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Abstract- The operation of an on-grid, 20 KW, PV, pilot plant is analysed. The instantaneous environmental variables and
weather conditions including solar irradiance, temperature, wind speed, and clouds are recorded and analysed, simultaneously
along with plant responses including PV module temperature, generated power, current, and voltage. The power decreases with
increasing ambient temperature. Increasing solar irradiance increases the temperature difference between modules and
ambient. Instantaneous energy and exergy efficiencies during three different days, representing sunny, partly cloudy, and
cloudy days, are further calculated. The energy efficiency varies between 5.76% and 15.53%, while that of exergy varies
between 4.84% and 15.73%. For cloudy days, the exergy efficiency is higher than that of energy, while for a sunny day it is in
reverse. Another important parameter affecting the generated power is partial shading on PV modules, particularly during early
mornings and late afternoons. The shading changes from 3% to 9%, because of small azimuth and elevation angles. It was
found that partial shading of 4.73% on PV modules may result a significant power decrease of 52.3%. A new algorithm based
on Fuzzy Logic is proposed to overcome these power decreases under partial shading.

Keywords PV cell; instantaneous respond; exergy and energy efficiency; partial shading.

1. Introduction weather conditions such as temperature, solar irradiance,
shading (from neighbour objects or from could), wind speed,
Nowadays, with increasing different sources of energy =~ moisture, and dust [2, 3].

based on fossil fuels, the environment is polluted more than In the present paper, the operation of an on-grid, 20 KW,

ever. Therefore, there is a critical need to renewable sources
of energy such as Photo Voltaic (PV) cells, wind turbines,
concentrated and non-concentrated solar power. A number of
technologies to harvest solar energy are in progress and solar
cells received more attention due to rapidly developing
technology and potential applications to cover the energy
demands of the developing world [1].

PV cells are the equipment that generate directly
electricity from solar radiation. However, the operation and
the efficiency of PV cells depend on the environmental and

PV plant is analysed under simultaneous changes in the
environmental and weather conditions. The transient effects
of variations in the environmental parameters such as solar
irradiance, ambient temperature, module temperature, and
wind speed on the generated power, voltage and current
during three days of sunny, partially cloudy, and cloudy
days, are presented. The exergy and energy efficiencies are
further calculated. Moreover, a validated model developed in
PSIM software, is used to calculate the effect of partial
shading on the generated power. The measured data from the
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plant, temperatures and solar irradiance, are used as model
inputs. The model output power is then compared with the
measured generated power to calculate the effect of partial
shading. Finally a new fuzzy logic algorithm is proposed to
overcome the power reductions in PV cells under partial
shading.

This paper is organized in eight sections. After introduction,
in section two a literature review is presented. Section three
describes the PV plant under study. Section four is about
effect outdoor conditions on the plant parameters. The
measured data are collected and analyzed during three days,
representing partly cloudy, sunny, and cloudy days. In
section five exergy and energy analysis are presented.
Section six is about the effects of partial shading on the
instantaneous generated power and efficiency. The last
sections are discussion and conclusion.

2. Literature Review

Many works are presented so far to study the effect of
environmental conditions on the performance of PV cells.
The effects of humidity, wind speed, and dust on the
efficiency of PV cells were determined by Mekhilef et al.[2].
They found that with increasing humidity power and
efficiency decreases. Moreover, with increasing wind speed
the module temperature decreases and the dust on the cells is
swept away; therefore, the efficiency increases.

The results are shown that cell temperature has a
significant effect on the photovoltaic parameters (such as
open circuit voltage, short circuit current, maximum power,
fills factor, and efficiency) and it controls the quality and
performance of the solar cell. High temperature and low solar
irradiance decreases the PV efficiency, and depending on the
type of the cell. In Ref [1], the relative changes for mono-
crystalline silicon are obtained from -0.0022/°C to
-0.0025/°C, 0.002/°C, -0.0013/°C and -0.002/°C for open
circuit voltage, short circuit current, fill factor and maximum
output power respectively. For polycrystalline silicone cells,
open circuit voltage reduction factor is (-79 mV/°C) while
that for the power is -25 W/°C. Moreover, with increasing
temperature, photocurrent increases to (0.045 %/°C) because
of reduction in bound gap [3]. In mono-crystalline silicone,
these factors for power and fill factor are, respectively, (-0.2
%/ °C) and (-0.65 %/ °C [4]. Schwingshackl et al. [5] studied
eight models to find about the effect of wind speed on cell
temperature. For mono-crystalline silicon cells, Skoplanki 2
model represents best the module temperature estimation
with considering the wind speed factor.

