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Abstract. From the perspective of renewable energy in-
dustry investment, absorbing maximum power from re-
newable sources is a vital factor. Hence, an algorithm
s required to change the operating point of renewable
energy sources in different environment conditions ac-
cordingly. This paper proposes a novel algorithm for
tracking the Mazimum Power Point (MPP) of a Photo-
voltaic (PV) panel. In this paper, an auziliary param-
eter based on the voltage and power of the PV panel is
suggested. By adopting this parameter, independence
of irradiation and temperature, the interval between
the operating point and the MPP can be estimated.
Furthermore, the range of the MPP voltage variations
18 calculated with respect to wvarious irradiations and
temperatures. Then, a movel fuzzy logic Mazimum
Power Point Tracking (MPPT) algorithm is proposed
based on the introduced parameter and voltage varia-
tions interval of the MPP. The proposed algorithm has
appropriate respond to environment condition changes
with proper speed and accuracy. In addition, unlike
Hill Climbing (HC) and Perturb and Observe (P&0O),
the proposed method has no chattering in steady state.
The abovementioned claims are successfully validated
via the software MATLAB/Simulink.
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1. Introduction

Recently, the energy demand is enlarging enormously
due to the growth of industry and increase of world
population. Moreover, the shortage of fossil fuels re-

sources and environmental problems makes Renew-
able Energy Sources (RES) prevalent [I], [2], and [3].
The wind and solar gained more attention because
of their superior features such as low maintenance cost,
the capability of employing at outland areas, wide out-
put power range, and no fuel requirement. Although
the operation cost of RESs is low, they have a high
initial investment. Therefore, to improve their return
on investment, maximum accessible power extraction
is an important factor of the operation [3], [4], and [5].
The generated power is maximized in a specific op-
erating point, called Maximum Power Point (MPP).
As the MPP varies due to the changes in environ-
mental conditions such as solar irradiation and tem-
perature, a control algorithm is required to detect
the MPP continuously and set the operating point ac-
cordingly [6] and [7].

Several different approaches are presented for track-
ing the MPP which have different accuracy, level
of simplicity, range of effectiveness, convergence speed,
number and type of sensors, total cost, dependency
to PV panel parameters and steady state chater-
ing [8]. Some literarure proposed sensor based meth-
ods. In these methods, the voltage of MPP and hence
the duty cycle are determined by the means of mea-
sured irradiance and temperature and the PV cell char-
acteristic. High cost because of sensor implementation,
low reliability and the fact that accurate value of the
panel parameters are required for operation are some
of the most important disadvantages of sensor based
methods [9] and [10].

According to the voltage and current relationship
in a PV panel, maximum power point can be achived
based on the PV voltage and current. Therefore,
an MPPT algorithm can be implemented imdependent
of irradiance and temperature sensors.
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Different MPP tracking algorithms have been pre-
sented in the literature based on PV voltage and cur-
rent. Hill Climbing (HC) [II] and [12], Perturb and
Observe (P&O) [13] and [I4] and Incremental Con-
ductance (IC) [I5] are some of the well-known meth-
ods. Although these methods have been used com-
mercially, they suffer from several disadvantages. For
instance, they cannot obtain high speed and accu-
racy at the same time. The chattering phenomenon
at the steady state is another drawback of them.

In order to overcome these drawbacks, various meth-
ods had been presented. Some references utilize adap-
tive control strategies [I4]. For instance, in [I6],
the voltage of MPP determined via P&O algorithm and
tracked by variable voltage step size. In the proposed
method, a PSO algorithm sets the voltage step size
regarding to specification of the panel. The disadvan-
tages of this method are, for example, its complexity
or the necessity of a primary test to determine panel
parameters.

In [I7], an MPPT method based on optimization al-
gorithm was introduced. In [I8] and [19], the heuristic
algorithm, in [20] the artificial bee colony, and in [21],
the searching method was used. Implementation com-
plexity, the requirement of a large number of sample
points and low speed are some important drawbacks
of these methods. In addition, some methods, such
as [19] and [22], suffer from divergence and initial val-
ues dependency.

In [23], the panel power is first calculated in sev-
eral different operation points. Then, the MPP is de-
termined by the means of a Bat algorithm and out-
put power of sampled points. Power fluctuation dur-
ing MPP determination process and low convergence
speed are some of the most important drawbacks of this
method.

