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This paper introduces an Golden Section Search based algorithm, along with an single input multi output
DC-DC converter for photovoltaic systems. In contemplation for photovoltaic (PV) systems to escalate
their efficiency of power generation, it is mandatory to locate the Maximum power point (MPP) under
all possible illumination conditions. Maximum power point tracking (MPPT) controller is expected to

obtain the MPP irrespective of the device and climatic changes. The basic principle and the implementa-

tion of the system is elaborated in this paper, along with an comparison of different hill-climbing algo-

f\(/legl\;vrords: rithms. The analytic and simulated results show that the new method has the advantages of fast
Css convergence, noise-resistance, and robustness.

SIMO © 2017 Ain Shams University. Production and hosting by Elsevier B.V. This is an open access article under
PV the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In day to day life, there is an increase in the power density due
to development of power electronics and material science. Renew-
able energy sources plays an crucial role to accommodate the
power demand. Hence, it is essential to come up with inventive
explications to cut down and preserve energy use. Solar energy is
one of the most significant source of energy. In the last two dec-
ades, photovoltaics (PV), also known as solar PV, has emerged from
a small scope applications towards becoming a dominant electric-
ity provenience [1,4].

Maximum power point tracking (MPPT) is an approach that
maximizes the output power to get better efficiency and many
algorithms have been proposed to track the maximum power point
using current as search parameter [2,3]. Under abruptly changing
weather conditions (irradiance level) as MPP changes continu-
ously, Perturb and Observe takes it as a change in MPP due to per-
turbation rather than that of irradiance and sometimes ends up in
calculating wrong MPP [11]. However this problem gets avoided in
Incremental Conductance method as the algorithm takes two sam-
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ples of voltage and current to calculate MPP. However, instead of
higher efficiency the complexity of the algorithm is very high com-
pared to the previous one and hence the cost of implementation
increases. So we have to mitigate with a trade off between com-
plexity and efficiency and also these methods are derivative based
and noise sensitive. A computational ease with inherent robust
MPPT using golden section search (GSS) based algorithm is pro-
posed in this paper. This is having noise and signal fluctuation
immunity with fast convergence as compared to many reported
MPPT methods [3,4]. This GSS based MPPT method is easy to
implement on the low cost hardware with single current sensor
and uses directly, the DC/DC converter duty cycle as a control
parameter. In this paper, voltage is used as the search parameter.

It is also seen that the efficiency of the system depends upon the
converter. Various single input multi output system is designed to
satisfy the different voltage level requirements but these results in
system complexity due to hard switching [7,8]. A simple duty cycle
based pulse width modulation (PWM) is suggested. The switching
and reverse recovery losses are less in the two-level boost con-
verter. A hardware prototype of the converter is built and the con-
trol is made cost effective using ATMEGA based low cost controller.
Both the simulation and hardware results are seen to have clear
agreement with inherent robustness built using new MPPT
algorithm.

This paper is organized as follow: Section 2, gives the system
characterization. Section 3, gives the maximum power point algo-
rithm techniques and Section 4 gives the simulated and Section 5,
the hardware results and at last Section 6, concludes the paper, fol-
lowed by the references.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. System description

The overall block diagram of the system is as shown below in
the Fig. 1. This system consists of an PV module interfaced with
the load through an DC-DC Converter. The pulse to the converter
is given through the maximum power point tracker. The character-
istics of each block are explicated in the following sections.

2.1. Modeling of solar cell

A solar cell is an electrical appliance, that converts the energy of
light directly into electricity by the photovoltaic effect. In other
words, a solar cell is defined as a device whose electrical character-
istics, such as current, voltage, or resistance, vary when disclosed
to light. Solar cells are the building blocks of photovoltaic modules,
otherwise known as solar panels. It can be represented in two ways
namely, single diode model and two diode model. In this paper, we
consider the single diode model [4]. The proportionate circuit of an
single diode model of a solar cell is as given below in the Fig. 2.
Solar cells comprises of a p-n junction, fabricated in the layer of
semiconductors, whose electrical characteristics diverges margin-
ally from a diode, characterized by the equations given below. As
shown in the figure, it comprises of an current source which is in
parallel with the diode, wherein the output of the current source
is directly reciprocal to the amount of light falling on the cell.
The modeling of the cell is as shown below:

