
Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2010, Article ID 312580, 13 pages
doi:10.1155/2010/312580

Research Article

Maximizing Output Power of a Solar Panel via
Combination of Sun Tracking and Maximum Power Point
Tracking by Fuzzy Controllers

Mohsen Taherbaneh,1, 2 A. H. Rezaie,2 H. Ghafoorifard,2 K. Rahimi,1 and M. B. Menhaj2

1 Electrical and Computer Department, Iranian Research Organization for Science and Technology, Tehran 15815/3538, Iran
2 Electrical Engineering Department, Amirkabir University of Technology, Tehran 15916-34311, Iran

Correspondence should be addressed to Mohsen Taherbaneh, taherbaneh@aut.ac.ir

Received 6 September 2010; Revised 2 December 2010; Accepted 27 December 2010

Academic Editor: Raghu N. Bhattacharya

Copyright © 2010 Mohsen Taherbaneh et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

In applications with low-energy conversion efficiency, maximizing the output power improves the efficiency. The maximum output
power of a solar panel depends on the environmental conditions and load profile. In this paper, a method based on simultaneous
use of two fuzzy controllers is developed in order to maximize the generated output power of a solar panel in a photovoltaic
system: fuzzy-based sun tracking and maximum power point tracking. The sun tracking is performed by changing the solar panel
orientation in horizontal and vertical directions by two DC motors properly designed. A DC-DC converter is employed to track
the solar panel maximum power point. In addition, the proposed system has the capability of the extraction of solar panel I-V
curves. Experimental results present that the proposed fuzzy techniques result in increasing of power delivery from the solar panel,
causing a reduction in size, weight, and cost of solar panels in photovoltaic systems.

1. Introduction

Nowadays, photovoltaic systems are rapidly expanding and
have an increasing role in power-generation technology.
Despite the fact that solar panels have high fabrication
cost and low efficiency of energy conversion, they are
power sources in photovoltaic systems. The reason is that
they provide more secure power sources and pollution-
free electric supplies. They generally have nonlinear I-V
curves with solar irradiance and temperature dependency.
Their maximum power point changes nonlinearly with envi-
ronmental conditions (solar irradiance, temperature, and
degradation level) and load profile. Since the photovoltaic
electricity is expensive compared to the electricity from
conventional sources, use of all reachable solar panels output
power is of interest. Therefore, photovoltaic systems should
be designed to operate at their maximum output power in
any environmental conditions.

Figures 1(a) and 1(b) show the effect of environmental
conditions in a solar panel I-V curves. It can be seen that
the I-V curves depend on solar irradiance and temperature.

It should be mentioned that the solar panels’ I-V curves
are nonlinear, and there is a point on each curve, at which
the solar panel can deliver maximum power to its load.
This guides us to design a controller to locate the system at
maximum power points. Two methods are generally used to
increase solar panels output power in photovoltaic systems.
In the first one, the system will increase the incident solar
irradiance on the solar panel. In that case, the environmental
conditions define the quality of the generated power for
each load. The system requires a sun tracker to track the
sun position for increasing the received solar irradiance by
the panels. This method is used for medium- to high-scale
photovoltaic systems and has a high cost [1, 2]. In the
other one, solar panels are fixed and load profile defines
the quality of the delivered power. Since the system tracks
the maximum power point of the solar panels, a maximum
power point tracker is used. This method is utilized in small-
scale photovoltaic applications [1, 2]. Combination of these
two approaches can raise the reached energy of a solar panel
in photovoltaic systems.
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Figure 1: (a) and (b). Solar panel I-V curves versus solar irradiance and temperature variations.

Many papers have been published regarding more effi-
cient use of a solar panel in photovoltaic systems. Some of
them only have proposed maximum power point tracking
systems to gain more generated output power [1–13]. Some
others have used sun-tracking controller in order to increase
the incident solar irradiance on solar panels [14–16].