In some literature, hybrid methods are investigated.
In [24], a hybrid approach based on P&O algorithm
and fuzzy control was presented. Although the pro-
posed algorithm improves convergence speed and elim-
inates parameter dependency, this method requires ac-
curate sensors which increases the costs of the system.
As the response of the PSO based methods has un-
convenient dynamic characteristic, [25] suggested to
combined these methods with HC algorithm. The pre-
sented results indicate that although the primarly fluc-
tuations have improved, the dynamic response of the
system contain ripple and has low speed.

In [26], a new MPPT algorithm was proposed based
on Grey Wolf Optimization (GWO) and P&O. Refer-
ence [27] used the integrated Particle Swarm Optimiza-
tion (PSO) and Proportional-Integral (PI) controller.
The combination of P&O with Simulating Annealing
(SA) and PSO are presented in [28] and [29], respec-
tively.

In [30], a neuro-fuzzy based method was presented
to decline chattering phenomena at MPP. Complexity,
reduction of convergence speed at low irridations, and
requirement of panel parameters are the most impor-
tant disadvantages of the presented method. In [31],
the authors tracked the MPP by adopting % and SM
controller. The results show that the proposed method
has proper speed and accuracy. Complexity and de-
pendency of convergence speed to irradiation and tem-
perature are its most important drawbacks. In [32],
a hybrid method based on IC and fuzzy controller had
been presented which has low speed at low irradia-
tions and high temperature, unconvenient dynamic re-
sponse at the environmental condition changes, chat-
tering, and low accuracy.

As can be seen by merging MPPT metods together,
some of the aforementioned disadvantages are elimi-
nated but their control algorithm becomes more com-
plex. In addition, another problems arise.

In this paper, a novel method for tracking the MPP
is proposed. At first, the voltage variations interval
of the MPP is determined by using the one-diode model
of a PV cell. In accordance with the PV cell charac-
teristic, an auxiliary parameter is introduced which es-
timates the distance between operating and maximum
power point, independent of irradiation and tempera-
ture. Next, by means of the Fuzzy Logic Algorithm
(FLA), an MPPT algorithm based on this parameter
and range of voltage variations of the MPP is imple-
mented. Based on the simulation results, the proposed
algorithm has high speed and proper accuracy perfor-
mance.

This paper is organized as follows: in Sec.
the PV panel model and its characteristic are pre-
sented. Furthermore, the auxiliary parameter is in-
troduced in this section. Section [ 3. | presents
the implementation of the proposed MPPT algorithm
based on the FLA, PV panel voltage, and auxiliary
parameter. In addition, the interval of the voltage
variations of the MPP is expressed in this section.
Section [4._] illustrates the simulation results of the
proposed method in MATLAB/Simulink software. Fi-
nally, Sec. concludes the paper.

2.  System Model

The structure of a grid-connected PV panel is shown
in Fig. It consists of a PV panel, a voltage boost
converter, and an inverter. The extracted power by
the PV panel is transferred to the DC bus by means
of a DC-DC converter. The inverter injects this power
to the grid through the filter. The inverter power is de-
cided by the DC bus voltage controller. In this struc-
ture, various DC-DC converter topologies with differ-
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ent voltage gain can play the voltage boost converter
role. For this application, the converter should have
high voltage gain and continuous input current [33].
Table [] summarizes some of the voltage boost con-
verters and their voltage gain presented in the litera-
ture [34].

DC/DC
Converter

PV Panel
Inverter

Filter
Grid

Fig. 1: The structure of a grid-connected PV panel.

Tab. 1: Suggested converter for PV applications.

Converter Structure Gain
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The most common converter, which has been used
for this application, is the conventional boost con-
verter. Since there is an inductor on the input of this
converter, its input current is continuous. As the in-
verter controls the voltage of the capacitor, it can be
assumed that the output voltage of the boost converter
is constant. Hence, by setting the duty cycle of the PV
panel, the input voltage can be fully controlled. In fact,
the MPPT algorithm obtains the voltage of the MPP
based on the irradiation and temperature. Then at this
voltage, the duty cycle of the converter is determined
by Eq. .

