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Bilindigi Uzere enerji, hayat kalitesini iyilestiren, ekonomik ve sosyal ilerlemeyi saglayan en

6nemli faktérdlr. Ancak, artan eneriji fiyatlari, kiresel 1Isinma ve iklim degisikligi, dinya enerji

talebindeki artig, hizla tikenmekte olan fosil yakitlara bagimliligin yakin gelecekte devam edecek

olmasi, yeni enerji teknolojileri alanindaki gelismeler, Ulkeleri yeni arayislara gétirmektedir.

Danya’nin enerji gelecegi ile ilgili raporlara bakildiginda;  2000-2100 yillar arasinda enerji
ihtiyaclari ve kaynaklarindaki dagilimda, 2100 yilinda petrolun iyice azalacagi, kdmurin nerdeyse hi¢c kalmayacagi, glines
enerjisi kullaniminin ise ¢ok artacagi goértlmektedir.

2009 yilinda baglatilan, 2050 yilina kadar 554 Milyar USD butcesi olan DESERTEC projesi ile birlikte, Turkiye’nin alternatif
enerji kaynaklar koridoru-hub’i izerinde olmasi 6nemini daha da arttirmistir. TUrkiye; ekonomik glines enerjisi potansiyeli
bakimindan; Orta Dogu ve Kuzey Avrupa ilkeleri harig, AB Ulkeleri igerisinde italya ve Yunanistan’i gegmekte ve Portekiz
ile esdeger durumda degerlendiriimektedir. Dulnya Enerji senaryolarinda enerji talebi 2006-2030 yillari arasinda her yil
%1,6 blyumekte ve sonugta bu giine gére %45 artisa ulasmaktadir. Bu talep enerji arzi yatirimlarini da 2030 da 26.3
Trilyon USD’ a ulastiracagini géstermektedir. Dinya elektrik eneriisi Gretiminde glines enerjisinin kullanimi 2007 yilina
gbre 80 kat artarak 5 TWh den 402 TWh a ¢ikmaktadir.

Glnes enerjisi uygulamalarinin, Amerika Birlesik Devletleri, Japonya ve Almanya gibi gelismis Ulkelerde hizla artmasinin
sebeplerinin baginda destekleyici mekanizmalar gelmektedir. Bu mekanizmalar icerisinde sadece Feed-in Tariff bulunmamakta,
vergi indirimleri, yatinm garantileri v.b ilave destekler de yer almaktadir. 2009 yil itibariyle 73 Ulke yenilenebilir eneriji politika
hedeflerini belirlemis, 64 Ulke yenilenebilir enerjiden elektirik Gretimi konusunda politikalar Gretmis, 45 (ke ve 18 eyalet-bolge ise
Feed-in Tariff denilen destekleme mekanizmalari olusturmustur.

Solar Future 2010 konferansi igin ilgili sektériin 6nde gelen temsilcileri ile birlikte hazirladigimiz Yol Haritasi raporunda;
2020 yil igin elektrik tretiminde kurulu giic hedefi yogunlastiriimis giines enerjisi gli¢ sistemleri (CSP) teknolojisi ile 200
MWp ve fotovoltaik (PV) teknolojisi ile 4800 MWp olarak belirlenmistir. 2020 yilinda Yol Haritas’'nda hedeflenen giines
enerjisi elektirik Uretim santralleri icin ayrilacak 13-20 Milyar USD lik yatirim ile, yaklasik 200.000-500.000 kisiye direkt
olarak Uretim, satis, proje, kurulum,servis alanlarinda istihdam olanagi saglanmis olacaktir.

Glnes enerjisinin gelecegini tartistigimiz SOLAR FUTURE 2010 Konferansinda dért ana konusmacimiz (Keynote
Speaker) Dr. Frederick Morse, Prof. Dr. Yogi Goswami, Mr. Jerry Stokes ve Mr. David Johnston, panel ve oturumlarda yer
alan diger yerli ve yabanci davetli konusmacilar, akademi ve sektérden arastirmacilar , uygulamacilar, bidirileri ile degerli
katkilarda bulunmuslardir. Her birine ayri ayr tesekkir ediyorum.