In this research, a simultaneous combination of the two
mentioned methods is implemented. Therefore, the solar
panel is placed on its best orientation toward the sun, and
its maximum output power will be attained. In this way,
two separate controllers are required to perform the tasks
of sun and maximum power point tracking. Fuzzy-based
algorithms are selected for the mentioned controllers because
of its high compatibility with nonlinear systems. The fuzzy
theory based on fuzzy sets and fuzzy algorithms provides a
general method of expressing linguistic rules so that they can
be processed quickly. The maximum power point tracking
fuzzy controller defines the proper duty cycle of a converter
to track the maximum power point using dP/dI and its
variations Δ(dP/dI) as their inputs [3–9, 13]. Sun tracking
fuzzy algorithm uses a proper sensor to track the sun position
as described in Section 3.2.

The rest of paper is organized as follows; Section 2
presents the system descriptions. It talks about the employed
system’s components to implement the proposed algorithms.
The fuzzy-based maximum power point tracking and sun
tracking algorithms are stated in Section 3. Moreover, rules
and membership functions of the fuzzy algorithms are
expressed in this section. Section 4 is devoted to I-V
curve extraction of the solar panel. It also describes the
nonlinear load that is used for I-V curve extraction uni-
formly. Section 5 describes experimental results for fuzzy-
based maximum power point tracking and sun tracking
algorithms and their combination. A comparison between
results provided by fuzzy technique and results provided
by other techniques such as incremental conductance and
perturbation & observation is also expressed in this section.
Section 6 ends the paper through a conclusion.

Table 1: The solar panel specifications.

Specifications Value Dim

Weight 6 Kg

Dimensions 977× 462× 11 mm3

Ns 13 —

Np 5 —

Voc 20.5 V

Isc 2.98 A

Pmax 45 W

2. System Description

A block diagram of the proposed system is shown in
Figure 2. The system is composed of a microcontroller board
(connected to PC), a flyback DC-DC converter, motors
driver board, and other supplementary circuits. Tracking the
sun is performed by changing the solar panel orientation
in horizontal and vertical directions through the control of
two DC motors. A portable pyraometer and thermometer
are used for online measurement of the environmental
conditions: solar irradiance and temperature. The flyback
DC-DC converter is used to track the solar panel maximum
power point. The converter duty cycle is adjusted in a manner
that the maximum solar panel output power is extracted
based on load profile in each environmental condition.

The system is able to measure, control, and monitor all
parameters, which are needed to implement the mentioned
fuzzy-based algorithms. A polycrystalline silicon solar panel
with specifications indicated in Table 1 is used for theoretical
and experimental analysis.

2.1. Flyback Topology. A switching converter is required to
maintain a solar cell’s operating point in its maximum power
point. In this research, a flyback converter is utilized to fulfill
the task. The advantage of using this kind of converter is the
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isolation of its input and output. In addition, fundamental
criteria of choosing suitable topology for the required DC-
DC converter in the mentioned application are

(i) the range of input and output voltage which requires
a boost converter (why buck topology is not chosen),

(ii) ability of controlling output power (why boost
topology cannot be chosen is the existence of a direct
path between its input and output),

(iii) simplicity and no complexity (why push-pull topol-
ogy is not chosen).

Figure 3 shows the connection between the microcon-
troller and the flyback converter. A flyback converter can
modify the input current of the solar panel by changing
the pulse width (duty cycle), while in boost converter, input
current cannot be less than a specific value. Even when
the switch is completely open, a current path exists from
its input to output. Furthermore, commands and PWM
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pulses needed to control the DC motors are provided by the
microcontroller to track the sun.

Figure 4 presents the used flyback topology. The opera-
tion of the circuit can be studied in two periods. When the
switch is on, the energy originated from passing the current
in the primary circuit is stored and when the switch is off,
the stored energy in the core is transmitted through the diode
to the output capacitor. In conduction period of the output
diode, the current waveform in the secondary is reduced with
a constant slope until it reaches zero. After that until the
transmitted energy to the output capacitor is providing the
load demand, the switch remains off and then the mentioned
cycle is repeated (Figure 5).

Current iT has a direct relation with the duty cycle
of the converter. The microcontroller board controls the
operating point of the solar panel with modifying the pulse
width of the flyback converter. A brief procedure description
of maximizing the output power of the solar panel is
presented in the following. First, temperature and irradiance
are measured, and then two separate fuzzy algorithms are
performed simultaneously for sun tracking and maximum
power point tracking. Moreover, each several minutes the
I-V characteristic of the solar panel is scanned to determine
the real value of the solar cell’s maximum power.

