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Abstract—This paper presents the design and implementation
of a fuzzy decision support system for control of photovoltaic
panel movement in order to improve the availability of solar
energy and the system’s total efficiency. The designed algorithm
is implemented on a solar tracking experimental platform using a
fuzzy logic control strategy. It makes use of measured values for
radiation from appropriate sensors and assures command of the
platform’s two positioning motors. The solution was developed as
a virtual instrument, using a graphical programming
environment. This allows for fast deployment, versatility and
scalability.
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I.

INTRODUCTION

Increasing energy demand, steady depletion of the existing
sources of fossil fuels and increasing concern about
environmental pollution pushed researchers to explore new
technologies for the production of electricity from clean
sources, renewable such as solar and wind [1], [2]. Solar
energy is the oldest primary source of energy. It is a source of
clean, renewable energy and it is found in abundance in every
part of the world. Solar energy can be converted into
mechanical energy or electricity with adequate efficiency.
Information about the quality and amount of solar energy
available at a specific location is of prime importance for the
development of a solar energy system. However, the amount of
electricity obtained is directly proportional to the intensity of
sunlight falling on the photovoltaic panel. To extract a larger
amount of solar energy, the efficiency of photovoltaic systems
(PV) has been studied by a large number of scientists and
engineers. In general, there are three ways to increase the
efficiency of photovoltaic systems. The first method is to
increase the efficiency of power generation of the solar cells,
the second is related to the efficiency of the control algorithms
for energy conversion, and the third approach is to adopt a
tracking system to achieve maximum solar energy at any given
time during the day.
The interest in photovoltaic tracking systems as a new
method for studying and teaching increased in the past years. A
wide number of papers describe a consistent number of
photovoltaic panel solar tracker applications and their area of
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employment. In [3] a single-axis sun-tracking system with two
sensors was designed. The data acquisition, control and
monitor of the mechanical movement of the photovoltaic
module were implemented based on a programmable logic
controlling unit. The authors of [4] present the design and
construction of a two axis solar tracking system in order to
track the photovoltaic solar panel according to the direction of
beam propagation of solar radiation.
To achieve maximum solar energy, solar power systems
generally are equipped with functions that implement the
maximum power point tracking (MPPT) as shown in [5]. The
maximum point is a unique point on the power-voltage (P-V)
curve where the photovoltaic system produces the maximum
power. Although there are many factors influencing the energy
conversion efficiency, the maximum power point tracking is
the most vital aspect of control design for photovoltaic
generation. The nonlinearity of the MPPT control problem is
due to the non-linear nature of the PV and the continuous
changes of its parameters due to the variations of the
environmental conditions [6]. A significant number of MPPT
algorithms have been presented in the literature such as [7] and
[8].
In industrial automation applications, for continuous
control, PID-type controllers where often employed [9] until, in
1974, the first fuzzy control application appeared [10]. Since
then, fuzzy logic control (FLC) has been increasingly preferred
as a method of designing controllers for dynamic systems, even
where traditional methods cannot be used [11]. Fuzzy logic
control seems to be appropriate when working with a certain
level of imprecision, uncertainty and partial knowledge and
also in cases where the knowledge of operating with the
process can be translated into a control stately that improves
the results reached by other classical strategies [12].
Our work enhances previous related developments such as
[13] through design and modeling of a fuzzy logic controller.
The paper presents a solar tracking method for control of
photovoltaic panel movement in order to improve the
conversion efficiency of the system. The presented system and
algorithm have the following advantages: the photovoltaic
panel physical model is a didactic system and the programming
environment in which it is developed the presented algorithm
allows designers faster and easier development of block

diagrams for any type of data acquisition, analysis, and control
application. This implementation technique reduces the costs of
tracking method and makes it a cost-effective technology.
The rest of the paper is structured as follows. Section 2
describes in detail the hardware structure of the solar tracking
experimental platform and its characteristics. Section 3 is
dedicated to the theoretical design of the fuzzy logic controller.
Section 4 presents the implementation details as a virtual
instrumentation system and experimental results obtained by
using the proposed algorithm. Section 5 concludes the paper
and draws the main directions for future work.
II.

