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Abstract: This paper proposes an intelligent control method for the maximum power point tracking (MPPT) of
a photovoltaic system under variable temperature and insolation conditions. This method uses a fuzzy logic
controller applied to a DC-DC converter device. The different steps of the design of this controller are presented
together with its simulation. Results of this simulation are compared to those obtained by the perturbation and

observation controller. They show that the fuzzy logic controller exhibits a much better behaviour.
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I. INTRODUCTION

Due to energy crisis and environmental issues such as pollution and global warming effect,
photovoltaic (PV) systems are becoming a very attractive solution. Unfortunately the actual energy conversion
efficiency of PV module is rather low. So to overcome this problem and to get the maximum possible
efficiency, the design of all the elements of the PV system has to be optimised. In order to increase this
efficiency, MPPT controllers are used. Such controllers are becoming an essential element in PV systems. A
significant number of MPPT control schemes have been elaborated since the seventies, starting with simple
techniques such as voltage and current feedback based MPPT to more improved power feedback based MPPT
such as the perturbation and observation (P&O) technique or the incremental conductance technique] Recently
intelligent based control schemes MPPT have been introduced. In this paper, an intelligent control technique
using fuzzy logic control is associated to an MPPT controller in order to improve energy conversion efficiency.

1.1Principle Of Maximum Power Point Tracking Control

The photo voltaic module operation depends strongly on the load characteristics, to which it is
connected. Indeed, for a load, with an internal resistance IR, the optimal adaption occurs only at one particular
operating point, called Maximum power point(MPP) and noted in our case. Thus, when a direct connection is
carried out between the source and the load,), the output of the PV module is seldom maximum and the
operating point is not optimal. To overcome this problem, it is necessary to add an adaptation device, MPPT
controller with a DC-DC converter, between the source and the load. Furthermore the characteristics of a PV
system vary with temperature and insolation. So, the MPPT controller is also required to track the new
modified maximum power point in its corresponding curve whenever temperature and/or insolation variation
occurs. Many MPTT control techniques have been conceived for this purpose these last decades . They can be
classified as:
- Voltage feedback based methods which compare the PV operating voltage with a reference voltage in order to
generate the PWM control signal of the DC-DC converter,
- Current feedback based methods which use the PV module short circuit current as a feedback in order to
estimate the optimal current corresponding to the maximum power.
- Power based methods which are based on iterative algorithms to track continuously the MPP through the
current and voltage measurement of the PV module. In this category, one of the most successful and used
method is perturbation and observation (P&O), which is presented in the next section.

1. MATHEMATICAL MODEL OF PHOTOVOLTAIC MODULE
The equivalent circuit generally used for solar PV cell is shown in Fig. 1. It is essentially consists of a
current source shunted by a diode. The resistances Rs and Rsh can be considered to be parasitic circuit elements.
For an ideal cell, Rsh is infinite and would not provide an alternate path for current to flow, while Rs would be
zero. The Equation 1 shows the Shockley diode equation which describes the 1-V Characteristic of diode,

Iy= I, [exp (:TDT) — 1] (1)
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Where |y is the diode current, lg; is the reverse bias saturation current, Vp, is the voltage across the diode, n is
the ideality factor (typically between 1 and 2) of the diode.

Fig.1 Equivalent circuit of a solar cell

Thermal voltage V' can be defined as,

== Q

where, K is Boltzmann constant (1.38065*10-23J/K),T is temperature in degrees Kelvin and q is charge of
electron (1.6021764*10-19 C).
The equation for this equivalent circuit is formulated by using Kirchhoff’s current law is expressed as,

-1 _] _ A
[=l-y-ly 3
To model the I-V characteristic of PV array, equation (3) can be derived from the Fig. 1

V4R

L

The PV array terminal voltage, Rs is the equivalent series resistance of the solar cell and Ry, is shunt
resistance. The parallel resistance Ry, is the great influence when PV module acts as current source The light
generated current of the photovoltaic cell depends on the solar irradiance and cell temperature according to the
following equation,