Power reduction, as a result of partial shading, is one of
the common problems when using PV modules. Shading on
PV modules, resulting from clouds, trees, buildings, objects,
snow, dust, and even from front PV modules reduces the
received solar radiation. In a PV module, depending on its’
nominal voltage and current, there is a specific connection of
series and parallel PV cells. Cells under partial shading act as
a resistance and consume the generated electrical energy
from un-shaded cells of the module. This energy is changed
into heat and increases the module temperature and can even
damage the cells. This problem is known as hot spot [6].

Also partial shading can result multi peaks in the
characteristic current-voltage of PV cells. Consequently, the
maximum power point tracking becomes more difficult [7].
Silvestre et al. [8] studied two pilots of 3 KW and 0.9 KW
for one year. They showed that the shades resulting from
neighbour tele-communications, buildings, and mountains
can result power reductions of 6%, 20%, and 85%,
respectively.

Various methods are reported in the literature to prevent
or to reduce partial shading effect. A method is to bypass the
cells under partial shading, using bypass diodes [7]. Yun
Seng Lim et al. [9] purposed Dynamic Load Control (DLC)
technique to increase power levels the PV system in shading
condition in the cloudy region in Malaysia. Another
technique to reduce the negative effects of partial shading is
to use reconfigurable PV arrays/modules architecture [10,
11]. When an array/module is exposed to solar radiation,
under partial shading conditions, different locations of the
array/module receive different level of solar radiation. The
total generated power from the array/module consequently
will be limited to the modules/cells with the minimum
power. To prevent this problem, Dynamic Photovoltaic
Array (DPVA) technique is used. In this technique,
modules/cells with similar shading conditions are connected
together (reconfiguration), to prevent mismatch power losses
between shaded and un-shaded modules/cells. Ref [12]
presents a simple and efficient technique of module
reconfiguration under partial shading.

DPVA technique is complex and expensive. A less
expensive method is to select a suitable static PV array
configuration that can improve the efficiency of PV systems
by reducing mismatch losses. In Ref. [6] the performance of
different photovoltaic array configurations, under various
partial shading conditions, were studied: Series (S), Parallel
(P), Series—Parallel (SP), Total-Cross-Tied (TCT), Bridge-
Linked (BL), and Honey-Comb (HC). The obtained results
proved the superiority of the TCT configuration which
provides the best performances under most cases of partial
shading conditions. A similar comparative study in [13]
showed that TCT configurations results 3.8% increase in
MPP compared to the SP configuration.

Energy and exergy analysis are two important tools to
study the performance of PV cells. Energy analysis is based
on the first law of thermodynamics, conservation of energy.
Exergy analysis is based on the second law. Effects of
irreversibilities such as working at high temperatures (higher
than environment temperature) are included in the latter.
Joshi et al. [14] studied the operation of two PV and PV/T
plants in New Delhi. They showed that, depending on the
solar radiation and weather conditions, exergy efficiency of
PV plants changes between 7.8% and 13.85% while that of
energy changes between 9% and 13%. Akyuz et al. [15]
presented a new method to determine the exergy efficiency
and observed that the exergy efficiency decreases with
temperature and wind speed. For windy days, the exergy
efficiency increases with an increase in solar radiation until it
reaches the maximum point and then it decreases.

3. CASE STUDY: 20 KW SOLAR PV POWER PLANT
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The PV pilot plant was established in May 2011 at the
University of Isfahan, Iran (32° 61' N, 51° 66’ E). The plant is
composed of 108 mono-crystalline, 185 W PV modules
(Suntech, China). The overall specifications of the plant and
module specifications are listed in tables 1 and 2,
respectively.

The generated power is connected to the grid via three
one-phase inverters. Figure 1 shows a top view of the plant
and the measurement equipment. The data including module
temperature, ambient temperature, wind speed, and sun
radiation intensity is continuously measured via a sensor box
(SMA SUNNY SENSOR BOX) and sent to a webbox (SMA
SUNNY WEBBOX). In the webbox data from the sensor
box along with plant data (generated DC/AC power, DC/AC
current, DC/AC voltage) are collected, recorded and sent to a
computer.

