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Abstract

Motivated by recent interest in improving the performance of PV cells, we explored the optimal power point in Photovoltaic (PV) cells by using
three different topologies to compare its function and efficacy. Firstly, we investigate the consequence of connecting a PV directly to the load.
Secondly, the efficacy of an electronic device that generates a pulse width modulation (PWM) to control a boost converter connected to the PV
panel and the load and finally the maximum power point tracking (MPPT) method by using the Algorithm Perturb and Observe (P&O), with the
implementation of the DC-DC converter between the PV panel and the load. In doing so, a mathematical model of the PV cell was employed and
using MATLAB Simulink, the behaviour of the voltage and current signals acquired were analysed, this helps in understanding the performance of
the solar cell under different meteorological circumstances, and its effect on the power generated by the PV cell. Finally, based on the performance
simulations on the three methods implemented, the results were tested for the response time of the MPPT under different load conditions in order

to ascertain it performance.
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1. Introduction

In the last two decades, the field of photovoltaic has made
a profound impact in it widespread use, this represents a good
progress from a stand-alone PV to a utility interactive system.
Despite the remarkable growth of this technology, it’s often
characterized with low efficiency, which are mostly due to bad
solar orientation or adaptation which makes it difficult to extract
maximum output power from the PV panel [1].

It is a proven fact that PV panels have a non-linear charac-
teristic (I = f(V)) with a single point where the power gener-
ated is maximum (MPP). This maximum power point strongly
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depends on the intensity of solar radiation and the temperature
of the location, which changes during the day [2]. Such non-
linearity in the characteristic of a PV panel will give rise to
a perfect non-coupling between photovoltaic generator (GPV)
and the load, thus, creating a problem of transferring the maxi-
mum power from the photovoltaic generator (GPV) to the load
[3]. Therefore, it becomes difficult under these scenarios to ex-
tract the maximum output power that could be available at any
given weather condition. To get around these problems and ex-
tract the maximum power available at the GPV terminals and
transfer it to the load at any weather condition all times, an
MPPT scheme that responds to the weather changes and ob-
tains the highest possible energy at each moment is necessary.
Though there have been many research approaches in the liter-
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ature that have been tested and implemented, ranging from the
simplest method like Disrupt & Observer (D & O), Estimate,
Perturb and Perturb (EP &P), Modified Perturb and Observe
(MP&O). etc. to more complex methods, none have reached
the desired potential [4].

In this paper, we explored different topology to achieve the
optimal power point on a PV cell using the maximum power
point tracking (MPPT) method which is controlled and imple-
mented by the Perturb and Observe (P&O) algorithm. This
method is intended to track the point of maximum energy gen-
erated by the PV panel according to the weather variations.
Therefore, to show the effectiveness of the method compare
with others, a MATLAB Simulink model was used for the nu-
merical analysis of different values of irradiation and tempera-
ture and for the analysis of the relationship of module parame-
ters with characteristics curves of PV module.

2. PV Model Formulation and Equations of the PV Module

In the model formulation, we consider a single-diode model
for the PV module, which consists of a few PV cells basically a
p-n diode, connected both in series and parallel to obtain the de-
sired voltage. The circuit model is designed to show agreement
between a current source and diode such that it can be used to
calculate the power supplied by the GPV under all irradiation
and temperature conditions (figure 1) [5].

For simplicity, I,. (in Figure 1) is the current of the source
otherwise known as the cell photocurrent I, while Ry, and Ry
are, respectively, the intrinsic shunt and series resistances of the
solar cell.

2.1. Equations of the PV Module

The mathematical equations that described the relationship
between the cell terminal current (A) and voltage (V) is given
by [6], such relationship is based on I-V curve characteristics of
the solar cell and PV module, and a generalization from Shock-
ley ideal diode equation lead to the following equations:

-4

where I is the current through the diode, I, is the value of the
saturation current, and it depends on the temperature, g is the
absolute value of the electron’s charge, n represent the quality
factor of the diode that is used as adjustment parameter, which
ranges between 1 to 5 (n = 1 for the ideal diode model), N; is
the number of cells that are connected in series, T is the P-N
junction temperature that is generally assumed to be close to
the temperature of the cell [7].

Now, based on the circuit for single-diode model (Figure 1),
the current flowing through the parallel resistor Ip, is given by:

V+Rsl

P= .
Rsh

qVp
i’lNSkBT

Ip=1, [exp( ()

@)

Then, analysis of the total current in Figure 1 will provide equa-
tion (3)

I=1Ip,—1Ip—1Ip, 3)
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Figure 1: Equivalent Circuit for Single-Diode Model of Solar Cell [8].

where, Ip, is the current of the source, Ip the current of the
diode, Ip current in the parallel resistor and I represents the
current through the series resistors. Substituting the Equation
(1) and (2) into Equation (3), and considering that V, = V+Igs,
this leads to a generalization (based on Shockley ideal diode
equation) given as:

V + IR,
IZIph—IO [CXP(ZVW) — 1:|

Here, equation (4) is used for the numerical methods to find the
electrical current value.