2.2. Flyback Design Considerations. Figure 6 Shows the
schematic circuit of the flyback converter used in this
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Figure 6: The flyback converter’s schematic.
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research and it includes the following components:

(i) main circuit of the flyback converter including T1,
Q2, D7, C32, C33,

(ii) snubber circuit including D8, R43, C31,

(iii) switch driver (Q2) including Q1, Q3, R48,

(iv) output filter including L2, C34, C35.

When switch Q2 is on, energy is stored in the trans-
former’s inductor and then when the switch becomes off, by
conducting the output diode this energy is transferred to the
load. Therefore, the base of transformer’s calculation is the
stored energy in its inductor which is computed as follows
(with assumption of Isc = 1.2Ip):

W = 0.5LPI2
SC = 0.5(1.2)2LPI

2
P = 0.72

(
Vin × ton

IP

)
I2
P

= 0.72Vin × ton ×
(
Ia × 2T
ton

)
= 1.44PiT.

(1)

By assuming efficiency 80%,

W = 1.44P0 × T

η
= 1.8P0 × T ≈ 2P0 × T. (2)
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In addition, it is known that

W =
∫
Fdϕ =

∫
(H × dl)× (A× dB)

=
∫
A× l ×

(
B

μ

)
× dB = A× l × B2

m(
2μ
) .

(3)

An air gap is considered to prevent core saturation
(in this way, small cores can be used). Since the air gap’s
reluctance is much larger to the core’s reluctance, the core’s
reluctance can be ignored in calculations.

Relation (2) and (3) are used to calculate the air gap. With
assumption of f = 32 kHz and Po = 36 W (product of the
solar panel output power and efficiency of the converter) and

Figure 10: The proposed sun-tracking sensor.

by using (2), the value of W is obtained 2.16 mJ. Then with
assumption of Bm = 0.25 T and using (2) and (3), the value of
air gap for ferrite core EE2525 with cross section of 55 mm2

is approximately obtained 1.6 mm.
Now the inductance of transformer primary winding

can be specified. For this purpose, the worst case should be
considered which is minimum value of the input voltage and
maximum load (in this case, the pulse width of PWM is
maximum) again, by using the relation of stored energy in
an inductor, we have

Po = η× P = η×
(

0.5LpI2
)
= 0.4LP

(
IP × 2T
ton

)

= 0.4LP

(
Vinton

LP

)
× 2T

ton

)2

,

(4)
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Lp = Vin
2 ×

(
ton
)2

(2.5PoT)
. (5)

If ton is assumed half of T, by substituting in (5), the
amount of Lp is calculated 20 μH. Now, by use of (6), the
turn numbers of primary coil can be specified.

N 2 = L× g(
μ0 × A

) . (6)

Considering core specification and the calculated value of
air gap, the number of the primary winding turns is specified
22. To determine the number of the secondary coil turns, it is
necessary to know the transformer turns ratio, which can be
calculated as follows. If ΔI+ denotes current variations when
the switch is on and ΔI− denotes current variations when the
switch is off, by using the relation of voltage and current of
an inductor it can be obtained:

ΔV = L× ΔI+

ton
=⇒ ΔI+ = (Vin −Vsat)× ton

L
,

ΔV = L× ΔI−

toff
=⇒ ΔI− =

(
Np

Ns

)
×
(
Vo + Vf

)
× toff

L
.