‘ G .
Ipv = (Ipv,n + KIAT)a ()

lov is the light generated current, |, is the reverse saturation current, where, I, is the light generated
current at nominal condition (usually 25 77 C and 1000W/m2), AT =T-T, (T a nd Tn the actual and nominal
temperature [K]), G[W/m2] is the irradiance and Gn is the nominal irradiance. The diode saturation current I
and its depends on the temperature is given by,where, a is the ideality constant. Kv and K, is the voltage and
current coefficients. s, and V., are the nominal short circuit current and open circuit voltage.
I-V and P-V characteristics for the TITANS6_60 PV module at 25 oC and 1000 W/m2 are shown in Fig. 2 and
Fig. 3 respectively. Table | shows the parameters of the TITANS6_60 PV module.

TABLE | :Parameters of the TITANS6_60 PV module at 25 [ C and1000W/m2

Parameter Value
Peak Power, Pypp (W) 215.015
Peak Power Voltage, Vypp V) | 28.9
Peak Power Current. Iypp (I) 7.44
Open Circuit Voltage, Voc(V) 37
Short Circuit Current. Ige (A) 8.21

Temperature Coefficient of 318367
current(mA/°C).K; T
Temperature Coefficient of 0123
voltage(mV/ °C).K, T
Number of series cells, Ns 60
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Adjusted HV eurve

Fig. 2 IV Characteristics of Solar PV system

The solar PV module contains 24 modules connected in series and 20 strings connected in parallel.
When the modules are wired in parallel, their current rating is increased while the voltage remains constant.
When the modules are wired together in series, their voltage is increased while the current remains constant.
Hence, in this paper a fuzzy logic based MPPT technique is proposed. The fuzzy logic based MPPT can track

the maximum power point faster and also it can minimize the voltage fluctuation after MPP has been
recognized.

Adjusted PV curve

Fig. 3 P-V Characteristics of Solar PV System

I11. DC-DC BOOST CONVERTER
A boost converter (step-up converter) is a DC to DC power converter with an output voltage is greater
than its input voltage. It is a class of switched-mode power supply (SMPS) containing at least two
semiconductor switches (a diode and a transistor) and at least one energy storage element, a capacitor, inductor,
or the two in combination. Filters made of capacitors (sometimes in combination with inductors) are normally
added to the output of the converter to reduce output voltage ripple. The boost converter is used to regulate a

chosen level of the solar photovoltaic module output voltage and to keep the system at the maximum possible
power from solar panels at all times.

Fig. 4 Boost Comverter
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Design Calculation

The Boost converter parameter values are calculated by the following formulae.

1. Duty cycle. k=1-VJ/V,

2. Ripple current. Agp=—=x
3. Inductance, [ —X2EGK)
AT -::fi ok
4. Ripple voltage. Ave =——
5. Capacitance. C = —
AV +f
TABLE Il:Operating Values of Boost Converter
Parameter Value Symbol
Input voltage 200900V | Vi
Output voltage 1100V Vo
Switching 20 kiz T,
frequency
Inductance 0.00698H | L
Capacitance 2uF C
Load resistance 10Q R

IV. FUZZY BASED MPPT

One of the most simple and popular techniques of MPPT is the P&O technique . The main concept of
this method is to push the system to operate at the direction which the output power obtained from the PV
system increases. Following equation describes the change of power which defines the strategy of the MPPT
technique. If the change of power is defined by (6) is positive, the system will keep the direction of the
incremental current (increase or decrease the PV current) as the same direction, and if the change of power (AP)
is negative, the system will change the direction of incremental current command to the opposite direction. This
method works well in the steady state condition (the radiation and temperature conditions change slowly).