The specifications of inverters and measuring devices
including module temperature sensor, ambient temperature
sensor, wind speed sensor, and solar radiation sensor are
listed in table 3. The configuration of the modules is shown
in Fig. 2. The modules are distributed in three arrays. Each
array is composed of three parallel strings (Ns = 3). Each
string is composed of twelve modules connected in series
(Nm=12).

Table 1. Overall specifications of the 20 KW pilot plant

According this configuration, the DC power (Ppc), DC
current (Ipc), and DC voltage (Voc) for each array and the
total generated DC power can be calculated at STC:

Poc = (12*36.4)*(3*5.09) = 6.7 kW A
Vpc = 12*36.4 = 436.8 V (2
Ipc = 3*5.09 = 15.27 A 3
Piotal = 3% 6.7 =20 KW (4)

In this paper, the instantaneous measured data are used,
analysed, and reported during three different days,
representing sunny day, partly cloudy day, and cloudy day of
December 2, 10, and 20, 2014. The instantaneous exergy and
energy efficiencies are further calculated and reported. Next,
a validated model, developed in PSIM software, is used to
calculate the generated power without partial shading. The
measured data from the plant, temperatures and solar
irradiance, are used as the PSIM model inputs, and the model
output power is compared with the measured generated
power under partial shading. At the end the monthly
collective generated power in the year 2015 is reported.

Number of Number of modules in Number of strings in | Number of Array Total
Module angle .
modules each string (Nm) each array (N;) arrays power power
108 3° to side South 12 3 3 6.67 KW | 20 kW
Table 2. Technical specifications of PV modules
Pal‘ameters COﬂef‘fICIency Ce“S Icoeff Vcoeff Pmax Iop Isc Vop Voc
value Upto 14.5 % 72 0.037%/°C | -0.34%/°C | 185W | 5.09A | 5.43A | 36.4V | 45V

STC: irradiance 1000 W/m2, module temperature 25 °C, AM=1.5.
NOCT: Irradiance 800 W/m?, ambient temperature 20 °C, wind speed 1 m/s.

Awibent Temperasre Semsar

Fig. 1. 20 KW PV pilot plant installed at the
Universitv of Isfahan Iran.
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Fig. 2. Arrays configuration diagram

4, Effect of Outdoor Conditions on Plant Parameters

In this section, the effects of environment conditions
during three days are presented. The effects of solar
irradiance, ambient temperature, module temperature, and
wind speed on the generated DC power, DC voltage and DC
current are analysed and presented.

4.1. Effect of ambient and module temperatures

Fig. 3 shows the temperatures (ambient and module) and
solar radiation variations during the three days. The ambient
temperature, during the morning increases to its maximum at
noon and then it decreases during the afternoon. At noon the
maximum ambient temperatures for the days of December 2,
10, and 20 are 15.48 °C, 16.28 °C, and 28.13 °C, respectively.
Solar irradiance for the sunny day of December 10
increases from about 100 W/m? at 8 am to more than 800
W/m? at noon and again decreases to 100 W/m? at 4 pm.
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Table 3. Specifications of the inverters and measurement equipment

Device Model Details
Inverter SMA, Sunny Mini Central 7000TL One phase , efficiency: 97.7-98% , max DC power: 7200W
Radiation sensor SMA, Sensor box Measurement range: 0 W/m? to 1500 W/m2, accuracy: + 8%
Modul
odule SMA Measurement range: -20°C to +110°C, accuracy: + 0.5 %
temperature sensor
Ambient
mbien SMA Measurement range: -30 to +80 °C, accuracy: + 0.5 %
temperature sensor
0. :+£0.59
Wind speed sensor SMA Measurement range. 0.8 m/s to 40 m/s, accuracy: + 0.5 %,
Three axis , 2.5 meter above of land

Similar trend for the partly cloudy day of December 2 exists.