Vout _ 1

Vo, C1-D (1)

Figure 2] shows the power curve of a PV panel
with respect to its voltage. As shown in this figure,
the amount of absorbed power in small voltages is low.

As the PV voltage increases, the absorbed power in-
creases up to the MPP. At this point, the ratio of power
variation to voltage variation (%) is zero and with fur-
ther voltage increase, the power of the PV panel will
start to decrease. Rudimentary methods such as P&O

and HC use this characteristic for detecting MPP.

-
Z
3
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\ |

| PV Voltage (V) Vmer Ve

Fig. 2: Power curve of a PV cell with respect to its voltage.

An effective MPPT algorithm should have high
speed and accuracy. Furthermore, it must be free from
any chattering phenomenon. The high-speed opera-
tion can be achieved by increasing the Voltage Change
Step Size (VCSS) but on the other hand, a large VCSS
will reduce the MPPT algorithm accuracy. Therefore,
in an MPPT algorithm, a trade-off should be made
in order to acquire proper speed and accuracy.

An MPPT algorithm can achieve both high speed
and accuracy by adjustable VCSS. When the operat-
ing point is far from the MPP, the algorithm sets a high
value for VCSS to increase the speed of the operation.
By approaching to the MPP, the algorithm decreases
VCSS value to improve the accuracy. Therefore, an es-
timation of the distance between the operating point
and MPP is needed to improve the operation of the
system and calculate the VCSS.

Since the value of % for the operating points, which

are far from MPP, is high and low in its nearby, it
seems that this parameter is suitable for MPPT step
size specification.

Figure [3] shows the one-diode model of a PV cell.
Based on this model, the output power of a cell can be
derived from Eq. .

Fig. 3: One-diode model of a PV cell.

P=VI, - VI, (eA(V +RsI) _ 1),
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where I, is related to the irradiation. A and I, are
determined by Eq. and Eq. :

q
= 3
kT ()
ISC
S P W
emkTn _ 1
where ¢, m and K are elementary charge

(1.602-107' C), number of series cells and Boltzmann
constant, respectively. Reverse saturation current,
short circuit current, and open circuit voltage are
denoted as Iy, Is. and V,.. The % can be obtained
as follows:

P
av
v 1,AV + BI) (A + AR,

- (eA(V +R.I) _ 1)+
J (5)
)

By manipulating Eq. , we get:

ar A(V + R,I)
1+ AR, 1)) =
dV( + AR Ige

= 1(1 + AR Iy AV + Rs”) — AV I,AV + RS

(6)
As can be seen in Eq. @ the dP affiliates to the out-

put power. Therefore, Eq. @ 1s d1v1ded into the out-
put power.

Aly AV + R,I)
ar 1 I NG
PAV ~ V14 ARelye AV + RiD)

According to Eq. at low voltages, % can be ap-
proximated by % independent of irradiation and tem-
perature.

In Tab. [2] the characteristic of a PV cell is given.
Flgureshows the PV power, Zﬁ and p curves at two
different irradiation, i.e. 500 and 1000 W-m=2. As-
sume that the MPPT algorithm determined the VCSS
based on g—f. Therefore, if the amount of the Z—f}’ be
high, the voltage changes will be high too. When
the irradiation is equal to 1000 W-m~2, operating point
which their Z—i value is lower than 5.5 A (point a) will
be considered near the MPP. Therefore, when the irra-
diation is low and the system operates at the A point,
a low value for VCSS will be selected which decreases
the operation speed. However, if the gp thereshold se-
lected 2.7 (point b), at the irradiation of 500 W-m~2,
the point B (which is near MPP) will be identified as
a far operating point and a high value for VCSS will be
selected by the algorithm. Consequently, the algorithm

may fails to identify MPP correctly.

Tab. 2: Investigated PV cell characteristic.

Parameters Values
q (C) 1.602- 10~ 19
Voc (V) 46
m (-) 72
k (m?kgs 2K 1) | 1.38-10~2
n (-) 1.35
Isc (A) 5.78

Power (W)

dP/dV (A)

Far from MPP ————>»

Far from MPP

dP/PdV (V')

L L L L L L L L
5 10 15 20 25 30 35 40
Voltage (V)

Fig. 4: The % and power curves for investigated PV cell.