V+RI
R.s‘h

“

2.2. Equations for Open-Circuit Voltage and Short-Circuit Cur-
rent

In the model, there are two critical parameters to measure,
the open-circuit voltage and the short circuit current. While, the
short-circuit current is affected by the solar radiation, the tem-
perature condition affects the open-circuit voltage [8]. There-
fore, from theory of semiconductors and photovoltaic, PV cells
can be characterized base on the operational point, such as the
short-circuit point where I = I, and V = 0, open-circuit
point where V = V. and I = 0, and the maximum power point
where V =V,,, and I = I,,,,, these conditions can enhance
the achievement of maximum electrical power[9]. Therefore,
considering equation (4), it is possible to determine the Iy, us-
ing the condition that V = 0 and I = I, this leads to the equa-

tion (5):
-

where, I5c¢ is the short-circuit current in the model (Figure 1).
Thus, to obtain the equation for open circuit point Vo we con-
sider the condition that Iy, = 0.

From the conditions that V = V,,,, and I = I,,,,,, (Which permit
that the maximum electrical power to be achieved), it can be
deduce that:

)1

Equation (7) suggests that a PV cell may have a hybrid be-
haviour, which may depend on the values of open-circuit point
and short current point, where every region is characterized by

Ry,
Rsh

q(Rslsc)
I’lNkaT

Isc=1Ipy— 1, [EXP( , (5)

Voe
R sh

q(Voc)
nNskBT

Ioc =0=1Ip, - I, [CXP( (6)
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an asymptote in their respective axis [9]. Therefore, it is possi-
ble to use the tangent of the relationship of I-V curve, to eval-
uate the transition from the current source to the voltage source
controller regions. In that respect, we considered the analysis
from Equation (4), which lead to the mathematical expression

as:
- —ql, di —q(V + R
£ - 1+ L 4R it
dV ~ nNykgT ( av " ) rexp [ nNokgT
1 di
—— 14+ = =R, 8
Ron ( Tav” ) ®

Where the j—{/ is the derivative of the current with respect to the
voltage that is evaluated at the maximum power point, hence,
from ohm’s law for power, we see that at any point on the -V
curve P = IV. The derivative % (equation (8)) must be equal to
zero to be able evaluate the maximum point values. Therefore;
dpP dl
—=V—+171=0
dv av
Furthermore, if equation (9) is the maximum power value and
equated to zero, then the equation can be written as

dP
dv

€))

] mpp

(10)
Vinpp

Where 1, is the current (A), and V,,,,, the voltage (V), both at
the maximum power point. Also, from the equation (8), it we
can be deducted that equation 11

_ I’"PP — qu _ Impp +R.| exp Q(Vmpp + Rslmpp
Vipp ~ nNskgT Vopp nNkgT
1 Iﬂl
——(1 -2 *Rs) (11
Rsh Vmpp

represents the mathematical equation for the maximum power
point voltage and current, which can be solved numerically.
The photodiode current or photocurrent /,;, can be determined
using the mathematical expression for open circuit voltage in
equation (6), taking into account (to neglect) the term ‘-1’ of
the Shockley equation (Equation 1), this is because, in silicon
devices the dark saturation current is lower than the exponential
term value [10], thus the equation is expressed as:

(12)

Then, by inserting equation (12) into equation (5), to obtain Isc,
which is expressed

Voc - RxISC quc
I = — + I() _— 13
sc R eXp(nNskBT (13)
And solving equation (13) to obtain the value of I, as:
Vuc - RSISC anc

I, =\lsc — —— —|—— 14

( s¢ Ry ) "o [ (nN_YkBT (19
Similarly, inserting equation (14) into equation (12), to obtain:

Rsz B Rs
I = Isc(’R—) (15)
sh
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Equation (15) represents the value of the photodiode current
I, [A], which is a light generated current that depends on three
factors, shunt resistance (R,;), series resistance (Ry) and short-
circuit current (Is¢) and as well depend linearly on solar irradi-
ance.

2.3. Reverse Saturation Current

The module reverse saturation current /,; exhibit a certain
behaviour when the diode is operating in the reverse bias region,
thus the equation of such behaviour is represented as:

Isc
exp (nNskpT) — 1

rs —

(16)

This (Equation 16) depends on short circuit current, open cir-
cuit voltage and influenced by the changed in temperature [10].
Such temperature dependence of the diode saturation current is

also given as;
3

T, qE, (1 1
Itrx = Im — * exp S s

TC kn TO TC
where [, is the temperature dependent reverse saturation cur-
rent and E| is the band gap energy. The photocurrent generated
in the solar cell generally depend on temperature and solar irra-
diance as such the value of the saturation current varies linearly
and proportional to the solar radiation. Thus, equation (18) de-
scribes the saturation effect as:

a7

L, =

18

G
[SC + KSC (TC - TO * —):| s
Gs

where Kg¢ is short circuit current temperature coefficient and
Gy is the solar irradiance at standard test conditions, G is the
operating radiation condition, T¢ is the temperature at standard
conditions (K) and T is the operating cell temperature (K).

