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ABSTRACT

Maximum power point trackers (MPPT) play an impottaole in photovoltaic (PV) power systems
because they maximize the power output from a Pdfegy for a given set of conditions, and therefore
maximize the array efficiency. The maximum powemptracking methods proposed in this study are two
algorithms: Perturb and Observe (P&O) and Fuzzyi¢ @pntrol (FLC). The numerical modeling of the
PV system shows the MPPT interest and then the M&&drithms are highlighted. In this paper, a PV
system based on a boost converter as MPPT devimmn#idered. The proposed algorithms were simdilate
in Matlab/Simulink environment for comparing thefeemances of P&O and fuzzy logic MPPT methods.
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1. INTRODUCTION
In this paper, the numerical modeling of the PV

The economic reasons, environmental concernsystem shows the MPPT interest then the Perturb
and political implications are the main causes thaind Observe (P&0O) and fuzzy logic MPPT
led to the search for alternative ways of obtainingigorithms which can find the real Maximum
electrical energy. With global warming on the risePower Point (MPP) were reviewed. The proposed
it is natural that scientific research is more andligorithms were simulated in Matlab/Simulink
more oriented towards renewable energiesnvironment for Comparing the performances of
development. Photovoltaic (PV) energy ha$&0 and fuzzy logic MPPT methods.
attracted more attention in the last few yearstas i
meets the requirements of being environmentallg. PHOTOVOLTAIC MODULE AND ARRAY
compatible and resource conserving [1]. Among MODEL
renewable sources of energy, solar energy is a
suitable choice for a variety of applications mginl PV system naturally exhibits a nonlinege\ ,,
due to its capability to be directly converted toand B,-V,, characteristics which vary with the
electrical energy using solar cells. The outputadiant intensity and cell temperature. Figure 1,
power of solar cells depends on the ambient I

temperature and the radiation intensity[2]. Thare i Rs B

a single maximum power operating point the M o
tracking of which is very important in order to +
ensure the efficient operation of the solar cathar I D R v
Maximum power point tracking (MPPT) is one of PE SH PV

the most important issues in solar cell systems -
[3,4]. There have been numerous methods proposed

for tackling this issue [5,6,7,8]. These methods

differ in terms of complexity, speed of response, Fig. 1: Equivalent circuit model of PV cell
amount of investment, the number and types of

sensors required and the hardware implementatiorshows the equivalent circuit models of cell.
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To produce enough high power, the cells must beurrent varies with the cell temperature, which is
connected in N series-parallel configuration on aescribed as
module. A PV array is a group of several PV 1 1

; ; : ; g (———)
modules which are electrically connected in serie . T, Ik
and parallel circuits to generate the requiredantrr I, =1, (T /T .1 exp| TI 3)
and voltage. The terminal equation for the currer

and voltage of the array becomes as follow§here | is the cell's reverse saturation current at a

[9.10,11,12,13]. reference temperature and a solar radiatianisE
‘ ! [ (q(Vep/ N +IR.)/IN,) | I the bang-gap energy of the semiconductor used in
[_=~,--=,\-,.I,.H—.\|,[_.-,|t'xpl KT A .!_]J the cell. The ideal factor A is dependent on PV
o R : technology [14].
—[,\-'rl,‘-" "I'\!5+IR5”R5H (1)

On the other hand, the VOC parameter is obtained
where, | py is a light-generated current orby assuming the output current is zero. Given the
photocurrent,d the cell saturation of dark current, qPV open voltage VOC at reference temperature and
(= 1.6x10" C) is an electron charge, k (= 1.38 x10gnoring the shunt leakage current, the reverse
“23J/K) is a Boltzmann’s constant, Tc is the cell’ssaturation current at reference temperature can be
working temperature, A is an ideal factorsyRs a  approximately obtained as
shunt resistance, ands B a series resistance. The
photocurrent mainly depends on the solar

proToe . SO | _aVo
irradiation and cell’s working temperature, whish i Ips =1sc /| exp| — FNE

. I NKT A |
described as . 4

f R

(4)

L, =l +K, (T.~-T_ )IG 2
m =l +K, (T ) (2) 3. SSIMULATION OF SOLAR PYMODULE IN

. o MATLAB/SIMULINK
Where k¢ is the cell’s short-circuit current at a 25°

C and 1kw/m , K, is the cell's short-circuit
current temperature coefficient,f is the cell’'s

reference temperature, and G is the solar irradiati
in kW/mZ. On the other hand, the cell’s saturation

In this section the characteristic equations (1),
(2), (3) & (4) for the PV module is implemented in
Matlab/Simulink as shown in Fig. 2.