At lower voltages than the MPP, % curves of two
different irradiations are identical. By approaching

to the MPP, the Value of F‘,lfv reaches to zero and

at higher voltages POV dV becomes a large negative value.
Therefore, the P dV is a convenient parameter for spec-
ifying MPPT step size independent of irradiation and
temperature.

3. Proposed Fuzzy Logic
Algorithm

As explained in the previous section, when the oper—
ating point is far from the MPP, the value of the W
is posmve. By approaching to the MPP, the value
of P dV is decreased to zero. Hence, if VCSS is de-
fined based on P dV’ the step size will change accord-
ing to the difference of operating point from the MPP.
In this paper, the FLA is adopted for the implementa-
tion of MPPT. By the help of the FLA, the MPP can
be recognized with proper speed and without having
an accurate model of the system, temperature sensor,
and irradiation information.
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3.1.  Fuzzification

As the input signal of the proposed algorithm is P‘fTﬁ/,
fuzzification is performed with respect to this param-
eter. The membership function of this parameter is
shown in Fig.[5] When the operating point is at the left
side of the MPP, the value of W is positive and its
fuzzy value is equal to P. By getting closer to the MPP,
the value of If o approaches to zero and its fuzzy value
Would be equal to Z. At higher voltages, the value

of 4 yo dV is negative and its fuzzy value will change from
Z to N.
N z P
P
PdV
-0.08 0 0.05 g

Fig. 5: The membership function of the input.

When the system operates at the MPP and the irra-
diation changes, the value of £ dV will be high. In this
case, the MPPT algorithm assumes that the operat-
ing point is far from the MPP and sets a high value for
VCSS. This leads to undesirable behavior of the MPPT
algorithm.

In order to improve the system response, additional
paramerter is required to help the control algorithm
tracks the MPP correctly when the enviroment condi-
tions changes and prevent the selection of high value
for VCSS.

By equalling Eq. to zero we obtain the maximum
power points with respect to various irradiations and
temperatures.

e~ A(V + R,I)

V= Al

+ Rgl. (8)

From Eq. , Eq. , and Tab. 2, the MPP volt-
age is 38 V at 1000 W-m~2 irradiation and temper-
ature of 25 °C. In case of diversity of environment
temperature from —10 to 50 °C and irradiation from
100 to 1000 W-m~2, maximum and minimum of the
MPP voltage for presented PV cell are 44 and 30 V,
respectively. Hence, the MPP voltage is between 30
and 44 V consistently.

As the MPPs voltages are always in a specific area
for a wide range of irradiations and temperatures, us-
ing voltage as a second parameter would be beneficial.
When the voltage is in the area obtained by Eq. .
and W has a high value, since the MPP is in the
vicinity of the operating point, a small value should be
selected for VCSS. Therefore, for a better performance
of the algorithm, the PV voltage and P dV are selected
as control signals. The membership function of the PV

voltage is shown in Fig. [f] As shown in this figure,

at low, medium, and high voltages its fuzzy value is
equal to LS, MPP, and RS, respectively.

N Z P

_dpr_
PdV

-0.08 0 0.05

Fig. 6: The membership function of the voltage.

3.2. Fuzzy Rules

Positive, negative and zero values of % indicate
that the PV voltage should be increased, decreased
and remained unchanged, respectively. If the irradi-
ation changes, despite variation of the output power,
the voltage remains almost the same. This results
in a high value of %. In this case, as the PV voltage
is in the MPP interval, the FLA sets a short negative

or positive value for VCSS based on the sign of P dV

Fuzzy rules are shown in Tab. [3] For instance, if
the fuzzy value of P dV is high, then the algorithm
checks the PV voltage. If the PV voltage is low,
the output fuzzy value will be PB. If it exists in the
MPP area, the obtained output fuzzy logic would be
PM. Fig. [7] shows the membership function of the out-
put.

Tab. 3: Fuzzy rules.

1

Parameters PdV V)

N Z P
LS ZN | PM | PB
V (V) | MPP | NM | ZN | PM
RS NB | NM | ZN

NB NM ZN PM PB

AV
-0.16 -0.1 -0.05 0 0.05 0.1 0.16 "

Fig. 7: The membership function of the output.