According to Koehl et al. [17] at wind speeds in the
order of 10 m/s, by increasing wind speed, the difference

However, because of presence of clouds between 10:30 am between ambient temperature and that of module
2 December 10 December 20 December
Partly Cloudy Day I Sunny Day I Cloudy Day
60 y ¥ Day " ¥ Day i 900
Qf\ | X | -»-Module Temperature 800
50 : : Ambient Temperature 200 o
o5 e E
z 4 : fd : Solar Radiation b E,
- -]
g ! f ! s00 2
z 3 I f 1 2
& | | 400 3
g Passin: L ! }’ | P
= 20 g 300 =
Clouds ; ﬂ : ! 2
12! 200
10 K‘\: >
\ 100

8:00 10:00 12:00 14:00 16:00

Time

8:00 10:00 12:00 14:00 16:00 8:00 10:00 12:00 14:00 16:00

Fig. 3. Instantaneous solar irradiance, ambient temperature, and module temperature during partially
cloudy, sunny, and cloudy days

and 1:30 pm, the noon peak is not observed and there is a
local minimum around 12 noon, where the maximum amount
of clouds are in the sky. For the cloudy day of December 20,
there is a reduction of sun radiation during the whole day.
The radiation starts at 100 W/m? at 8 am, it increases to a
maximum of 400 W/m? at 12 noon and again it decreases to
100 W/m? at 4 pm. There is a local minimum of 250 W/m?
around 11:30 am, because of higher concentration of clouds
at this time.

According to Fig. 3, when solar irradiance increases, the
difference between module temperature and weather
temperature increases. Koehl et al. [16] found that there is a
linear correlation between solar irradiance and the
temperature difference, according to equation 5. They
showed that the slope of the line depends on wind speed.

Is

INocT

Tnoa = Tamp (Tvocr — Tamp) 5)

Where Tmoa and Tamp are module temperature and
ambient temperature, Tnoct and Inoct are ambient
temperature and solar irradiance at NOCT of 20 °C and 800
W/m?,

4.2. Effect of wind speed

temperature reduces. Consequently, the module energy
efficiency increases as a result of reduction in module
temperature. Fig. 5 shows wind speed variations during the
three days. It is relatively low with a maximum of 2 m/s
during the whole days. This low speed does not have
considerable effect on module temperature (as shown in
Fig.4).

4.3. Solar radiation and generated power

Fig. 6 compares the generated DC current, DC voltage,
and solar irradiance during the three days. The same trend
exists for current and solar irradiance during a day. For the
sunny day, the current increases from less than 1 A at 8 am to
a maximum of 14 A during the noon then it decrease to less
than 1 A at 4 pm. For the partly cloudy day, because of
higher concentration of clouds, there is a sudden decrease in
the current around 11:30 am. The figure further indicates that
the voltage remains at a constant of 420 V (with a maximum
fluctuation of 10 V).
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Fig. 4. Difference between ambient and module
temperatures versus solar irradiance
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Fig. 5. Wind speed variations during the three days

5. Exergy and Energy Analysis of the PV Plant

Exergy analysis is a powerful tool to thermodynamically
study energy systems. While, energy analysis is based on the

2 December
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8:00 10:00 12:00 14:00 16:00

second law. Effects of irreversibilities such as working at
high temperatures (higher than environment) are included in
the exergy analysis. These two analyses indicate the
potentials of finding better systems, thermodynamically and
economically [14]. Equation 6 is used to calculate the exergy
of a given PV cell. The first term is electrical exergy and the
second term is thermal exergy of a PV cell. Electrical exergy
is the maximum electrical power of the system, and is equal
to the voltage and current, corresponding to maximum power
point (MPP). Thermal exergy includes the thermal losses
from the cell surface and can be calculated from equation 8
[15]:

Expy = EXeiectricat — EXthermat (6)
Exeiectricat = Vi X Im r (7
Exthermal = hcaA(Tcell - Tamb)(l - %) (8)

hea is convective heat transfer coefficient. The latter can
be calculated from the wind speed v, according to equation 9:

heq = 5.7 + 3.8 )

Combining equations 5 to 9 results:

T,
Expy = Vip X Iy — heq A(Teerr = Tamp)(1 — Tac_T::) (10)
Exergy efficiency of PV cell is:
T,
Exsolar = IsA(1 — 75:_::)) (11)

Where s is total solar radiation (including direct and
indirect intensities), Tsun is the sun temperature, usually equal
to 6000 K. Therefore:

Where Is is total solar radiation, Ten is the sun
temperature, usually equal to 6000 K. Therefore:
T,
E VmXIm_hzaA(TEell_Tamb)(l_ ‘Zr:b)
NExpy = Xpv Tcell (12)

T
EXsotar ISA(l—_[f‘—mb)
sun

Power conversion efficiency or energy efficiency of a

20 December
Cloudy Day

~+Solar Radiation

DC Voltage 12
~—DC Power
~-DC Curent

Current (A)

8:00 10:00 12:00 14:00 16:00

Time

Fig. 6. Solar radiation, DC power, DC current, and DC voltage during representing partially cloudy, sunny,
and cloudy days

first law of thermodynamics, exergy analysis is based on the

PV cell, a measure of capability of the system to convert
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solar energy to electrical, is defined according to equation
13.