The Equations (6), (5), (11) are needed to solve the parame-
ters Iy, I,, Ry and Rgj,. Therefore, to find the numerical values
of the all the equations ( Vo, Isc, Vinpp and Iyp,) a Newton-
Raphson technique is used to get the quantitative values. Also,
a maximum power point equation (P,,,, = Vypp * Lypp) wWas
utilized and the detailed Simulink model of all the parameters
were analysed. The value of module short-circuits current Ig¢
is taken from the field experimental procedures.

3. Implementation and Analysis (environmental and elec-
trical effects)

The mathematical model used depend on factors that varies
according to environmental conditions such as temperature and
irradiance and those factors that also depend on electrical pa-
rameters. To analyse the effects of these factors, MATLAB
Simulink with SOLAREX MSX-60 specification values were
used (See Appendix table A.1). These values are based on the
commercial polycrystalline silicon cells from SOLAREX with
a parallel string of 36 solar cells [11]. This is because polycrys-
talline cells are the most used in the market and so accommo-
date changes in a better way [12]. Furthermore, the algorithm
of P & O is implemented to evaluate current and voltage points
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Figure 2: (a) I-V curve Under Variable Radiation. Appendix C.2 (b).
P-V curve Under Variable Radiation. Appendix C.2.

continuously under a changing weather or electrical variations
and the maximum power point (MPP) was found at every mo-
ment in time.

3.1. Effect of Solar Variation

The variational effects of solar radiation (1000-200 W/m?)
on voltage, current and power were observed at a temperature
of 25°C (Table 1). The maximum power reached under dif-
ferent irradiance values from 1000-200 W/m? was 59.59 W at
1000 W/m?2, as such, the voltage changes from 20.32 V to 18.2
V representing a change of 9.10% while current changes from
3.83 A to 0.86 A representing a drop of 23.88% of the maxi-
mum energy possible, this happened at the 20.00% of the total
irradiance.

The I-V curve of the changes in the irradiance from 200W/m?
to 1000W/m? at a constant temperature 25°C (figure 2a) shows
that the value of the MPPT current increases at higher irradi-
ance values and decreases at lower irradiance.

Similarly, the P-V curve (figure 2b), describes the maxi-
mum power achieved based on the values for irradiation. Here,
the value of the power increases with increasing values of ir-
radiance and voltage. Thus, the maximum power achieved on
the changing irradiance for this model was at 59.59W at 1000
W/m?2, this is akin to the findings in [13].

3.2. Effects of Temperature Variation

It is a well-known fact that the PV cells are susceptible un-
der the influence of temperature change. Table 2 is indicative
of the behaviour of PV cells under a changing temperature, an
indication that those changes are not linear.

To represent the effect of temperature variation at a constant
irradiance (1000 W/m?), the numerical calculations (Figures 3a
& 3b. ) were plotted to observe the behaviour. Firstly, the
value of the current changes very slightly while the value of the
voltage has a significant change in the different values of the
temperatures, from 0°C to 40°C. (Figures 2b, 3a, 3b).
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Figure 3: (a) I-V Curve at Constant Radiation (b) P-V Curve at Constant
Radiation

On the other hand, the value of the power varies accord-
ingly as the temperature increases, thereby making the volt-
age to drop while the current increases. Hence, the best per-
formance (efficiency) occurred at low temperatures conditions
with high irradiance. The energy production drops when the
panel reaches high temperature as such the PV panel works
most effciently in cold temperatures. Hence, it can be deduced
that, even under cold and sunny environment, this model of the
PV cells will perform to it maximum.

3.3. Effects of Electrical Parameters

Electrical parameters in a PV system such as resistors (shunt
or series) can affect the performance of the solar cell consider-
ably, such parameters tends to reduce the efficiency of the solar
cell by dissipating power in the resistance. The most common
parasitic resistances are the shunt and series resistors (Figure
1), both are not strictly constant with respect to temperature
changes [14].

3.4. Effects of Variation of Shunt Resistor

The presence of the shunt resistance Ry, can reduce the
power output of the PV cell, this power loss arises from the
imperfections on the surface of the solar cell (or in bulk) and
by leakage current across the edge of the cell. The efficiency of
the cell decreases when the value of the Shunt resistor decreases
[14]. Therefore, it is possible to approximate the value of Ry, to
the slope of Is¢. In Figure 4a & 4b (I-V curve of the PV from 5
Q to 500 Q), the small resistance values show that the curve is
not a perfect curve, but as the values of the resistance increases
higher than 100 Q, a proper I-V curve was observed.