In order to implement a tracking algorithm, solar panels
have to be placed on a structure that allows moving (rotating)
of the panel on one or preferably two axis. In addition, the
structure with one or two degrees of freedom must dispose of
actuators for effective movement.
The equipment used in the experiments is a didactic
miniature equipment produced by Fischer Technik, type Solat
Tracking 2-Axis 24V with 24-pin interface, This is equipped
with a set of three photovoltaic cells that are placed on the
same plane, in series, in the upper bar assembly. The frame on
which the solar cells are mounted includes two motor-powered
from direct current (DC) supplied at a constant 24 voltage and
which allows the positioning on two axes of rotation. The
allowed movements of the solar panels on the mechanical
structure are the horizontal direction, azimuth angle, and the
angle of inclination, elevation angle. It appears that the azimuth
angle variation is wider compared to the time of day and the
elevation variation is relative to the time of year (season). This
behavior is due to the trajectory of the sun throughout the day,
depending on the season.
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Figure 1 shows schematically the basic structure of the
equipment described above. In addition, in order to determine
the maximum light intensity on the underlying photovoltaic
cells panel, four photosensitive cells can be found; two on each
direction, on the neighboring sides of the panel and
perpendicular to it. The photosensitive cells, detect light
intensity from eastern, western, southern, and northern
directions, respectively – see Figure 2).
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Fig. 2. The sensitive elements mounted perpendicular to the panel surface.

III.

BACKGROUND OF THE FUZZY CONTROLLER

For control design, the system behavior has to be known.
For that, usually a description of the system by mathematical
modeling is done. Very often, it is passed to a physical analysis
of the system in order to obtain the differential and algebraic
equations at first. The second step is to determine the system
inputs and outputs, to describe a mathematical model from the
system equations and, if needed, to linearize it. Then, it can be
measured the system parameters and write down the complete
model with numerical values.
When the model of the system is determined, a controller
can be designed. Depending on the performances that the
system should achieve (e.g. stability of the system and quality
of the system behavior, optimal behavior of the system
according to a criterion, etc.) there are many ways to design
and implement a controller.
Another method to develop a controller is using the fuzzy
logic control sets also known as fuzzy aggregates instead of the
numbers for the arithmetic for the fuzzy theory. Fuzzy logic
control (FLC) provides a conceptual base for practical
problems where the process variables are represented as a
linguistic variables which can only present a certain limited
number of possible values and then be processed using a series
of rules [12].
The following overview provides the advantages and
disadvantages of fuzzy control [14]:

Motor M2

•

Simple implementation of verbally expressed rules (if
..., then...) on a computer to solve a problem.

•

The behavior of the fuzzy system is understandable to
human beings.

Motor M1

•

Avoids the costly development of a mathematical
description when compared with conventional
methods.

Fig. 1. The mechanical structure for the positioning of the solar panels.

•

Possible to use for processing complicated and evolved
processes.

M2
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•

Task definitions with not enough knowledge of the
system and little or very imprecise knowledge of the
system behavior results in bad, possibly unusable fuzzy
solutions.

•

Usually no adaptability and learning capability if the
system behavior changes.

conversion of values obtained from the sensors to linguistic
terms, assigning a membership function, mA, to each one.
If triangular partition rule base are used [15], the input and
the output are subdivided using triangular membership
function of the form:

⎧ (x − a ) / (a − a ) if
i−1
i
i−1
⎪⎪
μ Ai (x) = ⎨ (−x − ai+1 ) / (ai+1 − ai ) if
⎪
0
⎪⎩

• Design of a system requires experience because of the
many degrees of freedom.
The following figure (Figure 3) illustrates the components
of the fuzzy controller and its functional principle. Fuzzy
control is based on a collection of rules, known as the rule
base.

ai−1 ≤ x ≤ ai
ai ≤ x ≤ ai+1



otherwise

IV. FUZZY DECISION SUPORT SYSTEM
IMPLEMENTATION AND EXPERIMENTAL RESULTS

The functional principle is divided into the following steps:

The fuzzy decision support algorithm implemented is using
the control scheme depicted above (Figure 4). The chosen
approach used to implement the fuzzy controller is a Mamdani
system which offers which is not so computationally efficient
and less suited to numeric optimization than Takagi-Sugeno
systems, but it is widely employed and operates with intuitive
concepts. The system inputs are the maximal solar intensity on
eastward-westward direction, e1, and northward-southward

•

direction, e2, and their variation with the time,

Y

X
nonfuzzy

Fuzzification

fuzzy

Inference
(rule base)

fuzzy

Defuzzification

nonfuzzy

Fig. 3. Fuzzy decision process.