Kongre 6ncesi hazirlanan ve panel sirasinda sunulan ve tartisilan “Solar Future Road Map”6nerisinin faydali olacaginin
umuyorum.

Toplantinin diizenlenmesi Yeditepe Universitesi biinyesinde yer alan International Centre for applied Thermodynamics
(ICAT) tarafindan Sektérel Fuarcilik ile isbirligi icinde gerceklestirilmistir. Yeditepe Universitesi Mitevelli Heyeti Baskan!
Sn.Ulker Turgut'a, Rektér Prof.Dr.Ahmet Serpil’e, Sektérel Fuarcilik adina Sn.Sileyman Bulak’a ve emegi gecen herkese
tesekkurd bir borg biliyorum. Slphesiz, onlarin yardimlari olmadan bdyle bir toplanti gerceklestirilemezdi.

SOLAR FUTURE 2010 Konferansinda sunulan tim calismalarin llkemizde glnes enerjisi strateji ve politikalarinin
olusturulmasinda yararl olmasini temenni ediyorum.

Saygilarimla,

0. M. Sidian

Prof. Dr. Niliifer EGRICAN

President, International Center For Applied Thermodynamics (ICAT)
Conference Chair, Solar Future 2010

11-12 Subat 2010 - istanbul
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MODELING OF FUZZY LOGIC CONTROLLER FOR PHOTOVOLTAIC MAXIMUM
POWER POINT TRACKER

Ali. M. ELTAMALY
Electrical Engineering Dept., King Saud University,
Riyadh, Saudi Arabia

Abstract—In this paper a fuzzy logic controller for maximum power
point tracker of photovoltaic energy system is introduced. This
controller uses boost converter to control the terminal voltage of
PV system to work at the maximum power point. The load side is
consists of battery and control switches to control the power flow
from the PV system to the battery and the load. The system is
modeled using Matlab/Simulink program. The output power from
PV system in case of using fuzzy controller is compared with the
theoretical maximum power from the same system and the power
output in case of using best constant output voltage. The fuzzy
controller shows stable operation for different data introduced to
the system. It also restrains any overshooting in input or output
systems and increases a considerable amount of the energy
captured.

l. Introduction

The production of electric energy from PV has a lot of applications.
PV is environmental friendly and has no emission of harmful
gasses as the emission associated with conventional electricity
generation.

The power generated from PV is variable with its terminal voltage for
each value of radiation and temperature as shown in Fig.1. There
is one Maximum Power Point, MPP associated with each radiation
and temperature. Tracking this point to force the PV system to
work around it will substantially increase the energy produced.
That shows the importance of MPP Tracker, MPPT. MPPT needs

Output Power, pu

Maximum power curve
0.81 1
0.6/ 1000W/m® |
800W/m”

I 600W/m” i

0.4+ 400W/m’ 1
200W/m’

0.2

0.2 0.4 0.6 0.8 1
Terminal Voltage, pu

Fig 1. P-V characteristics of PV module.

fast and smart controller to counteract the fast change in weather
data or load changes. MPPT consists of two basic components,
dc-dc converter and its controller which is shown in Fig.2. Many
techniques have been introduced to catch the MPP. A survey
showing comparison of PV MPPT techniques is shown in [1,2].

PV Current
Sense

Load

PV Voltage
Sense

MPPT Control ‘

Fig 2. PV energy system with MPPT

In the direct coupled method [3,4], PV array is connected directly
to the loads without power modifier. To match the MPPs of the
solar array as closely as possible, it is important to choose the
solar array characteristics according to the characteristics of the
load. The direct-coupled method cannot automatically track the
MPPs of the solar array when the insulation, temperature, or, load
changed.