It noteworthy that the level of the output power remains low
when Ry, values are lower than 100€2, as such the efficiency can
be affected for an incorrect value of Ry, hence, the importance
of calculating Ry, correctly.

Table 3 shows the performance of the power output, in this
case, the resistance values from 5-500 ohms were used. The I-
V curve (Figure 5), which is almost linear for some parameters
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Table 1: Analysis of Voltage, Current and Power Under Solar Radiation Changes at 25°C.

Irradiance (W/m?)  V,. (V) Isc (A) MPPT Voltage (V) MPPT Current (A) MPPT Power (W)
1000 20.32 3.83 16.93 3.52 59.59
800 20.03 3.06 16.65 2.80 46.60
600 19.66 2.29 16.3 2.09 34.06
400 19.20 1.53 15.79 1.38 21.79
200 18.2 0.76 1491 0.67 9.98

Table 2: Analysis of voltage, current and power under temperature changes at 1000 W/m?.

Temperature °C ~ V,,. (V) Isc (A) MPPT Voltage (V) MPPT Current (A) MPPT Power (W)
0 22.76 3.63 19.44 3.38 65.70
10 21.93 3.70 18.60 343 63.79
20 21.12 3.76 17.76 3.47 61.62
30 20.32 3.83 16.93 3.52 59.59
40 19.49 3.89 16.10 3.56 57.31

Table 3: Analysis of voltage, current and power under Shunt Resistance changes at 1000 W/m? and 25 °C..

Shunt Resistance (2) Voc (V) ISC (A) MPPT Voltage (V) MPPT Current (A) MPPT Power (W)
5 17.31 3.83 9.57 1.91 18.27
10 19.42 3.83 15.11 2.25 33.99
50 20.20 3.83 16.73 3.27 54.70
100 20.27 3.83 16.85 341 57.45
500 20.33 3.83 16.93 3.53 59.76

Table 4: Analysis of voltage, current and power under Shunt Resistance changes at 1000 W/m? and 25 °C..

Irradiation Vs Shunt Resistance 1000 W/m> 800 W/m?> 600 W/m?> 400 W/m”> 200 W/m?
10 40.81W 4025 W 397 W 39.15 W 38.61W
20 20.79 W 2051W  2023W 1996 W 19.68 W
30 13.95 W 1376 W 1357W  13.39W 132W
40 10.49 W 1035W  1021W  10.07W 993 W
50 841W 829 W 8.18 W 8.07 W 7.96 W
100 422W 416 W 410 W 405 W 3.99 W
200 2.15W 2.08 W 2.05W 2.03W 2.00 W
300 1.40 W 1.38 W 1.36 W 1.34 W 132 W

indicates that the efficiency of the power is reduced at low shunt
resistances while at high values of shunt resistances the efficient
improves. It is noteworthy that the current remains at the same
value in all the cases, hence the value of the maximum power
point increases with increase in the shunt resistance.

3.5. Power Dissipation of Shunt Resistance

Table 4 shows the variation of the Shunt Resistance against
different levels of solar radiation. This represents a reduction
of the efficiency due to the power loses inside the PV cell in the
form of heat. Similarly, Figure 6, shows that the temperature
affects the voltage value to a greater extent than the current, in
this case as temperature increases, the power dissipated by the
resistor reduces, this is because the voltage generated by the PV
cell was less. On the case, where the temperature decreases the
voltage increases, thus, making the power consumed by the re-
sistor to increase. Table 5 shows the effect of temperature on the
shunt resistance. Firstly, the variation of the resistance affects

the value of the power consumed under different temperature, as
the temperature increases the voltage value also decreases, this
generates less power delivered by the PV cells. It was noted that
the performance of the PV cell was better in low temperatures
and high shunt resistance values.

Although the power consumed by the shunt resistance may
be the result of the quality of the materials used in its manu-
facture, as an imperfection in the manufacture of the cell can
create the scenario [15]. It is important not to exceed the al-
lowed specified value as this could lead to low performance by
the cell.

