp, with a
low amplitude around its initial value and analyze the
behaviour of the power variation Ppy resulting. So, as
shown in Fig. 3, we can deduce if a positive increment of
the voltage Vpy generates increased power Ppy that means
that the operating point is left of MPP. If not the system
has exceeded the MPP. Similar reasoning can be made
when the voltage decreases [9, 10].
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Fig. 3. P&O principle

At each cycle, Vpy and Ipy are measured to calculate
Ppy(k), where k indicate the present cycle. This value
Ppi(k) is compared with the value Ppy(k — 1) calculated in
the previous cycle.

The disadvantage of this type of control is that if
quick change of the illumination such as a mobile cloud,
this command has more losses, generated by the long
response time of the control to reach the new MPP.

P&O MPPT simulation. We apply two fast change
of illumination, the first at time ¢ = 0.4 s, from 1000 W/m?>
to 700 W/m® and the second at time 7 = 0.8 s from
700 W/m?” to 900 W/m”.
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In Fig.4-6 which represent the evolution of the
current, power and voltage, these curves contain
fluctuations, especially in transient periods, due to the
oscillation of P&O around MPP with fixed step.

PV current & load current, A

PV panel power & load power, W

Output & input boost voltage, V

Fig. 6. Load and PV panel voltage for P&O MPPT

But in other side we observe that the output power
follow the power generated by the PV panel, we keep the
operating point on the MPP, which confirm the
effectiveness of this method. The difference in power is
due to the converter losses.

P&O technique is based on applying a disturbance to
the voltage (positive or negative) to reach the maximum
power point.

The problem with this technique is that the
disturbance is fixed. In order to reach the point max
quickly, we must apply a large disturbance, but this
causes ripples, unlike that, if we apply a small
perturbation, we will have a good precision but a very
long response time.

Sliding mode MPPT. Sliding mode control is a
nonlinear control type. It was originally introduced for the
control of Variable Structure Systems (VSS).

In the control of the VSSs with sliding mode, the
state trajectory is brought to a surface and then, by the
switching law, it is obliged to remain in the vicinity of
this sliding surface.

The sliding mode controller is based on the
assumption of zero hysteresis on the sliding surface
S(x, t) = 0, and thus on a variable switching frequency.

The idea is to divide the state space by a decision
boundary called «sliding surfacey.

Stabilization on the sliding surface is achieved by
switching at each crossing of the decision boundary
[11-13]. When PV panel is operating in its maximum
power, we can write

Der o, ©)
Vpy
oP Wpy -1, ol
PV _ ( PV “p ) _ PV 'VPV +IPV ; (10)
Vpy W py Vpy
Loy ey Vey +1py . an
Vpy  WVpy

The switching surface adopted is the derivative of
the power with respect to the voltage, and from equation
(11) the sliding surface can be obtained by the following
relation:

8P 8]
LSt LN ST (12)
The switch control can be selected as:
0, S>0;
u= (13)
1, §<0.

There are two operating zones separated by the MPP
(S(x) = 0) as shown in Fig. 7, zone 1 for which the slope is
positive (S(x) > 0), and zone 2 for which the slope is
negative (S(x) < 0).

We can write also [14]:

1
ZE(I—Sign(S)). (14)
A MPP
Py S5=0
:. Zone 2
Zone \ §=0

50 |

\ Vgt

Fig. 7. Operating zones of PV system

Simulation of sliding mode MPPT. For the same
conditions applied with P&O we obtain the following
results. In Fig. 8-10 we observe amelioration of
performances, with a ripple and disturbance less than the
P&O technique.
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Fig. 8. Load and PV panel current for sliding mode MPPT
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PV panel power & load power, W

Fig. 9. Load and PV panel power for sliding mode MPPT
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Fig. 10. Load and PV panel voltage for sliding mode MPPT

Ameliorate sliding mode MPPT. In sliding mode
technique, the study is focused on the derivation of the
power with respect to the voltage, thus it is appeared two
zones depends on the sign of the sliding surface.

The ameliorate sliding mode is based on P&O
principle, each switching control take into consideration
the direction of the power variation (AP), and also the
direction of the voltage variation (AV).

We can define four cases as shown in Fig. 11:
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Fig. 11. The four situations of the operation point

Zone 1, case 1:

When operating point moves in zone 1, from point
(k — 1) to (k) we notice that it approaches more the MPP,
then, it should continue in the same direction.

Ve (k+1) = Vpy (k) + AV.

Zone 1, case 2:

When operating point always moves in zone 1, from
the point (k — 1) to (k), we note that it moves away from
the MPP. In this case, it must change direction; we apply
a positive double step (disturbance)

Vey (k+ 1) = Vpy (k) + 2AV.

Zone 2, case 3:

When the operating point moves in zone 2, from the
point (k — 1) to (k), we notice that it is closer to the MPP,
so that it will continue in the same direction

(15)

(16)

Vey (k+1) = Vpy (k) — AV.

Zone 2, case 4:

When operating point always moves in zone 2, from
the point (k — 1) to (k), we note that it moves away from
the MPP, then, in this case we must change the direction;
we apply a negative double step (disturbance)

Vpr (k+1) = Vpy (k) = 2AV. (18)

We conclude that the step of disturbance must be
doubled when AP <0

Ppy (k) < Ppy (k— 1), (19)
where Vpi(k), Ppi(k) are, respectively, the voltage and the
power of the PV panel, at the iteration (k); AV is the step
of disturbance of the voltage; AP is the resulting power
variation due to the voltage disturbance.