(7)

In above relations, Vin is input voltage, Vsat voltage
drop of the switch in saturation state, ton maximum pulse
width of PWM (minimum of input voltage and maximum
load), toff the time that switch is off toff = T − ton, Np/Ns

transformer turns ratio, Vo output voltage, and V f diode’s
forward voltage. Because current peaks are equal in the both
mentioned situations,

(
Vi −Vsat

)
× ton =

(
NP

Ns

)
×
(
Vo + Vf

)
× toff. (8)

By assuming Vsat = Vf = 1V , transformer turn ratio
will be 0.38. So the number of the secondary winding turns
is calculated 58. In order to select the output diode, the
maximum power and voltage that it can tolerate, should be
calculated. The maximum voltage drop of the diode is equal
to:

Vdmax = Vin max

N
+ Vo = 20

0.38
+ 36 = 88.6. (9)

By considering a safe margin, fast diodes with 100 V
forward voltage can be selected, but maximum power of the
diode can be calculated as follows:

Pdmax = Iorms ×Vf ×
(
1− ton

) = 1× 1× (1− 0.5) = 0.5.
(10)

In computing the output capacitor, this point is needed
to be considered that it should be able to provide load current
when the input switch is off; therefore,

Co = Io ×
(
1− ton

)
ΔVo

= 1× (1− 0.5)× 32× 10−6

0.1

= 160uF ≈ 220uF.

(11)

2.2.1. Selection of Switches and Their Driver Circuits. Drain
voltage of MOSFET Q2 reaches the value of Vi + (Np/Ns)Vo

which equals 34 V. If the amplitude of switch’s spike is
considered 30% of the mentioned value and a safe margin
of 25% is taken into account, the output voltage of 58.5 V or
approximately 60 V can be tolerated. The maximum current
of the switch which is the inductor’s current is approximately
equaled to 10.6 A. Therefore, by considering the safe margin,
the switch should tolerate 13.25 A. According to the men-
tioned limitations, IRFZ44 MOSFET is selected, because its
maximum drain-source voltage is 60 V and its drain current
is 50 A. In addition, its drain-source resistance is 28 mΩ,
which reduces the switch thermal loss.

2.2.2. Calculation of Snubber Circuit. When gate’s voltage of
MOSFET Q2 becomes zero, the current is not immediately
stopped and because of increasing of drain voltage to Vdrain =
(Np/Ns) × Vo + VDC = 0.38 × 40 + 20 = 35.5, MOSFET
thermal loss is considerably increased. The amplitude of
drain voltage should be considered 30% more and its reason
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is the spikes produced by MOSFET’s switching. Hence, drain
voltage approximately reaches 48 V. Although spikes appear
in a short time, this time is so long in comparison with
the time, which MOSFET turns off. So adding a snubber
circuit like the one presented in Figure 6, (D8, C31, R43) can
restrict drain voltage to input voltage (Vin) during MOSFET
turning off. By turning off the switch and just by exceeding
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Figure 16: Solar panel output power.

drain voltage from the value of input voltage, diode D8
starts to conduct and capacitor C31 begins to charge. The
amount of capacitor should be selected in a manner which
its complete charge take place after turning off the switch.
Resistance R43 should also exhaust the stored energy in
capacitor before further switch’s turning on. While MOSFET
turns off, switch’s current equals Ip and drain voltage equals
(Np/Ns) × Vo + VDC. On the other hand, MOSFET’s truing
off duration is approximately 0.1 us according to MOSFET
IRFZ44 data sheet. Therefore, capacitance can be estimated
as follows:

C = IP × t f
2× (Vdrain −Vin)

= 10× 0.1× 10−6

2× (48− 15)
= 15nF. (12)

By presuming 3RC = ton, the value of R43 is calculated
330Ω.

2.2.3. Output Filters. The output filter should not allow the
noises produced by switching reach the loads. Frequency of
switching of the converter is 32 kHz so the filter’s elements
should be chosen in a manner which reduces the amplitude
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of noise. Selected filter for the used converter is π type.
Figure 7 shows the frequency response of the filter by
choosing C34 = C32 = 220 uH and L = 50 mH.

3. The Fuzzy Algorithms

In this section, the details of fuzzy-based maximum power
point tracker and fuzzy-based sun tracker are fully described.

3.1. Fuzzy-Based Maximum Power Point Tracking. Maximum
power point tracking can be carried out by adjusting the duty
cycle of the flyback converter. Fuzzy logic is used as one of the
several methods to track the maximum power point of a solar
panel because of its good stability and quick response [3–9].
In this method, the input variables of the fuzzy controller
are dP/dI and its variations Δ(dP/dI). The fuzzy controller
calculates E = (dP/dI)(k) and dE(k) using measured solar
panel input power and current as stated in (13) and (14).