3.6. Effects of Variation of Series Resistor

In solar cells, series resistance variation is generated due to;
the flow of current through the emitter and base of the solar
cell; the resistance between the metal contact and the silicon
and the resistance from the connections [15]. Thus, series re-
sistor in high values can reduce the short circuit current. Fur-

95
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Table 5: Power Dissipate in shunt resistance under temperature changes. Appendix C.7

Temperature Vs Shunt Resistance 0°C 10°C 20°C 40°C 50°C
10Q 4522W 4455W 4323W 4081 W 36.64W
20 Q 23.02W 2268W 22.02W 20.79W 18.69 W
30 Q 1544 W 1521W 1477TW 1395W 1254 W
40 Q 11.61W 1144W 11.11'W 1049W 943 W
50 Q 9.30 W 9.17W 8.90 W 841 W 7.56 W
100Q2 4.66 W 4.60 W 446 W 422 W 3719 W
200Q2 233 W 230 W 223 W 211 W 1.90 W
300Q 1.55W 1.52 W 1.48 W 1.40 W 1.26 W
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Figure 6: Power Dissipated of Shunt Resistance
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Figure 7(a) corresponds to the change in the I-V curve when
the value of the series resistor is varied, in this case values were
varied between 0.001 Q to 0.180 Q and the slight change of
the voltage was observed, while the current remains at the same

variable at STC.
Power Shunt Resistance at 25°C
200 T T . .
130! G=1000 Wim? | |
G=800 Wim?
| = 2
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Figure 5: Power Dissipated of Shunt Resistance

thermore, the maximum percentage that can affect the variation
of this values is 1.19% and less of 0.04% in nominal operating
cell temperature and the values over 1.0 Q can be considered
as high-power losses. Moreover, the age of the panel tends to
increase the value of Rs hence it decreases the value of the Ig¢

[15]
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In the case for the power values (Figure 7b), the difference
in the value of voltage remains small, but can affect the value
of the power in the same proportion. Table 6 is a comparison
of the values of the different parameters when the series resis-
tor changes. The power decreases in small values of the series
resistor, but when the resistance is increased the power also in-
creased.

The I, remains the same value, only the value of the voltage
changes as Rs varies. In these parameters, the I-V and P-V
curve have its characteristic shape from the behaviour of the
power and voltage.

3.7. Power Dissipation of Series Resistor

Figures 8a represents the behaviour of the power with re-
spect to the series resistor value. The value of the irradiance
changes when the power is absorbed by the resistance. In this
case, the power absorbed tends to reduce irradiance values, this
is because the series resistor is small, and the Shunt resistance is
relatively large, this allows more current to flow through series
resistor path.

Eower Dissipation of Series Resistance at Constant Temperature of 25°c
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At = i . R
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Figure 8: (a) Power Dissipated of Series Resistor at 25?°C (b) Power
Dissipated of Series Resistor at 1000W/m?.

Table 7 shows the variation of the power regarding with re-
spect to changing irradiation and series resistance. The power
The power consumed between 0.0 Q and 0.4 Q were less de-
spite the high value of irradiance variation. For the values above
0.4 Q the power consumed by the resistance increases in differ-
ent proportions according to the resistance value, this represents
the power lost, which can potentially affect the efficiency of the
PV panel.

Figure 8b shows the responses of the series resistor under
different temperature changes; the power losses increase loga-
rithmically at 0.7 Q. The numerical values of the temperature
variation on the series resistance (Table 8), between 0.0 Q and
0.06 Q exhibit a low power dissipation. As previously noted,
the effect of the radiation and the temperature changes can af-
fect the energy generation by a PV cell and the value of the
power consumed by the series resistor can vary depending on
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weather conditions [16]. If these changing values are compared
for all the figures the best recommendation range for less power
consumption will be values under 0.5 Q. Also, the worst case
is at 1 Q where the power consumption is signifficant enough
for any temperature changes. For this reason, it is important to
control this value adequately because it can affect the perfor-
mances of the PV cell by consuming energy that is delivered to
the load. For the power lost based on the material properties, it
is necessary to use conductors with less resistance to improve
the flow of the electrons, and thus reduce the power consumed
by the PV panel [16].

4. Implementation and Analysis (Topological effects)

The implementation of the topologies was conducted in stages,
firstly, a PV system without a converter, this is to compare the
power output of the PV module. Secondly, a PV system driven
by PWM controller, this is to control the power output of the PV
systems, and finally, the implementation with the MPPT using
the P&O algorithm, to compare the performance of the differ-
ent topologies. The methods were modelled and simulated by
MATLAB-SIMULINK and the analysis of the behaviour of the
signal (at some specific points) and the change in the variation
of the temperature and irradiance conditions were investigated.
Furthermore, an inquiry of the response time under different
loads were also analysed.

4.1. PV system without a boost converter

To determine the values of the PV output under the temper-
ature and irradiance changes with a constant load of 60 €, the
PV Module was connected without a DC-DC converter (Fig-
ure 9): The obtained values (Table 9) from the PV module
(Figure 10) and the signal produced by this model is shown in
Figure 10, the analysis of the performance shows that changes
in the values occurred after the first milliseconds of the test.
This topology generates a maximum power of 6.97 W of 60 W
available. Therefore, it can be considered that this topology has
low efficacy at the beginning of implementation with 11.61%
of the total energy that can be produced.