I= Ipvcell - Idiude (])

where

Ipycen is the current due to the incidence of light,
Lioge is the Shockley diode equation,

The fundamental equation of the primary PV system given
above does not produce the I-V characteristic of practical PV arrays.
Practical modules consists of several connected PV cells that
requires the inclusion of additional parameters such as Rs and
Rp, which are as given below:

V + IR; V+IR
I:Ipy—la{exp< o7, )—1}— 7 s (2)
P

The current due to the light produced by the module calculates
linearly on solar irradiation and temperature, which is given by the
following equation:

Ly = (Ipyn + ATK)) (3)

Do

where

K; is the temperature coefficient of short circuit current,
G is the irradiance,

G, is the irradiance at standard operating conditions,

q is the electron charge,

DC-DC
CONVERTER

PVPANEL LOAD

DUTYCYCLE

MPPT

Fig. 1. Overall block diagram of the system.

YTy
Tpv cell Cf) I%Z ’ - v

Fig. 2. Circuit diagram of pv cell.

k is the Boltzmann constant,
AT is the product of actual and nominal temperature of the p-n
junction.

The diode saturation current Io depends on temperature and
can be expressed by the following equation:

o) enf () .
where

E, is band gap energy of semiconductor
I, » is nominal saturation current

The final output current equation of a solar cell is as given
below:

Io _ Isc.n + KIAT (5)

e[Voen + (527 - 1)]

where

Vocn 1S Open circuit voltage,

Isc.n is short circuit current,

V. is thermal voltage,

T is the temperature at standard operating conditions.

2.2. DC-DC converter modeling

In this paper, a single input multi output converter is designed
for the output voltage range of 15V as an auxiliary voltage and
65V as a high voltage with the input range of 35 V [3]. The circuit
is simulated using MATLAB software and the high output voltage is
regulated with the help of PI controller as a feedback path. This
converter is helpful in those photovoltaic applications where dual
output is required from a single input. The circuit diagram of the
converter is as shown in the Fig. 3. The converter consists of five
sections namely low voltage circuit, middle voltage circuit,
clamped circuit, auxiliary circuit and high voltage circuit. From
the circuit it is seen that,Co; and Cy, are the filter capacitors that
are used in the corresponding low and high side output voltages.
C; and G, are the capacitors, which are used for the clamped and
middle circuit. L, and L, are the primary and secondary side of a
coupled inductor. Ly, is the auxiliary inductor. This converter con-
sists of six modes of operation.

MODE:1 In this mode, the switch S is turned ON. The dc supply
flows through the primary of the inductor, and the diode D2 will
be in conducting mode. Due to the positive polarity across the
circuit, which is as shown in the Fig. 4, the secondary of the cou-
pled inductor will have a reverse current, which will charge the
capacitor C, with the help of diode D3 and the diode D4 will
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Fig. 3. Circuit diagram of the converter.
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Fig. 4. Current path in mode 1.
remain in non conducting mode. This mode ends, when the C, will be charging, by the reverse current of the secondary
energy in L, will be completely discharged. inductor and the primary of the coupled inductor will receive
MODE:2 In this mode, the switch will be in ON condition but supply from the dc source. Though the switch is in ON condi-
the diode D2 will be in OFF condition, whereas the capacitor tion, for both mode 1 and mode 2, the current of the coupled
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inductor will be different, due to the auxiliary inductor present
in the circuit (see Fig. 5).

MODE:3 In this mode, the switch is turned OFF. The voltage
across the switch will be higher than that of the clamped capac-
itor, thereby making the diode D1 to conduct. The energy from
the primary of the coupled inductor will be distributed to the
auxiliary inductor and the capacitor. As the auxiliary inductor
tends to charge, the diode D2 will conduct which will supply
the corresponding output power to the load in auxiliary circuit
as shown in Fig. 6.