E = dP

dI
(k) = P(k)− P(k − 1)

I(k)− I(k − 1)
, (13)

Table 2: Maximum power point tracking fuzzy rule base.

dE

E NB NS Z PS PB

NB NB NB NB Z Z

NS NS NS NS Z Z

Z NS Z Z Z PS

PS Z Z PS PS PS

PB Z Z PB PB PB

dE(k) = E(k)− E(k − 1). (14)

Inputs and output of the fuzzy controller are expressed by
five linguistic variables: PB (positive big), PS (positive small),
ZO (zero), NS (negative small), and NB (negative big). Fuzzy
controller membership functions are shown in Figures 8(a),
8(b), and 8(c). Triangle membership function subsets are
chosen and membership functions boundaries are expressed.

25 fuzzy rules are used as stated in Table 2 [4]. Figure 9
presents power versus current curve of a solar panel and three
operation points on it.

Range of membership functions is specified based on
the panel’s specification, relations (13) and (14), and
empirical experiments. According to the executed empirical
experiments, membership functions and their ranges are
finalized so that membership function of dE is different form
membership function of E. Moreover, output membership
function is based on center of maximum technique and
empirical experiments for data defuzzification.

3.2. Fuzzy-Based Sun Tracking. As it was mentioned, several
sun-tracking systems have been proposed and implemented
[14–16]. Some of them are based on using the data of whole
one-year sun trajectory. Some others generally use a sun-
sensor to track the sun. Tracking the sun can be fulfilled by
evaluation of open circuit voltage, short circuit current, solar
irradiance, instant output power, or maximum output power



International Journal of Photoenergy 9

0

100

200

300

400

500

600

700

800

900

1000

R
ad

ia
ti

on
(W

/m
2)

0 500 1000 1500 2000 2500 3000 3500 4000

Time (s)

Radiation

(a)

0

50

100

150

200

250

300

350

0 500 1000 1500 2000 2500 3000 3500 4000

Te
m

p
er

at
u

re

Temp

Time (s)

(b)

Figure 19: (a) and (b) Solar irradiance and temperature variations.

Start
read P(new)

P(new)≤ P(old)

I(old)< I(new) I(old)< I(new)

Duty cycle++ Duty cycle++ Duty cycle−−Duty cycle−−

Set duty cycle
P(old) = P(new)

go to start

Yes

YesNoYesNo

No

Figure 20: The incremental conductance algorithm.

of a solar panel. In this research, two similar fuzzy controllers
are separately used to track the sun in horizontal and vertical
directions. Two DC motors control the orientation of the
solar panel through the designed motors driver board.

Figure 10 shows the proposed sun-sensor used to locate
the sun position. As seen in Figure 10, four silicon solar cells
have been placed on four lateral sides of a cubic box (J1, J2,
J3, and J4). The voltages of the opposite sides are subtracted
as stated in (15).

Sun1 = V(J1)−V(J2), Sun2 = V(J3)−V(J4).
(15)

Sun1 and Sun2 were used as the inputs of the fuzzy
controllers to track the sun. If the solar radiation level on
the solar cells is similar, then the value of Sun1 and Sun2
will be zero. It means that the sun radiates on the solar
panel vertically as is desired. Figure 11 shows membership
functions of fuzzy-based sun tracker subsets. Table 3 shows
seven fuzzy rules used in the two controllers [14].

Calibration of the designed sensor is necessary for
tracking the sun position accurately. A controllable lighting
system is considered and four solar cells are calibrated. Light
is radiated on each solar cell and the value of Sun1 and
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Sun2 are measured by the proposed system. This procedure
is performed four times for all solar cells, respectively (J1, J2,
J3, and J4). The microcontroller system reads the amount of
the cell voltage: Sun1 and Sun2 in each step of the calibration
procedure. Table 4 presents some example values in different
light intensity in laboratory. Finally, the employed sensor
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Table 4: Voltage variation of J2 cell.

J2 (Volt) Sun sensor1 Sun sensor2

0.5 313 517

0.4 313 517

0.3 327 517

0.2 390 517

0.1 450 517

0 514 517

can be calibrated and be used for fuzzy-based sun-tracking
algorithm.