3.3. Defuzzification

The final step in FLA is determining output value (con-
verter duty cycle in this paper) that is called defuzzifi-
cation. One of the well-known defuzzification operators
is the Center Of Gravity (COG). The COG is a classic
method that calculates the center of the gravity of the
area under the membership function. This method is
simple and has a suitable speed. COG is computed by
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Eq. @D

AV,, = COG(A) = L ——

where n and A(x) are the numbers of the fuzzy rules
and the probability distribution of rule x. For ap-
proaches to the MPP, the computed value of Eq. @[) is
added to the PV voltage.

Vpo(F) = Vpulk = 1) + AV (10)

In the following, V), (k) is used as the reference volt-
age for DC/DC converter and its duty cycle is specified
based on this value.

4. Simulation Results

The simulation results of the proposed algorithm are
described in this section. The simulated system char-
acteristics are summarized in Tab. 2 and Tab. [

Tab. 4: PV Panel Characteristic.

Parameters Values
Parallel String 2
Series Module per String 3
Maximum Power (W) 206
Short circuit Current (A) 11.56
Open circuit Voltage (V) 138.9
Voltage at MPP (V) 114.5
Current at MPP (A) 10.8

Figure [§] shows the system structure. As the para-
sitic elements are included in the simulation, the ref-
erence voltage is not followed through the Eq. and
therefore, PI controller is utilized to determine duty
cycle.

Fig. 8: The system structure.

As explained in the previous section, for improving
the performance of the algorithm, it is beneficial to use
PV voltage as the second control parameter in addition
to the %. Utilization of PV voltage will improve
the dynamic response and has no effect on the steady
state. To verify the PV voltage utilization effect, sim-
ulations are performed in two statuses, with and with-
out PV voltage. To prove that the algorithm provides

good speed and high accuracy, the system is simulated
at zero voltage with step-changing irradiation and tem-
perature.

Figure [9 and Fig. show the irradiation and tem-
peratoure variations of the simulated system. As can
be seen, at first the irradiation is equal to 1000 W-m~2.
It decreases to 500 W-m~2 at t = 10 s and increases
to 800 W-m~2 at ¢t = 15 s. The temperature increases
at t = 20 s to 50 °C and decreases to 35 °C at t = 25 s.
Therfore MPP changes at these times.

1200

1000

800 -

600 -

Irradiance (W-m?)

400 ‘ : :
0 5 10 15 20 25 30

Time (s)

Fig. 9: The irradiation.

.
T

'S
=1
T

Temperature (°C)
S
:

[
=1

15 20 25 30
Time (s)

o
W
=1

Fig. 10: The ambient temperature.

Figure [11] shows the PV voltage curve. The voltage
is zero at the beginning. Therefore, the value of VCSS
is selected high. By approaching toward the MPP
the step size is reduced by the algorithm accordingly.
Consequently, the MPPT operates with suitable speed.
As at this time interval, the irradiance and tempera-
ture does not change, the PV voltage in both methode
is same. After a period of time, the irradiation is re-
duced instantaneously. In the single input scenario,
the algorithm assumes that the operating point is far
from MPP, so it sets a high value for VCSS that causes
overshoot at the PV voltage curve. In contrast, when
the PV voltage is used as a second control parameter,
the algorithm recognizes that the MPP is in the vicin-
ity of the operating point. Hence a small step size is
chosen which leads to desired dynamic response.

At t = 20 s, the panel temperature increases. So
the power and the capacitor voltage decreases. If the
ampelitutde of the power change is high, the p(% would
have a high positive value. Therefore, in single-input
algorithm, a high positive value will be set for VCSS.
If the ampelitutde of the voltage change is high, the op-
erating point will be moved to the right side of the
MPP and at the next step the algorithm will decrease
the voltage to track the MPP. However, in double-input

method, both the C{Tp and voltage changes are inves-
pdv
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Tab. 5: Extracted power.