L
T 'Iﬁn]:Dm:h.r-e Foh: nhute rument
+l
(T |Temmrmtnn I =|_"
T & Irrodoroe " Ls: Safurdhion arret
@—nlrmchu
ik
e PV *

(@) (b)

Figure 2: Model of the PV module under Matlab/Sintu(a) Mask of model, (b) Model under mask
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The parameters chosen for modeling Figures 3 and 4, shows the behavior of a

corresponds to the STP240-20/Wd module as
listed in Table 1.

Table 1: Parameters of STP240-20/Wd solar module

Parameters Values
Maximum Power (Pmax) 240 W
Voltage at Pmax (Vmp) 30.2V
Current at Pmax (Imp) 7.95 A
Short circuit current (Isc) 8.43 A
Open-circuit voltage (Voc) 37.2V
Maximum System Voltage 1000V DC
Temperature Coefficient of Isc -0.055 %JC
Temperature Coefficient of Voc | -0.33 %?C
Temperature Coefficient of Powef -0.44 %?C
NOCT 47+-2C
10 ; 250
G=1000W/m2

i) AR S 200
. G=80OW/mM2 :
L gl R I L N z
R G=60DWIM?2 : : 3 150
= : o
5 40 GO WMy PN £ 100
O * ' : &

ot e R R RE T 1 | SEER 50

0 : : : )

] 10 20 30 40
Voltage WVpw(\W/)

photovoltaic panel simulation in accordance to
irradiance and temperature variations under
respectively constant temperature and irradiance.
In fact, a PV generator connected to a load can
operate in a large margin of current and voltage
depending on weather conditions. Fig.4 shows
that the open circuit voltage is increasing
following a logarithmic relationship with the
irradiance and decreasing slightly as the cell
temperature increases. On the other hand, the
short circuit current is linearly depending on the
ambient irradiance in direct proportion, while the
open circuit voltage decrease slightly as the cell
temperature increases.

Figure 3 : Ipv and Ppv versus Vpv characteristiogler different irradiation and T=25°C

10

Current [pviA)

Voltage Vpv(\V)

Power Ppy(WY)

"""""""""""""""" G=T10QWIATZ """
""""""""""""""""" G=gooyum T
------------------------- S=soowmzyt -
-------------------- 8‘2488‘#!;112- Ab-----
10 20 30 40
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ELT -
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150 frremmmmmmbe e nee 4---1-07
1125
100 f--mmmmm koo serd -} --
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Figure 4 : Ipv and Ppv versus Vpv characteristiosler different temperatures and G=1000\W/m-
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Therefore, the maximum power that could be vV, 1
generated by a PV system is slightly depending on v (1_ D) ©)

the temperature and irradiance variations: the
maximum power increases as the irradiance o )
increases and vice versa, on the other hand a PYhere Vin is the input voltage (output voltage of
generator performs better for low temperature thaV &rray), Vo is the output voltage and D is the
raised one. duty ratio of controllable switch. With the boost
The solar module should always operate so as tgPologies we can require output voltage higher
extract the maximum power for a given inputhan thatatthe input.

conditions. For this purpose various power point
algorithms can be used. 5. MAXIMUM POWER POINT TRACKING

METHODS

4. PROPOSED PV SYSTEM WITH MPPT The control objective is to track and extract
CONTROL maximum power from the PV arrays for a given

solar insolation level. The maximum power

The maximum power that could be generated HfPrresponding to the optimum operating point is
a PV system is slightly depending on th etermined for dlf_ferent solar irradiation Ie_vel.
temperature and irradiance  variations, th&any MPPT techniques have been reported in the
maximum power increases as the irradiancierature, but 'Fhere are two main methods, which
increases and vice versa, on the other hand a P the most widely used:[3,7]
generator performs better for low temperature than
raised one. * Perturb and Observe (P&O)
To overcome this undesired effects on the PV Fuzzy logic controller (FLC)
power output, an electrical tracking have to be ) ) S
achieved through a power conditioning convertef N€ first one is so called ‘hill-climbing” methahd
(DC-DC converter) inserted between the load anfjS Uses the fact that on the V-P characterisrc,
the source to insure an impedance adaptation Bje left of the MPP the variation of the power

matching the load impedance with the varying P\#gainst voltage dp/dv> 0, while at the right,
source as shown in Fig.5 [8]. dP/dV< 0.The Fuzzy logic controller method is

based on the fact that it does not require the

DC Boost Comventer ire ¢
B o it — knowledge of the exact model. It does require & th
ey —! other hand the complete knowledge of the operation
- D 4 of the PV system by the designer.
werer|t 2R s
Vir| N Vo P
IR | ' dPidv=0
] ——t | e
] N o
Gate con
e a ke ] D‘
L n.a MPFT comed 7 i %-1
Wi & o eachach I Dty cke admimg : :
(=}