It is clear from the P-V curve of Fig.1 that, the ratio of the array’s
maximum power voltage, V_, to its open-circuit voltage, V_, is
approximately constant. So, PV array can be forced to work as
a ratio of its open circuit voltage. The literature reports success
with 73 to 80% from V__[5-8]. It is also observed that the relation
between the short circuit current and the current associated with
the maximum power is approximately constant. So it is possible
to use a constant current MPPT algorithm that approximates the
MPP current as a constant ratio of the short-circuit current [9,10].
The momentary interruption in the constant voltage or current can
be avoided by using a pilot cell [11].

mp? oc’

Another technique called perturb-and-observe (P&O), this process
works by perturbing the system by incrementing the array operating
voltage and observing its impact on the array output power. Due to
constant step-width the system will face high oscillation especially
under unstable environmental conditions. This technique suffers
from wrong operation especially in case of multiple local maxima.
A lot of modifications for this technique have been presented in
literature [12-20].
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The incremental conductance (IncCond) method [21-25] is based
on comparing the instantaneous panel conductance with the
incremental panel conductance. The input impedance of the dc-
dc converter is matched with optimum impedance of PV panel.
As noted in literatures, this method has a good performance
under rapidly changing conditions. But this technique requires
sophisticated control system. The parasitic capacitance algorithm
[23] is similar to IncCond technique except that the effect of the
solar cells’ parasitic junction capacitance Cp, which models charge
storage in the p—n junctions of the solar cells, is included.

Ripple correlation control (RCC) [26] makes use of ripple to perform
MPPT. RCC correlates the time derivative of the time-varying PV
power with the time derivative of the time-varying PV array current
or voltage to drive the power gradient to zero, thus reaching the
MPP. Simple and inexpensive analog circuits can be used to
implement RCC. An example is given in [30]. RCC quickly tracks
the MPP, even under varying irradiance levels. Another advantage
of RCC is that it does not require any prior information about the
PV array characteristics, making its adaptation to different PV
systems straightforward.

The hill climbing technique [26-29] uses a perturbation in the duty
ratio of the dc chopper and determine the change in power until the
change of power reach its almost zero value which is the MPP. Hill
climbing technique can be implemented by using PID controller or
by fuzzy logic controller, FLC.

FLC has been introduced in many researches as in [31]-[36] to
force the PV to work around MPP. FLCs have the advantages
of working with imprecise inputs, not needing an accurate
mathematical model, and handling nonlinearity.

Il. Model Of The Proposed System

In the proposed system, the simulation has been carried out using
three different techniques for comparison. In the first technique, a
Matlab file has been used to calculate the theoretical MPP. In the
second technique a constant terminal voltage of the PV is adjusted.
In the last technique, a fuzzy controller has been used as a MPPT.
The simulation of the proposed system has been implemented
using Matlab/Simulink program as shown in Fig 3. The simulation
of the proposed system contains sub-models that explained in the
following:

!1 lon
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A. Photovoltaic Cell Model

The PV cell model is based on the single-diode representation of a
silicon photovoltaic cell as illustrated in Fig 4. [37]. The governing
equations, which describes the |-V characteristics of a crystalline
silicon photovoltaic cell as described in [37] which solved
conveniently using SIMULINK as shown in Fig 5.

MA—>-¢

lpve

R 1, [Rs
Veve -
Rsh g
I@ a

4
Fig 4. Equivalent circuit of photovoltaic cell.
T
Cell Temperature N

¥

€
Jeell(filtered)

Fig 5. Simulink model of PV cell.

B. Battery and Load Model

The battery model is shown in many literatures and explained in
details in [38]. The accuracy of this model data is very important
in the whole system. The battery model has the following input
parameters,

1. Initial state of charge (SOC), indicating available charge,
Highest and lowest state of charge, SOC, , SOC, (Wh).
Number of 2V cells in series.

Charge and discharge battery efficiency; K.

Battery self-discharge rate.

o wb

A control switches are necessary to control the charging and
discharging the battery. These switches are necessary to keep the
battery from being overcharged or undercharged which significantly
reduce the battery’s life. The control switches are shown in Fig 6.

Pev s R
o . —>
| 51 |
L
PV
system Battery Load
[ | |

Fig 3. Simulink simulation model of the proposed system.