MODE:4 As the switch is in OFF condition as seen in Fig. 7, once
the reverse current completely charges the clamped capacitor,
the diode D3 will not conduct. Hence the secondary inductor,
clamped capacitor and the diode D4 will be connected in series,
which generates power to the output of the high voltage side.
MODE:5 In this mode, the switch is in OFF condition, once the
voltage of primary inductor and auxiliary voltage are equal,
the diode D1 will be in OFF state. At this time, the primary
inductor and the auxilliary inductor will be connected in series,
which makes the diode D2 to conduct and generates the output
power on auxiliary load voltage, The current path in this mode
is shown in the Fig. 8.

MODE:6 When the switch is triggered, the diode D3 and D1 will
be in OFF state as shown in Fig. 9. The auxiliary inductor will be
charged with the help of primary inductor which makes the
diode D2 to conduct and will generate the required output
power. Meanwhile the secondary inductor and the clamped
capacitor will be connected in series which makes the diode
D4 to conduct and generate its corresponding high output
power. This mode ends when the secondary power comes to
zero.

Due to the presence of auxiliary inductor, the proposed SIMO
converter operates in continuous conduction mode (CCM). When
the switch is in ON condition the couple inductor gets charged
and discharges its energy when the switch is in OFF condition.

2.2.1. Design considerations
The turn’s ratio (N) and coupling coefficient of the transformer
is given by

N,

N=§ (6)
Ls
k=p (7)

where N; and N, are the turns ratio of the coupled inductor and k is
the coupling coefficient. By using volt-sec balance on the primary of
the inductor,

VinTon + leToff =0 (8)
where

— dl
R e ®

Ci = —I, during the modes 3 and 4 V., = —V,, Thus, by applying KVL
to the outer circuit, we get the following equations,

VisTon + VisTor =0 (10)
Ve (N+1)

GVH_Vm_ 1 d (11)

During the modes 1 and 6,

dyTs = [(te — t5) + (t1 — to)] (12)

Now by applying volt sec on auxiliary inductor, we get the fol-
lowing equations,

Ton + ViaTor =0 (13)

—Vo1(diTs) + (Vin = Vip = Vo) x (1 —d;)Ts =0 (14)

The electric charge variation for the auxiliary output is given by

Ls
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Fig. 5. Current path in mode 2.
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Vo1 Voo
5Q1 = E X (d] — dx) X T_; = Cm 5V01 (15) 5Q2 = Rioz X (d]) X Ts = C02(3V02 (16)

The electric charge variation for the high side output is given b
& J P & y where 6V, and 6V, is the ripple factor which should be less than 1.
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C, = 1 (17) 3. Maximum power point tracking algorithms
= 2
(For)*4)Lp , . , _
Maximum power point tracking (MPPT) is an approach used by
1 charge controllers for wind turbines and PV solar systems to max-
2= 2402 (18) imize power output. PV solar systems occurs in several configura-
(fo2)"4()Ls

tions. Solar cells have a convoluted link between temperature and

The cut off frequencies of L, and L, should be 10 times lesser total resistance that gives a non-linear output efficiency which can

than the switching frequencies.

be evaluated based on the I-V curve [2]. It is the objective of the
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MPPT system to fragment the output of the PV cells and employ
proper resistance (load) in order to obtain the maximum power
for any given environmental conditions. MPPT devices are com-
monly integrated into an electric power converter system that pro-
vides voltage or current conversion, filtering and regulation for
driving various loads, including power grids, batteries, or motors
[3].

According to Maximum Power Transfer theorem, the power
output of a circuit is maximum when the Thevenin impedance of
the circuit (source impedance) matches with the load impedance.
Hence, the problem of tracking the maximum power point reduces
to an impedance matching problem. In the source side, we are
using a SIMO converter connected to a solar panel in order to
enhance the output voltage, so that it can be used for different
applications like Solar powered vehicles. By changing the duty
cycle of the converter appropriately, we can match the source
impedance with that of the load impedance.

3.1. Existing hill climbing methods

Perturb and Observe (P&O) is the simplest hill climbing method.
In this we use only one sensor, that is the voltage sensor, to sense
the PV array voltage and so the cost of implementation is less and
thereby, easy to implement. The time complexity of this algorithm
is very less. In several studies, it has been shown that P&O has led
to efficiencies as high as 96.5 in [8], and 99.5 in [9]. Incremental
conductance method uses two voltage and current sensors to sense
the output voltage and current of the PV array. The controller, mea-
sures the incremental changes in PV array current and voltage, in
order to predict the effect of change in the voltage. A PI controller

is an effective way of implementing the InCond algorithm. The efif-
ciency of this algorithm is higher than P&O, [8] states an efficiency
of 98.5 in simulation and 98.2 in measurements.