The range of the input and output membership functions
in the fuzzy sun tracker is specified based on mathematic
relation (15), empirical experiments on the manufactured
sensor, and sun-tracking system.

4. The I-V Curve Extractor

Solar panel I-V curves have an important role in design of
photovoltaic systems. To verify the fuzzy-based maximum
power point tracking, solar panel I-V curves are needed.
In order to attain a solar panel I-V curve, it is sufficient to
change the panel current between zero (open-circuit) and its
maximum value (short-circuit) continuously or step by step.
Then the characteristic curves can be obtained by measuring
the corresponding voltages and currents. Hence, a variable
load is required across the panel output ports. Since the solar
panel I-V curves are nonlinear, the load variation profile has
a significant impact on the precision of the extracted curves,
that is, if the load resistance varies linearly, the measured
points will have higher density near the ends (Isc or Voc)
than the other parts of the curves. This nonuniformity of
the extracted I-V curves points decreases the accuracy of the
maximum power point tracking algorithm so an electronic
load with nonlinear profile must be selected as discussed in
below.

4.1. Electronic Load with Nonlinear Profile. Figure 12 shows
the schematic diagram of the proposed electronic load. The
drain-source resistance of a MOSFET is used as a variable
load, controlled by its gate-source voltage [17]. The drain-
source resistance of a MOSFET has an inverse relation with
the gate-source voltage of the MOSFET. This electronic
resistance is very suitable to scan the I-V characteristic of a
solar panel uniformly.

Figures 13(a) and 13(b) show a typical extracted I-V and
P-V curves obtained by the mentioned electronic load in
the following conditions: solar irradiance = 500 W/m2 and
temperature = 34.5◦C. As it can be observed, the measured
points have a uniform distribution through the entire I-V
curve.

5. Experimental Results

Based on the established setup, different tests were executed.
First, only the fuzzy-based MPPT was applied to the system

for 100 minutes. Solar panel I-V curves were required to
perform this test. Figure 14 shows the movement of the solar
panel operating point in a P-I curve towards its maximum
level using the fuzzy maximum power point tracking.

The test was performed in the following conditions:
temperature = 36.8◦C and solar Irradiance = 830 W/m2.
It is observed that the fuzzy-based maximum power point
tracking algorithm reached its maximum level after 0.57
seconds, which is a reasonable rate. I-V curves were obtained
in different environmental conditions. Solar irradiance,
temperature, and maximum output power are extracted for
each curve. Figure 15 shows both extracted maximum power
points from the I-V curves (continues graph) and measured
data (single points).

It is observed that the fuzzy-based controller has tracked
the maximum power point during the test period. The
decreasing trend of the figure at the end of the test period
is because of the sun movement. To overcome the defect, the
adjustment of the solar panel orientation should be added
to the system. The second test was applying only the fuzzy-
based sun tracking to the system for 100 minutes. Figure 16
shows the panel output power. Figures 17(a) and 17(b) also
show variations of solar irradiance and temperature during
this test.

The algorithm was tested in the condition that the
angle between solar panel and sun radiation was 80◦. A
pyranometer and a digital thermometer with 20 seconds
intervals measured solar irradiance and panel temperature
online. As it can be observed from Figure 16, the output
power remained almost constant in spite of the sun move-
ment during the test. The cause of the small fluctuation in
output power was the variations of temperature and solar
irradiance as shown in Figures 17(a) and 17(b). Since in this
test maximum power point tracking was not applied, the
maximum extractable output power has not yet achieved.
Based on the results of the two mentioned tests, it is expected
that the combination of the two methods causes more power
delivery as is explained in below.

Figures 18, 19(a), and 19(b) show the results of the
mixture of the two mentioned techniques. The solar panel
output power is shown in Figure 18. Red points show the
solar panel maximum power points extracted from the I-V
curves whereas the black points show the measured solar
panel output power. It is observed that the mixture of the two
mentioned algorithms leads to the maximum power delivery
to the load in any environmental conditions. It should be
mentioned that to have a reasonable comparison between
utilized techniques, measurements should be performed in
equal environmental conditions. Therefore, the menstrua-
tions were carried out several times in different days to obtain
the mentioned purpose, which can be seen from Figures 17
and 19.