VXl

Npe =4 (13)

Fig. 7 shows the -calculated exergy and energy
efficiencies, according to equations 12 and 13, during the
three days. The ranges of energy efficiency for partly cloudy,
sunny, and cloudy conditions are, respectively, 5.9% -15.4%,
6.2%-15.4%, and 10.5%-15.8%. While those of exergy
efficiency are, respectively, 6.0%-15.4%, 6.2%-15.3%, and
10.5%-15.9%.

It is important to note to the sharp fluctuations in the two
efficiencies during a day. These fluctuations depend on

of partial shading on the generated power can be calculated.
In this software, by setting technical specifications of the
modules (according to table 4) and plant operating conditions
(solar irradiance and module temperature) in the model,
generated DC power, DC voltage, and DC current can be
calculated. Fig. 8 shows the configuration of PV module
arrays, DC/DC converter, MPPT charge controller as
simulated in PSIM environment. According to this Fig., 36
modules are distributed in three strings of 12 modules. The
simulation configuration is exactly the same as the real
configuration of the PV modules in the plant.

Table 4. Technical specifications of the modules used
in the PSIM model

instantaneous values of soIar_ |_rrad|ance, module temper_atur;e, Parameter Value Parameter Value
and shadow. The exergy efficiency for the_cloudy day is 2% Light Intensity at 1000 Number of s
to 3% greater than that for sunny day. During the sunny day, sTC W/m? Cells
solar irradiance is considerably higher than that of the cloudy Temperature at o5 Maximum 185 W
day, and around noon, the sunny day irradiance reaches to STC Power (Pmax)
two times of that in the cloudy day. However, because of 1.12 Voltage at

' Band E E 36.4V
lower temperatures of modules (10 °C to 15 °C) at the cloudy an -nergy( 9 eV Prmax
day, the exergy efficiency is higher. In other words, during |dea|lt£FaCt0r 15 Current at Prax | 5.09 A
cloudy days, PV modules perform better and convert higher (A) _
proportion of the sun radiation into electrical power. Shunt Resistance | g, | Open Circuit |0,

(Rsh) Voltage (Voc)

Another important point to note is the sudden decrease in Series Resistance 0.0023 O Short Circuit 543 A
the efficiencies (exergy and energy) from 14:15 to 15:00. (Rs)_ ' Current (lsc) '
This sudden decrease is a result of the partial shading of the Saturation 5037 A | Temperare | -0.34
front module arrays. As Fig. 7 indicates, from 14:15 to Current (Iso) Coff.of Vo %l° C
15:00, there is a 50% decrease in the efficiencies which is a Te?f“_p‘?rat“re 0.002 Temf;_)rer?ture 0.037
result of partial shading. To study this effect precisely and Coefficient (C) AIK Coff.0f I %/°C

2 December - 10 December 20 December
i6 Partly CloudyDay | Sunny Day : Cloudy Day
| 1
14 " "
12 ' '
£ 10
é 6 1 /\
; R A

Shading effect
|
I

8:00 10:00 12:00 14:00 16:00

8:00 10:00 12:00 14:00 16:00

Time

—=—Power conversion efficiency

—a—Exergy efficiency

8:00 10:00 12:00 14:00 16:00

Fig. 7. Energy and exergy efficiencies during three days

calculate its effect on power generation, next section is
presented.

6. Effect of Partial Shading
6.1. PSIM model

PSIM software was used to simulate the plant. This
software is used as a diagnosis tool to obtain the generated
DC power, DC current and DC voltage when there is no
shading on the modules. By comparing simulation results
with the plant measured data under partial shading, the effect

Fig. 9 superposes the model calculated power and the
measured power. As implied from the figure, except for the
early mornings and the late afternoons, there are good
agreements between the measured power and the PSIM
model results with a maximum difference of 1%.
Furthermore, the power difference between the graphs
remains constant during a day. In PSIM simulations, the
power drops because cable resistance and modules’ internal
resistances are not considered. Consequently, the calculated
power in PSIM is slightly greater than that of plant measured
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data. The maximum power differences for sunny and cloudy
days are 200 W and 50 W, respectively. The power
differences depend on the amount of generated current.