Figure 5: Photovoltaic power system with a Boostweoter =r.
— P{V)
A boost converter can be used to increas 1)
magnitude of output voltage and control the Voo
maximum power point. The MPPT control and

pulse width modulation (PWM) method is used tQ-jg e 6: I, P versus PV voltage V and sign ofdRédV
generate a pulse for drive controllable switch (SW) at different positions on the power claesistic

. The output voltage of the boost converter can be

calculated from:

Voo V
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5.1 Design of aMPPT Control with P& O 5.2 Design of aM PPT Control with Fuzzy L ogic

The most commonly used MPPT algorithm is . ) )
the Perturb and Observe (P&0), due to its simplEUZZY control method is applied for the nonlinear

structure, fewer measured parameters and easeCharacteristics of photovoltaic cells [17,18].dtthe .
. S . . changes to power on the voltage or current, and its
implementation in its basic formil5]. It is also . :

.rate of change as fuzzy input variables, by fuzzy

called mountain climbing method. Its control idea i rocessing and fuzzy identification based on expert

;[r? rtr;]aek((aji.:,g(lz?iroﬁelclﬁ Z‘ﬁ;ﬁ oeutgrl:é pt%geégﬁggngﬁgﬂ xperience, the membership adjusting the output is
9 P iven, the final membership values carry on

adjustment of the size of the voltage. The natdre defuzzification to gain Adjust volume, to achieve

the P&O is a self-optimizing process [16]. As the ;
MPPT control flowchart shown in Fig.7, the control of the maximum power output. Advantage

. of this method is not dependent on accurate
terminal voltagev and current of PV arrays are : .
) : mathematical model of control object, and has good
first measured and PV power P is therefor

obtained from the product o¥ and | If the %ynamlc performance and  accuracy, good

maximum power point Ris the demarcation point, [rohbusé)tngss [19’20]'. . £t I .
when V(K)>V(k-1), if P(k)-P(k-1)>0, then the solar e basic composition of fuzzy controller contains
cell work in the left section of the curve. To makea fuzzy mterfacg, rule base, fuzzy reasoning, and
the operating point close to the maximumClear part of the interface.
power R, point, need to continue to increase o ]

the output voltage V; In contrast, V(k)>V(k-1), >-2-1 Determination of input and output

if P(k)-P(k-1)<0, then the solar cell work in theVvariablesand fuzzy

right part of the curve, in order to make the ) ) o
operating point near the point of maximum power  Fuzzy processing uses fuzzy linguistic
Pn, require to reduce the output voltage V. withvariables E to describe the deviation. In this giesi

this control algorithm, the operating point of PvyWe use E and dE as the input of fuzzy controller,

arrays can move toward the maximum power poirfutPut is the MOSFET's PWM duty cycle variation

corresponding to  different temperature andj_D (Fig-8). The fuzzy controller for dual input and
single output is:

irradiance.
_dP = Py (K) - p(k-1)
R AN TR =) ©
dE=E(K- H k-1)=
P o= -y D
A(dv(k))_d\/pv(k) dva(k 1)
D(k) = D(k-1)+ dD(k) (8)

On the other hand, the error E and errongbka
dE are normalized as follows:

e=K..E
de= K,..dE 9)
dd = K;t.dD

Al Y
|DZk-D{k-L—&D||D;k.I;;k.;.,glp,| ‘Dik-nik-'--&ﬂ‘ Di-de-1-42)  Where Kg, Kge and Kge are the scale factors

' ¢ (standardization). We vary these factors until we
Y } ! have a proper transient control. In fact, it isythe
Y which will determine the performance of the MPPT
(k-1) controller.
(k1)

Pik)
Vik=V

Y

Figure 7 : The flowchart of the P&O algorithm

e
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W approximately zero and its variation as it willthe
i same order.