Simulation of ameliorate sliding mode MPPT.
For the same conditions applied with P&O we obtain the
following results (Fig. 12—-14).

This technique is simple and easily realized, because
it is based on classic P&O MPPT. By using the ameliorate
sliding mode, the clear optimization of the performances
but it needs more calculation time because of the
existence of four cases, which means more precision but
more iterations.
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Fig. 12. Load and PV panel current for ameliorate sliding mode
MPPT
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Fuzzy logic MPPT. The theory of fuzzy logic was
developed in by Prof. Lotfi A. Zadeh. The text «Fuzzy
Sets» appeared in 1965 in the review «Information and
Control» [15].

The majority of the developed controllers use the
simple diagram suggested by I. Mamdani for the single-
input/single-output system [16-18]. This diagram is
shown in Fig. 15 (where SE, SCE — inputs gains; SdD —

output gain).
1

SE
C—Q‘—»
SdD
fuzzification |__,! inference defuzzification _gf_.

ce—Q'—p dD
Scz

Fig. 15. General structure of a fuzzy controller

According to this diagram fuzzy system includes:

e the fuzzification corresponds to the process of
determining the degree of member ship to each fuzzy
partition;

e fuzzy rules (inference) indicate the use of the rules
started by the various fuzzified input;

o defuzzification block  corresponds to  the
transformation of outputs fuzzy values (linguistic form) to
real values (AV).

These methods allow formulating a set of decisions
in linguistic terms, using fuzzy sets to describe the error
amplitudes, its variation and the appropriate control. By
combining these rules, we can trace decision tables to
give the values of controller output corresponding to
situations of interest [19, 20].

The scale factors should be selected based on the
study of the system such that, when the small transitory
phenomenon, the permissible range for the error and its
variation are not exceeded.

Description of the fuzzy system.

Error E. The error E is defined as the error between
dP/dV and the seeking values dP/dV = 0. The latter value
corresponds to the unique extreme value of the curve
P(V). This extreme point is a maximum. More E is
positive; more the value of P increase .Conversely, more
E is negative, more the value of P decreases. Finally when
E tends to 0, the value of P tends towards its maximum,
the MPP.

Variation of the error AE. The change in the error
AFE indicates in which direction and in what proportion
the error changes in proportion as the algorithm is
running. So when AFE tends to 0, the system stabilizes (but
not necessarily MPP).

Output criteria (disturbance). The disturbance or
increment corresponds to the adjustment value added to
the voltage in each iteration of the algorithm. The fuzzy
rules allow determining and connecting the output of the
controller to input signals by linguistic terms taking into
account the experience acquired by a human operator.

Rules table. After having done some tests by
varying the number of output classes and rules allocation,
we get the following rules table [10] (Table 1).

Table 1
Fuzzy rules

E

NG | NM NP Z PP PM | PG

AE
NG NG NG NG
NM NG NG NG NM NP V4 PP
NP NG NG | NM NP Z PP | PM

V4 NG | NM NP Z PP PM | PG
PP NM NP z PP PM PG | PG
PM NP z PP PM PG PG | PG
PG zZ PP PM PG PG PG | PG

NG | NM | NP V4

Simulation of fuzzy MPPT. For the same
conditions applied with P&O we obtain the following
results (Fig. 17-19).
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Fig. 19. Load voltage and PV voltage for fuzzy MPPT

We observe the amelioration in the evolutions of the
various curves comparing to the classic P&O MPPT and
also comparing to the other techniques. Very low
fluctuation in voltage, in power or in current evolution,
this confirms the effectiveness and the superiority of the
fuzzy system applied.

The advantage of this technique is that the step of
disturbance is adapted by the fuzzy system according to
the variation of inputs, thus a transient period is shorter
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without any overshooting compared to sliding mode
MPPT and the ameliorated sliding mode MPPT.

Conclusions.

In order to supply an isolated site using
photovoltaic system, it is very easy to connect directly
the load to the supplying system. In this situation the
photovoltaic panels are often oversized to ensure a
sufficient power to provide the load; this led to an
excessively expensive system.

The operation point system is obtained by the
intersection between the curve of current depending to the
voltage and the load curve.

It is necessary to integrate a power point tracking
system, which has a role of detecting this point, and
forces the system to works precisely on it via an
electrostatic converter. For this aim a boost converter is
used; its role is the adaptation of the supplying power and
the augmentation of the output voltage.

As a comparative study, the converter is controlled
by two techniques, sliding mode and fuzzy maximum
power point tracking.

In the first part a classic perturb and observe method
is treated and simulated in order to validate the studied
model.

In sliding-mode method we define the sliding
surface which is based on a hysteresis method, using the
slope of the derivative of the power with respect to the
voltage in order to reach the maximum power point.
This method presents the advantage that it is
independent on the system parameters. The simulation
result shows the remarkable amelioration compared to
the classic perturb and observe. The oscillations on the
power response are the major disadvantage of this
method.

The tracking behavior shows that Fuzzy maximum
power point tracking system successfully and perfectly
tracked the maximum power point with better
performance than sliding-mode technique.

This controller guarantees high dynamic system
performances, and eliminate the ripples in the power, the
current and the voltage responses.

Conflict of interests. The authors declare no
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