The result of this topology indicates that maximum power
cannot be extracted when a PV panel is connected directly to
the load. Apart from the low efficiency of this topology, it also
reduces the time-life of the storage system due to the fluctua-
tions in the charger.

4.2. Pulse Width Modulation Controller (PWM) Method

The PWM topology (Figure 11) was used to investigate the
performance of the PWM under different weather conditions,
In this case the PV was connected to a boost converter with a
constant load resistance of 60 Q and a duty cycle value at D =
0.6478.

The signals produced by the input of the PV panel and the
output of the DC-DC converter when compare with the be-
haviour of the PV before and after the PWM was connected
to the boost converter shows a low signals values at the begin-
ning (table 10), except for the current, which was due to the
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Table 6: Under Series Resistance Changes at 1000W/m? and 25°C

Temperature Vs Shunt Resistance 0°C 10°C 20°C 30°C 40°C
10 Q 4522W 4455W 4323W 4081W 36.64 W
20Q 23.02W 22.68W 22.02W 20.79W 18.69 W
30 Q 1544W 1521W 1477TW 1395W 1254 W
40 Q 11.61W 11.44W 11.11W 1049W 943 W
50Q 930W 9.17W 890W  841W 7.56 W
100 Q 466W 460W 446 W 422W 379W
200 Q 233W  230W  223W  211W 1.90 W
300 Q 155W  1.52W  148W 140W  126W
Table 7: Power Dissipate in Series Resistance under Irradiance Changes
Irrad. Vs Shunt Resistance 1000 W/m2 800 W/m2 600 W/m2 400 W/m2 200 W/m2
0.1 0.26 W 043 W 0.65 W 0.92 W 1.26 W
0.2 040 W 0.10 W 023 W 043W 0.72W
0.3 0.06 W 0.01W 0.01W 0.06W 024 W
04 0.57W 038 W 0.16 W 0.02W 0.02W
0.5 1.54 W 1.LI5W 0.64 W 021W 0.06W
0.6 291'W 220W 131W 0.53 W 0.07W
0.7 4.54 W 340 W 2.06 W 0.90 W 0.16 W
0.8 6.33 W 4.68 W 2.84 W 1.27W 026 W
0.9 828 W 5.9 W 3.60 W 1.61 W 036 W
1 1025 W 7.29 W 431 W 1.93 W 0.45W
Table 8: Power Dissipate in Series Resistance Under Temperature Changes
Temp. Vs Shunt Resistance 0°C 10°C 20°C 30°C 40°C
0.1 0.63W 055W  048W 040W 0.32W
0.2 098W 084W 0.69W 0.54 W 041W
0.3 1.03W  082W 0.63W 045W 0.30 W
0.4 077W  054W 035W 020 W 0.10 W
0.5 032W 015W 0.05W 0.005 W 0.004W
0.6 0.002W 002W 0.11W 025W 039 W
0.7 052W  093W 1.35W 1.72 W 1.94 W
0.8 344W  443W  527TW 576 W 578 W
0.9 11.51W 1335W 1449W 1466 W 1373 W

1

3031 W 3270W  3359W 3223 W

28.78W

Table 9: Parameter values obtained at the beginning of the test

Time (s) 0.000 0.005 0.010 0.015 0.020 0.025 0.030
Power (W) 0.00 063 246 506 6.68 6.96 6.97
Current (A) 0.00 0.10 020 029 033 034 0.34
Voltage (V) 0.00 630 1230 1795 20.26 2049 20.51
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Figure 9: PV Module without a boost Converter [17].
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Figure 10: Behaviour of PV Without a Boost .

fixed irradiance value during simulation. The power increases
up to 49.04 W and remains around at this value until the next
change of irradiance.

The output of the boost converter reduces the value of the
current to increase the voltage. The power output that deliv-
ers this method increases if compared with the topology earlier
mentioned.

The variations (Figure 12) were observed from 40°C to 35°C
at 800 W/m?2. These values remain the same with a less mod-
ification, since the temperature changes within time lag were
quite negligible as such the parameters have less effect than the
irradiance changes in the power. Table 11 and (12) shows pa-
rameter values under temperature change and under irradiance
change.

The voltage and current input responded differently under
the irradiance changes (Table 12). The most significant change
occurred in the power output, due to the abrupt change in the
current, which is generated by the irradiance that passes from
1000 W/m? to 800W/m? as the voltage decreases. These values
were found to affect the power output directly, as the converter
maintains voltage value. The power output (level) was mini-
mally affected by the changes in the current, which resulted in
slow response time and stable power level, which is important
for the storage system.

99

4.3. MPPT Control System

In the MPPT (topology) control system (Figure ??), the
boost converter was implemented and controlled by the algo-
rithm called Perturb and Observes (P & O), which controls the
duty cycle to achieve the maximum point. In this topology,
the power output under different climatological conditions were
evaluated and the behaviour of the signals from the PV and the
Boost converter were analysed.