Now, if the error is approximately zero, but its
Keg® - variation is strongly negative, the positive cohtro

E—— Ko signal is small, or if the error is strongly negati
o —If—* Fuzfionon [P loffrewce [P Défuuzification Ed_d'n b_ut the var_iation is approximately zero. The cantro
i e signal will be strongly positive. These

considerations lead to the adoption of a decision
Figure 8 : Bloc diagram of the Fuzzy Logic Controltable anti- diagonal, summarizing the rules chosen,

itis Table. 2
In this Fuzzy controller, the range of interest of Table.2: Fuzzy Control Rule Table
each input variable and the output variable is E |[NB|NS |ZE |PS |PB
divided into five classes which are denoted as dE
follows: NB ZE | ZE PB PB PB
NB: negative big, NS |ZzE |zE |PS |PS |Ps

NS: negative for small e s t5E T2 26 1 Ns
ZO: for about zero, — e s oe lze | 2e
PS: positive small

PB: positive for large PB NB |NB | ZE | ZE | ZE

Input E, dE and output membership functions arg 2 3 Defuzzification
shown in Figure Z.

The last stage of the fuzzy logic controthis
defuzzification. In this stage the output is cotedr
from a linguistic variable to a numerical crisp one
again using membership functions as those in
Figure 9. There are different methods to transform
the linguistic variables into crisp values. It cam
said that the most popular is the center of gravity
method which is calculated as follows.

Mlembership srade

" (1(D,).D)

n

Z/J(Di)

s 5 2 2 2 o ¢

&
M
-3
o
i

Cal

E/100 . dE/100, dD

Figurs 9: Membership function of B, dE and dD

The values -0.08, -0.04, 0, 0.04 and 0.08 are bas¥éhere, dD(k) is clear the amount of output
on the range values of the numerical variable. Igariables, U(D;) is the first i-fuzzy output
some cases the membership functions are choseembership, that the output variable of fuzzy
Iess_ symmetric or even optimized for theinference; Dis the first i elements of a fuzzy output
application for better accuracy [21,22]. of the center position; n is the system-defined
number of fuzzy output.
5.2.2 The establishment of control rulestable
_ 6. RESULTSAND DISCUSSION

The fuzzy r_ules used to_determme_ the The models proposed to test the dynamic
controller output signal as a function of the input . )
) X . _performance of different MPPT algorithms
signals. They connect the output to the input digna;_. . I

S . . (Fig.10), were developed in Matlab/Simulink and
by linguistic terms which take into account the .

; : consists of a model of the PV array, Boost
experience and know-how acquired by a human

. . converter which  consist of (Capacitors
operator. Simply translating remarks sense. F%e—Cs—MO E  Inductor L=1mH. Diode and
example, it is quite clear that, if the error i©agly ~S=alUUT, - ’

' . o Mosfet), model of MPPT controllers and battery
negative and its variation is also the control algn
: X . (48V) as a load.
must be approximately zero, but if the error i

e
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The following simulation were presented forreached, and the amplitude of the oscillationsaare
different irradiation levels G (Fig.11), to evaleat trade off, as both cannot be improved at the same
the efficiency, reliability, stability performancesf time: if one is reduced the other increases, becaus
the fuzzy and P&0O MPPT controllers underboth depend directly on the size of the duty
different slope and step of irradiation level. Thencrement.
obtained results are given in the figures 12 and 13 As seen in Figure 12.c and 13.c, the algorithm
and table. 3. fuzzy logic tracks accurately the MPP when the
As seen in Figure 12.a and b , the algorithnrradiance changes under steps, it is very fast tha
Perturb and Observe tracks accurately the MPP&O algorithm to reach the maximum power point.
when the irradiance changes continuously unde&lso, the fuzzy controller shows smoother power
differents slope (30w/m2/s and 100w/m2/s)curve, less oscillating and better stable operating
The PV array power Ppv in both cases, when thgoint than P&O.
increment of the duty cycle dD is set to 0.01 and When the irradiance changes continuously
0.005, track the MPP when the irradiation changesinder slope with a gradient of 50 wi/m the
However, when the irradiation is constant, itracking corresponding to the fuzzy logic algorithm
oscillates around the MPP value. The amplitude afets bad at the beginning (Fig.12.c) because the
the oscillations depends directly on the size ef thcontroller does not detect the change in the
increment in the duty cycle. irradiation and the duty is kept constant. When the
Also, when the irradiation is constant, thegradient is small, the error and the change in the
corresponding MPP is reached after a delagrror are really small and both correspond to the
(Fig.13.a and b), which depends on the size of d@ZERO membership functions, even though these
In other words, when dD is 0.01, the oscillationsnembership functions are really narrow in both
around the MPP are greater but the time to reaalases. Consequently, the increment in the reference
the steady state is shorter than in the other casmltage is set to zero and the MPP is not correctly
when dD is 0.005. tracked. In contrast, the algorithm fuzzy logic
Figures 12, 13 a and b, depicts the performandeacks accurately the MPP when the irradiance
of the P&O algorithm under a step of irradiance. Ithanges continuously under slope with a gradient
this case the tracking &dequate. As expected, theof 100 w/nf/s (Fig.12.c).
convergence speed, i.e. how fast the steady state i