Fig 6. Block diagram of charging control.
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The operating logic used in the control switches is shown in Table
(1) Switch S, will stay ON unless SOC reaches its maximum value,
SOC,,. Switch S, will stay ON unless SOC its minimum value,
SOC

L

Table 1. The operating logic used in the control switches.
Mode S, S, SoC
1 OFF ON SOC=S0C,,
2 ON OFF SOC=SOC,
3 ON ON SOCL < SOC< SOC,,

C. Boost converter Model

Boost converter model has been designed as shown in Fig 7.
The inputs of this model are the change required in duty ratio, AD,
Radiation, and PV current, |, The outputs of this model are the
PV output voltage, V. duty ratio, D and output current. The value
of AD is subtracted from D to get the new value of D depending on
the following equation

D(k+1)=D(k) AD(k) 1)
The value of D is used to determine V,,, as shown in (2).

VPV: V; (1-D) (2)
where, Vo is the boost converter output voltage
PV voltage, VPV obtained from (2) and IPV used to obtain Vo. The

output current that feeds the battery and load can be obtained from
dividing the output power on V.

P(n) —p(n—-1)

Em = o =vin=1)

©)}

AEMm)=Em)—EMm-1) 4)

E. Fuzzy Logic Controller Model

The FIS editor is an effective Graphical User Interface (GUI) tool
provided with the fuzzy logic toolbox in Matlab to simplify the design
of the FLC which are used in this system. The output power from
the PV system and the voltage are used to determine the E and AE
based on (3) and (4). Predicting the range of E and AE depends on the
experience of the system designer. These variables are expressed
in terms of linguistic variables or labels such as PB (Positive Big),
PM (Positive Medium), PS (Positive Small), ZE (Zero), NS (Negative
Small), NM (Negative Medium),NB (Negative Big) using basic fuzzy
subset. Each of these acronyms is described by a given mathematical
membership functions, MF as shown in Fig 9. MF is sometimes made
less symmetric to give more importance to specific fuzzy levels as
in [35] or it can be symmetric as shown in [39] and used here in this
paper. The inputs to a FLC are usually E and AE. Once E and AE
calculated and converted to the linguistic variables based on MF, the
FLC output, which is typically a change in duty ratio, AD of the power
converter, can be looked up in a rule base Table 2. FLC membership
functions for both inputs and output variables can be used as triangle-
shaped function which is easiest way to be implemented on the digital
control system. The linguistic variables assigned to AD for the different
combinations of E and AE are based on the power converter being
used and also on the knowledge of the user.

<
Bl
Memory3 Vo
N CE "
@
Vpv
Voi1-D)
Dty Ratio ) ou-b)
0<De1
(2 )
Radiation . Product Duty
Saturationt
» =
() » x | x o
Ipv ﬁ PowerVo
Efficiency Power

Fig 7. Simulink model of the boost converter used in the simulation.

D. Model of calculating Error and its variation, E and AE

The Simulink model of calculating E and AE is shown in Fig 8. The
input values of this module are I, and V. These values are used
to calculate the power from PV array. Then the error signal can
be calculated depending on (3). The value of AE is calculated as

NB N S  ZE PS PM PB

Error, E
MFs

NB M S ZE pPS PM PB

Change of
Error,
MFs

NB N S ZE PS PM PB

Change in
Duty Ratio
MFs

Fig.9 A fuzzy system with two inputs, 1 output and 7 MFs each.