In order to compare the implemented technique with
other techniques of maximum power point tracking,
incremental conductance and perturbation & observation
techniques are executed and compared with the fuzzy
technique. Figure 20 shows the flowchart of incremental
conductance method. The implementation’s results state that
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this algorithm reached maximum power point in 1.92 S in
temperature of 35.8◦C and irradiance of 820 W/m2.

Figure 21 shows the flowchart of perturbation and obser-
vation algorithm generally. In this research, two-point and
three-point methods are carried out. Two-point algorithm
carried operating point to maximum power point in 4.36 S
while three-point algorithm to the same in 11.71 S. This
difference in reaching maximum power point is because of
the numbers of voltage and current measurements in each
algorithm.

Other experiments are executed regarding combination
of sun and maximum power point tracking, which are
expressed as follows. Figure 22 presents the variations of
delivered power from the panel during execution of max-
imum power point tracking and sun-tracking algorithms.
Blue parts show power variations during sun tracking and
black parts show power variations during maximum power
point algorithm. The panel had the horizontal angle of 90◦

and vertical angle of 30◦ with the sun in beginning of the
experiment. As it is seen, in the beginning of the experiment
power had the value of 2 W which is brought to 8 W by
the maximum power point algorithm. Consequently, sun
tracking algorithm is activated so the panel obtained a better
position and power reached the value of 9 W. Maximum
power point tracking was again activated and power reached
the value of 23 W.

So that the system, in 250 s, reached the situation which
the sun direction is completely perpendicular to the panel
and 28 W power delivered. That amount of power is equal
to the maximum generated power, which can be delivered in
temperature about 26◦C and irradiance about 600 W/m2.

In Figure 23, it can be seen that the panel in 60 S arrived
from its initial state (horizontal angle of 90◦ and vertical
angle of 30◦ with the sun) to its final state (the sun is
perpendicular to the panel), then the speed of system to track
the sun can be evaluated properly.

Another experiment is executed to show the importance
of sun tacking which its result is presented in Figure 24.
In the experiment, sun taking is deactivated for 120 min
while maximum power point tracking was executing. After
the mentioned period, although maximum power point
tracking algorithm was activated, delivered power reduced
8 W because of the movement of the sun. While after acti-
vating the sun tracking system, delivered power reached its
maximum value, which was 25 W. (The reason of reduction
in maximum power was irradiance drop near the sunset)

A similar experiment was performed to show the speed
of sun-tracking. In the experiment, sun tracking algorithm
for 5 min and maximum power point tracking algorithm
for 10 min was successively executed. Figure 25 shows the
results of the experiment. In this experiment in t = 10 min,
the panel was turned 45◦ around its vertical axis by hand.
As it is seen in the figure in t = 15 min when the sun
tracking algorithm was again activated, the panel returned to
its best position that is perpendicular to the sun direction.
It can be also seen that by using maximum power point
tracking algorithm, delivered power became 32 W from its
initial value.

6. Conclusion

Three methods to maximize the output power of a solar
panel were employed in this research. Fuzzy-based maximum
power point tracking was the first technique. It is observed
that by use of the technique, 23 W was approximately
obtained during the measurement time, which is about 51
percents of the nominal output power. In the second method,
fuzzy-based sun tracking was applied and it is observed that
11 W was approximately attained during the measurement
period, which is about 24.5 percent of the nominal output
power. The result is expected because sun tracking was
only employed without maximum power point tracking and
so a small amount of the nominal power was obtained
from the solar panel. Finally, the combination of fuzzy-
based maximum power point tracking and fuzzy-based sun
tracking was used to maximize the output power. It can be
seen that by stimulus use of those techniques, the output
power can reached the amount of 35 W, which is about 78
percents of the nominal output power. The panel was not in
its nominal conditions, it is the reason why it could not reach
its nominal output power. It was shown that the mixture
of the two techniques yields the maximum output power
delivery. This achievement can also lead to a reduction of the
size, weight, and cost of solar panels in photovoltaic systems.
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