In Figure 14, the power increases to a maximum level point
(highest power output value) and after some fluctuations be-
came stable, the voltage input generated by the PV panel work
well on the maximum value as the output voltage increases to
60 V. this power point was achieved as a result of the boost con-
verter implementation. Apparently, as the voltage increases, it
becomes evident that the PV current decreases in a steady man-
ner without fluctuations.

Also, Figure 15 shows the variation of the signals due to
the temperature changes, in this case, the temperature decreases
from 40°C to 30°C with a sudden increase in the input power
from 56 W to 58 W. The output power signal reacts slowly to
these changes as the MPPT tracks the maximum power based
on the input signal.

The change in the irradiance is an essential factor to con-
sider on PV panels with the MPPT implementation. This factor
(Figure 16) shows that the output and input signals of the model
could change under the influence of irradiance. The power input
drop abruptly because the irradiance varies from 1000 W/m? to
800 W/m?, this difference is due to the change in the PV cur-
rent, that is the current is most affected by irradiance change
while the voltage has a very slight change. Concerning the out-
put signals, the voltage remains at the highest possible value,
and the MPPT tract the power output at the highest point avail-
able under these conditions. The change in the output does not
occur spontaneously it takes a time lag to achieve the maximum
possible level under such weather conditions. Also, the signal
has no sudden changes due to the irradiance variation.

The implementation of the boost converter controlled by an
MPPT algorithm offers the best way to extract the maximum
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Table 10: Parameter vales generated at the beginning of the test
Time (s) 0.00 0.005 0.010 0.015 0.020 0.025 0.030
PV Power (W) 0.00 3154 4472 47.72 4849 48.82 49.04
PV Voltage (V) 0.00 8.62 1222 1294 1325 13.34 13.4
PV Current (A) 366 3.66 366 3.66 366 3.66 3.66
Output Power (W) 0.00 8.78 24.60 34.89 40.82 4335 44.64
Output Current (A) 0.00 038 064 076 082 0.85 0.86
Output Voltage (V) 0.00 23.12 3845 4592 49.79 51.00 5191
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Figure 12: Variation of Voltage, Current and Power etc generated at the Start of the test

power available in the system, and the implemented algorithm
works to find the optimal point available despite the tempera-
ture and the irradiance changes. On the results of this model
implemented, this topology (MPPT) is the most efficient way
to achieve the maximum performance from PV panels because
it reaches a high efficiency of the power output. Moreover, this
system can reduce the time required to fully charge the stor-
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age system due to the voltage optimal point level. The best
performance of this system is in temperatures under 40 Celsius
degrees, as we can see in the Figure 4b, the reduction of the
temperature increased the power output.

4.4. Comparison of Model Topologies
Every topology has a different efficiency in the power that it
delivered. Figure 16 shows a comparison of the three-topology
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Table 11: parameter values under temperature

Time (s) 332 333 334 3.35
PV Power (W) 32.60 32.60 3243 3243
PV Voltage (V) 10.94 1094 10.92 10.92
PV Current (A) 298 298 297 2.97
Output Power (W) 3035 30.36 3035 30.35

Output Current (A) 0.71 0.71 0.71 0.71
Output Voltage (V) 42.76 4277 4276 42.74

Table 12: parameter values under irradiance change

L =L g
Ir

=

Irraeliance
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used under the same weather conditions at the same time. Also,
Table 13 is shown the numerical values of the comparison at the
time of one second.

The power delivery for the MPPT is the highest, itis 10.64%

Time in Seconds

Figure 14: Signals variation for the MPPT in the PV system

Time (s) 200 205 210 215 220 225 2.30
PV Power (W) 4937 33.62 33.11 3278 32775 32.69 32.63
PV Voltage (V) 13.49 1132 11.15 11.04 1099 10.97 10.95
PV Current (A) 366 297 297 297 298 298 2.98
Output Power (W)  46.68 38.87 34.69 3227 31.29 30.60 30.48
Output Current (A) 0.88 080 0.76  0.73 072  0.71 0.71
Output Voltage (V) 53.05 48.59 45.65 4421 4347 43.11 4293
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Figure 13: MPPT Simulation Model [17]
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higher than the PWM power output and 86.17% greater than the
PV without control. These results show that the output energy

performance of MMPT under different technologies is more ef-

ficient.

101
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Figure 16: MPPT Implementation on the PV System under irradiance change

The implementation of the boost converter by a PWM con-
troller tend to improve the efficacy of the energy delivered by
the PV panel. In the MPPT topology, power of 44.64 W was
realized under the same conditions without sudden fluctuations
and more stable signals. However, the implementation of the
boost converter controller by an MPPT with a P&O algorithm
is the most efficient of the three topologies used to control the
system, reaching 51.20 W, that is the energy that the system can
deliver under the climate conditions at one second.