Table (2) Rules for a fuzzy system with 2-inputs and 1 output with
7-membership functions.

shown in (4). =
E NB NM NS ZE PS PM PB
NB NB NB NB NB NM NS ZE
NM NB NB NB NM NS ZE RS
NS NB NB NM NS ZE PS PM
ZE NB NM NS ZE RS PM PB
PS NM NS ZE PS PM PB PB
Hemor PM NS | ZE ps | pm | PB | PB | PB
Fig 8. Simulink model of calculating E and AE. PB ZE PS PM PB PB PB PB
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These linguistic variables of input and output MFs are then
compared to a set of pre-designed values during aggregation
stage. The accurate choose the relation between input and output
function determine the appropriate response of the FLC system.
The relation between them depends on the experience of the
system designer. These relations can be tabulated as shown in
Table 2 [40,41]. Some researches proportionate these variables to
only five fuzzy subset functions as in [33]. Table 2 can be translated
into 49 fuzzy rules IF-THEN rules to describe the knowledge of
control as follows;

R, If Eis NM and AE is PS then AD is NS
R If Eis PM and AE is NS then AD is PS

R, If E is PS and AE is NB then AD is NM

In the defuzzification stage, FLC output is converted from a linguistic
variable to a numerical variable by using MF. This provides an
analog signal which is AD of the boost converter. This value is
subtracted from previous value of D to get its new value as shown
in (1).

Defuzzification is for converting the fuzzy subset of control form
inference back to values. As the plant usually required a nonfuzzy
value of control, a defuzzification stage is needed. Defuzzificaion
for this system is the height method. The height method is both very
simple and very fast method. The height defuzzification method in
a system of rules by formally given by (5):

m n
AD=(Zc(k)*ij/z Wy (5)
k=l k=l
where AD = change of control output
c(k) = peak value of each output
W, = height of rule k.
The relation between the inputs and the output of the fuzzy
controller can be represented as a 3-D drawing which called
surface function, is shown in Fig 10. It is clear that the surface
function is approximately smooth which enhance the stability of
the fuzzy system.

oS <
S Y, e
BN NN e T S
W NSNS Y
SR S e
AR RH L KK 5,
s S
St N N S L7050
e et RN G et 0
N O R e S oo
SR
g

et

et

Sl
SRR

Fig 10. Surface function of the proposed FLC
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lll. Simulation Results

The radiation and temperature data which used in simulation
are from realistic hourly data of the Riyadh city of Saudi Arabia.
These data is concentrated in narrow range of time (4sec.) which
approves the robustness of the FLC. 500 Watts PV array is used
in simulation. The simulation is carried out with FLC and constant
voltage technique for the purpose of comparisons.

These two MPPT techniques have been compared with theoretical
MPP from PV module which can be calculated using a Matlab file.
The load is connected with a PV array through a battery. Fig 11
shows in the first trace the solar radiation used in the simulation.
In the second trace of Fig 11, the output power for FLC and
constant voltage MPPT technique compared with the theoretical
value of MPPT. It is clear from second trace that, the power
output with FLC is following the theoretical MPP exactly but the
output power with constant voltage control is considerably lower
than that associated with FLC. Moreover FLC can restrain any
overshooting in the input or output variables. Third trace of Fig 11
shows the value of AD which is the output from FLC. This value
can be used to modulate the value of the duty ratio. Fourth trace
of Fig 11, shows the duty ratio of the boost converter. Fifth and
sixth trace of Fig 11, show the error function, E and the change
of error, AE.

100 — "
-

e Y S S I 3 35 4
50

b I L .I O R
IV T A R

firme {sec)

Delta{Error)
=)

2

Fig.11 Simulation results of the propose FLC system.

Output power from PV system using FLC and constant voltage
along with the theoretical MPPT are shown in Fig 12 for the
purpose of comparison. It is clear from Fig 12 that the output power
associated with FLC system follows exactly the theoretical MPPPT
which proves the superiority of the system.
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Fig.12 The output power from PV system using FLC and constant voltage
along with the theoretical MPPT.
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IV. Summary

The generated power from the photovoltaic cell is changing with
the operating voltage of the PV cell for each value of radiation and
temperature. There is a maximum power point, MPP at certain
voltage of the PV cells. Maximum power point tracker, MPPT is
used to track this point. Simulation results reveals that, tracking the
MPP by using the fuzzy logic control, FLC proves an exact tracking
for the maximum power point even in highly changing weather
conditions. Also, FLC has a very fast and accurate response for
any fast change in the weather or load variations. FLC system
restrains any overshooting in input or output systems and increases
a considerable amount of the energy captured.