3.2. Drawbacks of hill climbing methods

The two algorithms mentioned above have certain, similar
drawbacks. First, all of them can not distinguish a local maximum
from a global maximum. In case of shaded conditions, these local
maxima do occur in the p-v characteristic of a solar panel and oper-
ating at a local maximum could mean reduced power output. Sec-
ondly, all algorithms mentioned have irregular behavior in case of
rapidly changing irradiation conditions [3,9,10]. In both these
cases, it is possible the algorithm loses track of the MPP and
reduced power output will occur [12-15].

3.3. Golden section search method

The golden section search is a technique that is used for dis-
covering the minimum or maximum of a strictly uni-modal func-
tion by individually narrowing the range of values inside which
the extremum is known to exist [5]. This method is vigorous
and also has a faster feedback compared to the other traditional
algorithms. The main aim is to find maximum functional value
within the input interval [a,b]. Two points are selected in the
interval [a,b] and the function is evaluated at these points. Points
are selected in such a way that each point subdivides the interval
into two parts and length of whole line/length of larger frac-
tion = length of larger fraction/length of smaller fraction. Assume
a line segment as shown in Fig. 11. It gives from O to v,c. The

SELECTRANGE OF
OPERATION
a=0,b=Voc

=T

it

COMPUTEX, andX,
X,=b-r(b-a)
X,= btr*(b-a)

h 4

EVALUATEP(X,;) P(X,) ATX,

ANDX,
YES
MPP= X,
NO
NO Iype=Ixy
v
a=aANDb=X, b=b AND 2=X,

Fig. 10. Flowchart of the algorithm.
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Fig. 11a. Division of intervals.

length from b to X; is given by r and the length from X; is given
by 1 — r. The values are calculated using the formulas given in the
flowchart above, and the corresponding powers are calculated at
these points and the rest of operation is as illustrated in the flow-
chart. For a GSS based MPPT for photovoltaic system, the PV char-
acteristics are the operating characteristics wherein the main
function corresponds to power, whose maximum value has to
be captured. The spectrum of operation is from zero to open cir-
cuit voltage (Voc); that is, a=0, b=Voc with r=0.618 [6]. The
way of tracking maximum point is shown in the Fig. 10. The volt-
age corresponding to the maximum power is obtained and
mapped into the V-I characteristics to achieve the current
reference.

Isc ( short circuit current )

—— e —————

Table 2
Parameters of panel at standard conditions.
S. no Parameters Value
1 Peak power 250 W
2 Maximum voltage 35.80V
3 Maximum current 830A
4 Output voltage 200V
5 Output current 1.2A
Table 3
Simulated values.
S. no Parameters Simulated value
1 Input voltage 35V
2 Input current 8.27A
3 Input power 248 W
4 Reverse saturation current 2.623 x (10e-7)
5 Saturation current 52.623 x (10e-7)
6 Short circuit current 682A
7 Maximum power point 200 W

3.4. GSS with voltage as search parameter
The detailed GSS algorithm at standard operating conditions

that is, G = 1000 W/m? and temperature at 25 °C and with an open
circuit voltage of 30V is as given below in the Table 1.

4. Simulation results
4.1. PV module simulation

The PV Module Simulation is done in MATLAB. The simulation is
done at standard conditions in order to check the MATLAB model

maximum power point

Impp (current at mpp)

Power (W)
Current(A)

; Vmpp (voltage at MPP,
VOLTAGE (V) PP (voltag )
Fig. 11b. MPPT tracking.

Table 1

Search algorithm at standard operating conditions.
Step a b X1 X5 Py P, Comment
1 0 30 13 20 98 155 Py > Py
2 13 29.9 21 25 163 192 Py > Py
3 21 329 25 28 192 199 Py > P
4 25 329 28 30 199 176 Py > P,
5 25 28 26 27 197 200 Py > P,
6 25 28 26 27 197 200 Py > P,
7 26 28 27 27 200 200 P1 =P,
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PV Panel. The Input to the panel is given according to the data-
sheet of the panel used which is given in the table. The unknown
parameters are evaluated and power-voltage and current-voltage
characteristics are simulated. The unknown parameters, saturation
current at reference temperature lor, saturation current lo and
Short circuit current Isc at the given temperature are calculated
from the input parameters which is given in the Table 3.