s z7ds " - [Temperaton

- — Doy cypehibesmars
Ly

[ e iame
L
Ve maw e T Warkzpaol
Te Workspoo?
‘.'-H -

Ta Weorkraozed

FeM

Figure10: Model used for simulations in Matlab/Slimk, wth P&O controller
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Figure10: Model used for simulations in Matlab/Simk, with Fuzzy logic controller
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Figurel2: Performance of MPPT algorithms undefatiént steps and ramps irradiation change,
With P&O and dD=0.01, (b) With P&O and dD=0.005) @&hith Fuzzy logic
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100 With P&O controller 100 With P&0 Controller 100 With Fuzzglv Logic Controller
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Figure 13 : Zoom in figure 12, between the timerival 0 and 1s

The dynamic efficiency was calculated as follows: the PV array because the MPP is not tracked, thus
the efficiency is 99.4 % , which is less than tisat
obtained with P&O algorithm. In contrast, the

Nyper =_ P (11) dynamique efficiency of fuzzy logic algorithm when
P using the irradiation steps, reaches 99.53 %, wich

MPPT . ; - .
where B, is the power obtained from the PV panepreater than that is obtained with P&O algorithm.

and Rpepr is the theoretical maximum one. The

maximum power point (MPP) data obtained wher{- CONCLUSION

the irradiation changes was used to calculate the )

MPP power (Bep1) In this paper, the Perturb and Ob_serve (P_&O)
using Matlab.The efficiencies under the steps andnd fuzzy logic MPPT algorithms which can find
slopes of irradiation proposed in Figure 11 aréhe real Maximum Power Point MPP were

shown in Table 3. reviewed. The algorithm fuzzy logic tracks
accurately the MPP when the irradiance changes

Table.3:Dynamic efficiency under steps, it is very fast than P&O algorithm to

Siope Step of rradiance reach the maximum power point. Also, the fuzzy

Efficiency controller shows smoother power curve, less
(%) %0 100, 100 600 oscillating and better stable operating point than

w/m?/s] | [w/m9s] [w/m?] [w/m?] . .

995% [ 9948% | 9945% 99419 | P&O. The corresponding MPP for P&O algorithm

n| P&o is reached accurately after a delay with the
< E)l;czy 99.4% | 99.42% | 99.53% | 99.52% oscillations around the MPP , which depends on the

size of duty increment dD. The dynamic efficiency
measured for both MPPT algorithms was above
Comparing the performances of (P&O) and fuzzwg 4 % in all cases.

logic MPPT algorithms considered in this paper, iThe fuzzy logic control is more difficult to design
can be said that the dynamic efficiency of P&Qand tune, because all membership functions have to
algorithm when using the irradiation slopes 50 ange customized for the PV array used in the system
100 winf/s, reaches 99.5 %. Furthermore, the P&Qnd the efficiency of the controller depends ggeatl

algorithm tracks the MPP under all ramps witton designer's expertise. In contrast, in the cdse o
better efficiencies, as seen in Table 3, who i$89. the P&O technique, the design steps are well

% for slope with a gradient of 50 wits. In defined and easily to implement.

contrast, using the fuzzy logic algorithm, theThe above conclusions are based on simulations
efficiency is good with the slope with a gradiefit results. The experimental validation could be done
100 w/m2/s where the efficiency is 99.42 %, buand that should be the next step to confirm the
when the gradient is smaller, 50 W/m the results from the simulations.

tracking gets bad at the beginning (Fig.12.c)

because the controller does not detect the change i

the irradiation and the duty is kept constant. This

leads to a severe drop in the power obtained from

e
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