Irradiation (W-m~2) & Temperature (°C)
Parameters 600 800 1000 800 800
& & & & &
25 25 25 50 35
Maximum
Accessible 613.5 988 1236 889 948.6
Power
Single-input
Power (W) Maximum 612 984.2 1232 887.3 946.5
Power
Double-input
Maximum 611.9 984.6 1232 887.6 946.3
Power
. . . . 1500 T
tigated in each step. Since at ¢ = 20 s the voltage is ’ Single Input
inside the MPP area, although the ,iT’L value is high, £ 40| _ Twolnpus | |
a small value will be selected for VCSS. As a result, & |
the system shows better dynamic response in compare § 500 1
to the single-input method. = . ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30
Time (s)
150 Single Input
_ A N /T Two Inputs | Fig. 13: PV output power.
> 100 - w
éﬁ 120
2 5 fio Q§ The 45 curve is shown in Fig. . At the beg—
>
A~ "’QZQ 2057 ging, the operating point is far from MPP and P dv
o 5 0 s 2 e o Vvalueis h1gh.. When the operating point moves towards
Time (s) the MPP, this value decreases to zero.

Fig. 11: The PV voltage.

The duty cycle changes are shown in Fig. [I2}
The duty cycle is approximately 70 regarding to out-
put voltage (400 V) and PV voltage range. Since
the voltage changes in single-input method are more
than double-input method, the duty cycle changes are
less in double-input method.

K

0\»4,

Single Input
Two Inpu[\

o

Duty cycle
(=3
%

I
9

0.6 1 1 1 1 1
0 5 10 15 20 25 30

Time (s)

Fig. 12: Converter duty cycle.

The PV power is shown in Fig. [[3] When the en-
viromental condition changes, the voltage deviation
from MPP voltage are greater in single-input algorithm
than double-input method. Therefore, as can be seen
in Fig. the output power experiences higher under-
shoot in single-input method. This problem is tack-
led in the double-input method by considering a sec-
ond control parameter. As the PV voltage is not con-
tributed in determinig MPP in steady state, the output
power in steady state is identical for both approaches.

0.05 \
\

-0.05 [

dP/PdV (V)
e
s =N
‘r \
1
i
/
/
> //
A
—

Two Inputs

Single Inpuﬂ
01 T | . .
0 5 10 15 20 25 30
Time (s)

Fig. 14: The auxiliary parameter.

When the irradiation increases (decreases) or
the temperature declined (rised), the PV power and
capacitor voltage will increase (reduce) As the power
and voltage changes have same sign, 2 obtains a pos-
itive value. Therefore, when the env1ronmental condi-
tions changes, the voltage of the operating point is as-
sumed less than MPP voltage and a high positive value
will be set for VCSS in single-input method. As a re-
sult in this method, the voltage will contain overshoots
which results in operating at the right side of the
MPP (p% < 0). However, in double-input method,
as the value of the VCSS is low, the severity of the
overshoots are restricted.

Therefore, when the enviromental condition changes,
the voltage variation is small and the power variation is
high. So the amount of the Ii% is quite high. There-
fore, to improve dynamic behaviour of the MPPT al-
gorithm, adopting voltage as the second parameter is
essential.
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Table [5] verifies the algorithm accuracy. This table
shows the maximum absorbed and accessible power.
It indicates that the proposed algorithm can track
the MPP with good accuracy. As it is evident,
both algorithms (single input and double inputs) have
the same steady-state response.

5. Conclusion

In this paper, a novel MPPT algorithm for a PV panel
was proposed. At first, the system structure was ana-
lyzed and then it is shown that the voltage and ther-
fore the transferred power from the PV panel can be
efficively controlled by the boost converter. It is elab-
orated that with the use of %, the MPP cannot be
tracked properly, as this value is associated with irra-
diation and temperature. Thus, another parameter is
introduced. The proposed parameter estimates the rel-
ative difference of the operating point with respect
to the MPP, independent of irradiation and temper-
ature. In addition to that, the voltage changes interval
of MPP of a PV panel with respect to various irradia-
tion and temperature are calculated. Then an MPPT
algorithm based on FLA and the proposed parame-
ter is implemented. It is shown that the single input
algorithm provides an improper dynamic response, so
the voltage of the PV panel is taken as a second control
parameter. Simulation results indicate that the pro-
posed algorithm with two control parameters presents
suitable speed and accuracy with the proper dynamic
response for a wide range of irradiation and tempera-
ture changes.
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