In this paper, ELDORA VSP.60.AAA.03 silver series/Polycrys-
taline solar PV modules are used. The Table 2 shows its electrical
specifications from the datasheet. In this PV module, 60 cells are
connected in series-parallel combination. All the technical data’s
are taken at standard test condition, that is, at an standard irradi-
ance level of 1000 W/m? and at an temperature T = 25 °C. The
Table 3 gives the simulated output and input parameters to the
panel. The unknown parameters are saturation current at reference
temperature lor, saturation current Io and Short circuit current Isc
at the given temperature are calculated from the input parameters.

4.1.1. Variation of IV and PV curve at different irradiation

In order to verify the model under different operating con-
ditions, several tests have been performed at various tempera-
ture and solar irradiance values. The Figs. 12a and 12b shows
the IV curves and PV curves for various solar irradiance G var-
ies from 600 W/m? to 1000 W/m? at standard cell temperature
of 25°C.

From the curves it is seen that, PV curve has negligible effect on
the open circuit voltage, due to the variation of irradiation and
mainly affects short circuit current.

4.1.2. Variation of IV and PV curve at different temperature

The IV characteristics with constant radiation and different tem-
perature are shown in Fig. 13. It is seen from the curve that IV curve
has negligible effect on the short circuit current due to the variation
of temperature and mainly affects open circuit voltage.

10 T T T [ T .
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o —G=800 Win?
R — G=500 Win?
< — — G400 Wi
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34 \ \\ |
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Fig. 12a. Variation of IV curve
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Fig. 12b. Variation of PV curve.
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Table 4
Duty cycle for different irradiations.
S. no G Vin Iin Pin D Vout Iour Puut
1 600 25 8.20 205 0.25 48 4.21 205
2 800 28 8.23 229 0.37 52 4.42 229.8
3 1000 30 8.29 247 0.5 59 4.25 247.8

4.2. Maximum power point tracking simulation

The algorithms were tested at various irradiation conditions
and the value was recorded. The Table 4 shows the variation of
duty cycle for different irradiation conditions.

The duty cycle obtained from the maximum power point block
in order to drive the switch is as shown in the Fig. 14. It gives the
variation of duty cycle at various operating conditions.

The system is tested for both open loop i.e. without MPPT and
closed loop i.e. with MPPT, Readings for both the conditions was
taken with intervals of time for whole day. Readings were tabu-
lated and the impedance curve was plotted which is as shown in
Fig. 15. From the Graph Fig. 15b it is seen that, impedance of load
and source will be different as there is no MPPT, hence only partial
transfer of power occurs, whereas, Graph Fig. 15a gives the impe-
dance curve while using MPPT. From the graph it is interpreted
that the MPPT algorithm matches the load impedance with the

source impedance, which
transfer.

is the condition for maximum power

4.3. Converter simulation

The proposed converter was simulated using the MATLAB soft-
ware tool. This results were verified with that of hardware results.
The Fig. 16a shows the open loop simulation results of the pro-
posed system. For the input voltage of 35V the output voltages
of 15V and 65V is obtained. Where 15V is considered to be the
auxiliary voltage and can be used for charging the batteries. The
voltage 65V is considered as a high output voltage and used in
high level inverters. From the Fig. 16b it is inferred that, the output
currents are less when compared to that of the input current which
proves that the system acts as a boost converter.

Fig. 16¢c shows the zero current switching of the converter.
When the voltage is zero and corresponding current increases then
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Fig. 15a. Impedance curve without mppt.

the condition is known as zero current switching and hence, due to
this, the switching losses will be reduced.

5. Hardware results

The hardware setup of PV standalone system with PV module is
tested at 240 W power with a frequency of 72 KHz. The DC-DC con-
verter, Arduino Uno board ATMEGA328, MOSFET driver circuit and
power supply unit are integrated. Voltage and current sensors are
used in order to sense the respective voltage and current from the
panel. The Table 5 below gives the designed electrical specifica-
tions of the converter.