Vied
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Fig. 5 Typical diagram of Fuzzy based MPPT in PV system

The input variables of MPPT are the PV module output voltage and current. In this paper implemented
the fuzzy logic based P&O MPPT algorithm. A fuzzy logic based MPPT control is implemented to generate the
optimal voltage reference from the PV system by modulating the duty cycle applied to the boost converter. The
output voltage and current of the PV panel are measured and fed to the fuzzy based control unit for MPP
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tracking. Based on the change of power with respect to change of voltage dp/dv and Adp/dv, fuzzy determines
the voltage reference and compared with

The output voltage is controlled by using PI Controller. The DC source is converted into three phase AC by The
output voltage is controlled by The Buck-boost Converter is used to maintain the constant output voltage. The
output voltage is controlled by using PI Controller. The DC source The Buck-boost Converter is used to
maintain the constant output voltage. The output voltage is controlled by using Pl Controller. The DC source is
converted into three phase AC by using PWM Inverter. The passive filter is used to reduce the harmonics in
output voltage.

V. FUZZY LOGIC CONTROLLER DESIGN

P&O method for MPPT tracking will not respond quickly to rapid changes in temperature or
irradiance. Therefore the fuzzy control algorithm is capable of improving the tracking performance. A FLC
allows for rapid prototyping because the system designer doesn't need to know everything about the system
before starting and it can achieve steady state in a shorter time interval. FLC can deal with non-linearity and it
does not require the exact mathematical model of the system and more robustness than conventional logic
controller [7-10].
FLC can be classified into four steps:
1. Fuzzification
2. Membership function
3. Inference
4.Defuzzification

Input
el J\ Inference outpul
Fuzzification nechanis Defuzzfication

il

Rule base

Fig. 6 Block Diagram of a Fuzzy Logic Controller

A. Fuzzification

The process of converting a crisp input value into a fuzzy value is called “fuzzification. The
membership function values are assigned to the linguistic variables using seven fuzzy subset called as negative
big (NB), negative medium (NM), negative small (NS), Zero (ZE), positive small (PS), Positive medium (PM),
Positive Big (PB).

B. Membership Function

The membership function is a curvature that describes each point of membership value in the input
space. The number of membership functions are used depends on the required accuracy of the controller. The
fuzzy logic based MPPT technique the error (E) and change in error (CE) are taken as input variables which are
as below for Kth sample time.

B(K) = 2 = 2 §
v Vg-Vyo
CE(K) = E(K) - E(K - 1) 0)

Where, Error E(K) is the load operation point at the instant K is located on right or left of MPPT. The Change of
Error, CE(K) expresses the moving direction of MPPT.

Input variable “Error” (a)

Input variable “Change in Error” (b)

Output voltage “Voltage reference” (c)
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Fig. 7 Membership function of (a) Error E (b) Change in Error CE (c) Voltage reference Vref

C. Inference (Rule Base)

Fuzzy rule base is a collection of if-then rules that contains all the information for the controlled
parameters. A fuzzy inference method, Mamdani’s method is used with Max- Min operation fuzzy combination.
Fuzzy inference is based on fuzzy rule base system. Rules are framed in inference engine block. The commonly
used method is MAX-MIN. The output membership function of each rule is given by MIN (Minimum) operator
and MAX (Maximum) operator. The behavior of the control surface which relates the input and output variables

of the system is governed by a set of rules.

TABLE Il1-Control rules

CoNTROL RULE TABLE
Error
E & NB | NM | NS | ZE | PS | PM | PB
NB | NB | NB | NB | NB | NM | N ZE
E| NM | NB | NB | NB | NM | NS | ZE | PS
E NS | NB | NB | NM | NS | ZE | P§ | PM
E“ ZE | ZB [ NM | NS | ZE | PS | PM P8
o PS | NM | NS | ZE | PS | PM | PB | PB
PM | NS | ZE | PS | PM | PB | PB PB
PB| ZE | PS | PM | PB | PB | PB PR
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D. Defuzzification

Defuzzification is the process of conversion of fuzzy value into crisp value. The output of fuzzy
controller is a fuzzy subset. As the actual system requires a non fuzzy value of control, so the defuzzication is
required. There are several methods are available for defuzzification. The most prevalent one is centroid
method, which utilizes the following formula:

j XHI(X )dx
H(x)dx

where, [ is the membership degree of output x.