•

•

Fuzzification - The degrees of fulfillment for the
linguistic values (degrees of membership of the fuzzy
sets) of the linguistic variables are assigned to the nonfuzzy input values.
Inference or Rule Based Fuzzy Control Algorithm –
For each rule of the rule base, the degree of fulfillment
of the THEN part is formed from the degree of
fulfillment of the IF part by a certain method. This
process is also called implication. The degree of
fulfillment of the THEN part is equivalent to the
degree of fulfillment of the rule, which is also called
the rule intensity. All these individual rule evaluations
put together result in one membership function for the
output signal, which is also termed composition. The
resulting membership function describes a ”fuzzy
control command”. When the IF part contains a
combined statement ”IF.... AND...” — (THEN....), the
fuzzy logic AND operation is executed first and the
degree of fulfillment is used in the overall rule
evaluation. All these statements together are often
called aggregation.
Defuzzification - The most representative numeric
(nonfuzzy) output value is calculated for the control
variable from the fuzzy control command (in the form
of the resulting membership function). The set of
conditions belongs to the input domain and the set of
consequences to the output domain [12]. The fact that
various rules can be used simultaneously is due to the
conversion of values obtained from the sensors to
linguistic terms, assigning a membership function, mA,
to each one. If triangular partition rule base are used
[15], the input and the output are subdivided using
triangular membership function of the form:

The set of conditions belongs to the input domain and
the set of consequences to the output domain [12]. The fact
that various rules can be used simultaneously is due to the
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de1
de2
and
.
dt
dt

The output of the system is a pulse which controls the motors
movements.

Fig. 4. Direct fuzzy logic control algorithm.

At first the algorithm reads the solar radiation using the
four photosensitive cells. The four sensors are separated as two
groups. One is using two photosensitive cells to represent the
eastward-westward direction sensor and the other one is using
the last two photosensitive cells to represent the northwardsouthward direction sensor. The data acquisition equipment,
NI-DAQ 6009, reads the different output voltages of the sensor
and deliveries it to the fuzzy controller. Then, the fuzzy
controller produces pulses to motor drivers and the motor
drivers produce PWM signals to control step motors for tuning
desired angles. Control problems are reduced because the two
motors are decoupled, i.e., the rotation angle of one motor does
not influence the elevation angle of the other motor.
In the implementation of the fuzzy logic controller, the
triangular decomposition of the inputs has been chosen. The
extremes of the input universes of discourse, corresponding to
e and de

de
= Δe are [-4, 4]. Those of the output have been
dt

chosen to be [-1, 1] with centers [±1; ±0:8; ±0:6; ±0:4; ±0:2; 0].

These values were chosen based on previous knowledge of the
system dynamics.
In this case, two-input single-output system, the rules take
the form: ”if the error is positive large and the variation in
error is negative small then make the control signal change
positive large”. The rule base for the fuzzy algorithm is
presented in table I. Terms extra-large, EL, large, L, medium,
M, small, S, extra-small, ES and zero, Z, are used to describe
the fuzzy variables and the control action [12].
TABLE I.

e

V.

THE FUZZY CONTROL RULES USED

-L

-M

-S

Z

+S

+M

+L

-L

-EL

-EL

-L

-M

-S

+L

+EL

-M

-EL

-L

-M

-S

Z

+M

+EL

-S

-L

-M

-S

-ES

+ES

+S

+M

Z

-M

-S

-ES

Z

+ES

+S

+M

+S

-L

-M

-ES

+ES

+S

+M

+L

+M

-EL

-L

Z

+S

+M

+L

+EL

+L

-EL

-L

+S

+M

+L

+EL

+EL

Δe

The algebraic product operator is used as the conjunction
operator, each rule recommends a control action, Dui; j, with a
membership function μ Δu = μ e μ Δe , where μe and μ Δe are
i, j

i

i

i

i+1

j+1

i

j

and, as in this case

Δui, j

i+1

j+1

i

j

∑ ∑

i, j

)
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Regarding future work, this will follow two main
directions. First, extensive experimental evaluation has to be
carried out in order to validate our approach. Second, a
comparison between different control strategies in similar
operating scenarios will lead to choosing the best solution
depending on the situation.
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