4.5. 4.5 MPPT under different loads

The response time of the MPPT under three different loads
(20 Q, 60 Q and 100 Q) were examined, in order to under-
stand the behaviour of the power output when an unexpected
change of temperature or irradiance occurred that may affect its
value. Therefore, the behaviour of the input and output power
under di?erent loads were investigated, and the results (Table
14), shows that, as the input power changes suddenly within
3.33 sec, the signal stabilizes rapidly. While, the power output
signal takes a time of 3.2 sec. to reach a stable value after a
change in the input signal, this corresponds to the time that the
MPPT takes to find the maximum point under a perturbation
in the input signal, this process consists of sending the optimal

102

duty cycle to the boost converter that calculate the algorithm
and instruct the switching between on and off to control the in-
ductance in reaching the optimal power of delivery.

In the case of 60 Q load, the temperature changes at a time
of 3.33s (Seesupplementary material Figure 17). The Figure 18
represents the input and output power signals under a load of 20
Q, this shows an abrupt temperature change to MPPT response.
The MPPT tracks the power input and stabilises the power out-
put after 3.36 s to remain constant until a new variation. Also,
the variation of the load at 60 Q is in the Figure 19 of the sup-
plementary material, shows the maximum value for the load in
the converter and after the perturbation in the input signal the
power output responds in a fraction of time, and after 3.4s it
reaches a constant value close to the power input. These be-
haviour in the time lapse is consistence with the values in Table
6. Similarly, in the Figure 20 (supplementary material), under
the effect of 100 Q load, the power input response time was
slower and not close to the maximum power point, hence, the
efficiency of the MPPT at this point was reduced (Table 14).

Conclusion

From the foregoing analysis, three different topologies has
been used to achieve an optimal power point on the I-V curve
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Table 13: Power Comparison of Topologies at 1000 W/m? and 25°C

Topology PV

Voltage (V) 20.50
Current (A) 0.34
Power (W) 6.97

PWM MPPT
51.31  55.66

0.87 0.92
44.64  51.20

Table 14: Response time of the MPPT under different Loads

Time (s) 3.32 3.34 3.36 3.38 34 342 3.44
Input 20 Q 5410W  5480W 5472W 5440W 5437TW 5436 W 5433 W
Output20Q  53.12W 5323W 5331W 5346 W 5357W 53.60W 53.62W
Input 40 Q 55.50W  56.10W 5594 W 5580W 5577TW 5575W 5574 W
Output40Q  5470W 5483 W 5496W 5500W 5510W 5512W 5515W
Input 60 Q 55.00W 5570W 5554W 5537TW 5535W 5533W 5532W
Output 60 Q 53.82W 5385W 5390W 5393W 5390W 5400W 54.04 W

from PV system from the less to the most efficient way of con-
nection. Firstly, the PV panel was connected directly to the
load without a control boost converter and the results shows a
reduced lifetime storage for the system, which cannot be said
to be efficient.

Secondly, the system was connected to boost converter and
controlled by PWM controller, in this case, the efficiency in-
creases but it does not reach the maximum power point, because
the PWM has a 7x duty cycle to generate a PWM pulse. This
method is useful for small applications where it is not necessary
to get the maximum power available because the energy needed
by the load is reached without a boost, and enough for the use
required.

Finally, the MPPT Technique was implemented using the
algorithm P&O, this delivered more power because it tracks the
optimal point to get the maximum energy available in every mo-
ment, this method is recommended for a large system where it
is crucial to get the maximum power available, usually for stor-
age because the implementation can reduce the storage size and
the time of charge. However, the topology is not fast enough to
respond to ambient changes, due to it continuous tracking for
the changes in the signal to adjust to the optimal point, which
takes time to reach the value.
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Supplementary Materials

Table 15: Solarex MSX-60 specifications ( 1kW/m?, 25°C) [11]

Characteristics Specifications
Maximum power point (Py,,,) 60 W
Maximum Voltage V,,,,, 171V
Maximum Current 1,5, 35A
Short-Circuit Current Is¢ 38A

21.1V

Open Circuit Voltage Voc

Temperature Coefficient of Open-Circuit Voltage Ky
Temperature Coefficient of Short-Circuit Current K;
Approximate Effect of Temperature on power
Nominal operating cell Temperature (NOCT)

~(80+ 10)mv/°C
(0.065+0.1)%/°C

<0.5+0.015)%/°C

47+2°C

Temparature Variation
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Figure 17: Simulation of Temperature Variations
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Figure 18: MPPT at load of 20 Q
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Figure 19: MPPT at load of 60 Q
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Figure 20: MPPT at load of 60 Q
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