Fuzzy rule table

Ev\CE— | NB | N§ | ZE | P§ | B
NB ZE | ZE | PB | PB | PB
NS ZE | ZE | PS | B§ | P§
ZE PS5 | ZE | ZE | ZE | N§
PS NS | NS | NS | ZE | ZE
PB NB|NB|NB|ZE | ZE

VI. MATLAB MODEL OF THE SOLAR PV SYSTEM

The solar PV system consists of PV module, DC-DC Converters, MPPT control, Fuzzy Logic Control
and a load. The single solar PV module consists of series and parallel solar cells, which is used to increasing the
voltage and current. The output of solar PV module current is given to the input of a current controlled source.
The single solar cell does not provide the maximum power, so the numbers of solar cells are connected in series
and parallel and improve the output power. The output power system is connected to boost converter and to
track the maximum power using Fuzzy logic controller.

L]

Fig. 8 Simulation of Solar PV System
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VII. SIMULATION RESULTS

The solar PV system is modelled and simulated in MATLAB/Simulink. The PV module has the
variable temperature and the irradiance. For analysis purpose, irradiance levels of 300 W/m2, 720 W/m2, and

600 W/m2 are considered.

The PV module output voltage, current, and output power are shown in Fig. 9. (a) Output Voltage (b)
Output current When the solar irradiance varies and equivalent change in power output can be seen in Fig. 9 it is
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verified that the power varies with respect to the solar irradiance. The fuzzy can track the maximum power at all

irradiance and cell temperature. (C) Output Power
f S S——

(_l

/

Timalsac)

(a) Ourput Voltage

(b) Output current

Powe

]

(C) Output Power

Fig. 9 Output Waveforms of 100 kW Solar PV System

TABLE IV-Parameters of Buck-Boost Converter

Parameter lS ymbo Value

Input Voltage Vs {?0 V-1200
Output Voltage Vo 350V
Switching F, 20 kiiz
frequency

Inductance L 8§ mH
Capacitance C 85 UF
Proportional gain | K, 2

Integral gain Ki 50

o

i i i j
0z 03 04 05 05 07 o0& D9 1
TireSac)

Fig. 10 Output voltage of Buck-Boost converter
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The output voltage 850 V is maintained as constant as shown in Fig.10, under different solar irradiance
and temperature. Three Phase PWM Inverter output voltage is 586V as shown in Fig. 11. The three phase RMS
voltage is 415 V as shown in Fig.12.
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Fig. 11 Output voltage of three phase PWM Inverter
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Fig. 12 RMS Voltage of Inverter
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Fig. 13 THD Spectrum of Output Current without Filter
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Fig. 14 THD Spectrum of Output Current with Filter
The output current of three phase inverter without filter has 51.82 % THD, which is shown in Fig. 13.
By using Lfilter, the current harmonic is reduced to 1.6 % THD as shown in Fig. 14, which is less than the
IEEE-519-1992 standard.

VIIl. CONCLUSION
In this paper solar PV module, fuzzy logic based MPPT, DC-DC Converters has been implemented and
simulated in MATLAB/Simulink. To extract the maximum power from the solar PV module, Fuzzy Logic
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Controller is used. For different operating conditions the algorithm has been verified and it’s found that the error
percentage lies between 0.29 % to 1.19 %. The simulation shows that the system follows the irradiance and the
temperature changes, the output power varies rapidly and the regulation is robust against disturbances. This
solar PV module not only boosts up the voltage and also produces a signal free from transient noise. Hence the
performance of the closed loop system can be improved by using FLC. The PV power can be utilized either for
remote generation plants or it can be utilized for grid integration. The consumer appliances and industrial
applications can also utilize PV power with the help of duly designed inverter. In order to produce a pure sine
wave output with low harmonics an L-filter is used. The inverter output voltage can be utilized for grid
integration.
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