The whole setup was analyzed and the maximum power point
algorithms were implemented using ATMEGA328. The duty cycle

1 2 3 4 5 6 7 8 9 10 11

Fig. 15b. Impedance curve with mppt.

obtained is as shown in Fig. 17a at standard operating conditions.
The zero current switching of this converter in hardware is shown
in Fig. 17b. When comparing both the simulation and hardware
results, it is clear that ZCS is obtained.

Fig. 18a shows the charging and discharging of the inductor
when the switch is in ON and OFF condition. In the figure, channel
1 shows the gate pulses and channel 2 inductor current. Fig. 18b
shows the output voltage at standard operating conditions, with
an input voltage of 35V, an output voltage of 65V is obtained,
which can be further used for grid interface or for inverters and
also an output of voltage of 15 V, which can be further used for bat-
tery charging and the ouput voltage is as obtained in the Fig. 19.

The output parameters are as obtained above. The gain of the
converter is as obtained below, when the duty cycle from the
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Fig. 16c. ZCS condition.
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Table 5
Designed electrical specifications.

Parameters Designed values

Laux 22 pH
L, 55 uH
Ls 75 uH
G 80 pF
G 10 pF
Cot 75 uF
Coz 100 pF
Tek T Tria’d M Pos: 0,000s MEASLIRE
> CH1
Freq
T0.89kHz
‘.
CH2 Off
- None
CH2 Off
Duty Cye
CH2 Off
Delay
CH1 1.00% M 5.000s CH1 7 836mY
Reta 1.00% 500 s RefB 1.00% 500 s 70.3145kHz
Fig. 17a. Duty cycle.
Tek Ju Trig’d M Pos: 0.000s
~

ZCs

CH2 2007 MS00ps
CH3 vertical position 024 divs (480mA)

Fig. 17b. ZCS condition.

maximum power point tracker varies. They are plotted as shown
below in the Fig. 20. From the graph it is seen that, when the duty
cycle to the converter increases, the gain also increases which
implies that they are in proportion.

Tek ik [E] Auto M Pos: 0,000s MEASURE
4 CH1
S " - " e e R -~ L“"‘?"{
CH2
Mean
15.4Y
4 it CH2
Pk~Pk
2 6,40
CH2
None
CH1 S0.0% CH2 20,0y M 10,0 us CHI 7 337V
10-Mar—16 10:24 <10Hz
Fig. 18a. Buck voltage.
Tek ANk, [F] Autc M Pos: 0,000s MEASURE
+
MM\.,,-*W . . oy
1%
CH2
Mean
65.4V
- > CH2
Pk-Pk
2 .40y
CH2
None
CH2 200v  M10.0ws CH1 /£ 337
10-Mar-16 10:24
Fig. 18b. Boost voltage.
Tek Ak @ Stop t Pos: 0.000s MEASIRE
CH1
ﬂ"’rfa] &’1 )("Fﬁ 4"&" Mean
/ k K J Lt j J 156md
Fid B "H
ExMrm‘«
CH2
Mean
4714
W\/"W =
Pk—Pk
2+ 1.044
CHz2
MNone
CH1 200md& CH2 2.004 M 25,08 CH2 7 2744

10-tar-16 10:43 <10Hz

Fig. 19. Current across inductor.
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Fig. 20. Voltage gains of the converter.

6. Conclusions

In this work, it is inferred that the current-voltage relationship
is non linear and there is a maximum power at a peculiar current
and voltage. This maximum power is varying with regard to the
atmospheric conditions. In this paper, evaluation with regard to
the changes in the effect of irradiation and atmospheric tempera-
ture on current - voltage characteristics and power - voltage char-
acteristics are studied. When the irradiation level decreases, the
photo generated current goes down significantly. The open circuit
voltage (Voc) also drops, but the effect is negligible. In decreasing
atmospheric temperature value, at solar irradiation of 1000 W/
m?, open circuit voltage is only decreased and the photo generated
current remain constant. The performance of the MPPT with GSS
based algorithm indicates good agreement with the simulated
results. This indicates the converter performance with its efficiency
up to 90 is achieved.
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