Cosuretod to above bk 1 T

Solar radiusion (1

Tonpretars (©

Selar radiation

(3

reach to 22%. In addition to the diffused and direct
radiations, the modules receive reflected diffused radiation.
The latter is the reflected sun light from the environment
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Fig. 8. Configuration of the modules used in PSIM model

During sunny day the power loss is greater than that during

cloudy day. This is because of higher electric currents and
greater cable and modules’ internal resistances during sunny
day. Therefore, agreement between results of PSIM model
and plant measured power is better during cloudy day.

During the early mornings and late afternoons of partly
cloudy and sunny days, a significant difference exists
between the results. There is partial shading of the neighbor
buildings and trees on the modules; therefore, the output
power decreases. Partial shading on the modules resulted
about 100 W to 400 W reductions in the generated power,
during the mornings. This reduction is even higher during the
afternoons: 1.2 KW to 1.6 KW. These sudden reductions in
the power do not exist for cloudy day because of the
components of solar radiation and the absence of partial
shading.

Solar radiation is composed of two components, diffuse
radiation and direct radiation. For a brightest day, for
example, with minimal amount of water steam, around 8% of
the radiation is diffused. Near the polluted cities, this can

2 December
Partly Cloudy Day

6000

5000

4000

3000

Power (W)

2000

I
I
|
I
I
I
|
I
I
I
I
|
|
1000 1
I

Shading effect

8:00 10:00 12:00 14:00 16:00

surface. It depends on the reflection coefficient and

horizontal angle. In a sunny day, direct radiation is the major

part received on the modules, while for cloudy days, all

received radiation is diffused radiation [17]. According to

EIMghouchi [18], one of the best models to estimate the

diffuse, direct, and total radiations is the Ghouard model:
Az

I=1,.Ci.Ajexp (— Sin(h)) .sin(h)

(14)

D =I,.C, [0.271 — 0.2939. 4, .exp (- =22-)| sin(h) (15)

sin(h)

G = 0.271l,.C,. A, .sin(h)

. Ay
+0.70615. C.. Ay .sin(h) exp (— Sin(h)) (16)
C; =1—0.034cos(j — 2) a7
h = sin~1(sin(¢) + cos(¢) .cos(5) . cos(w) (18)

A1, A, are determined from environmental and weather
conditions. In sunny and partially cloudy days, the generated
power is mostly resulted from direct radiation because A; is
lower. On the other hand, during sunny days, shadows are

10 December 20 December
Sunny Day Cloudy Day
- Measured Power

— PSIM Power

Shading effect I a

8:00 10:00 12:00 14:00 16:00

8:00 10:00 12:00 14:00 16:00

Time

Fig. 9. PSIM simulation results and plant measure power during three days
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formed therefore partial shading becomes important. During
cloudy days, A is greater than A; and there is no shading.

6.2 Partial shading during a sunny day

To calculate the effect of partial shading during
mornings and afternoons, for a sunny day (21/11/2015), the
percentage of the instantaneous shadow on the modules were
measured by recording the images of modules and analyzing
them. Fig. 10-a and 10-b show two images at 8:20 am and
15:25 pm, respectively. From morning to evening, the range
of changes in the azimuth and elevation angles is 0—180° and
0-90°, respectively. Therefore, different shading patterns on
the modules are formed during morning and afternoon.

hadow from front modules

Sofeh mountaing

b

decreases to 4.3% and 119 W reduction in the generated
power.

The maximum power drop is equal to 52.3% which is a
result of a partial shading of 4.7% at 15:15. At this time
122.5 cells of a total of 2592 cells in array 2 are under
shading. This type of partial shading results a significant
power drop of 1415 W. Between 14:50 and 15:30, partial
shading from the front modules has accrued. After 15:30 all
cells are totally covered and partial shading disappears,
because of shading of a neighbor mountain (Sofeh
Mountain).

An important question arising here is how to design a

Fig. 10. Types and sources of shading on the module arrays a- morning shading b- afternoon shading
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Fig. 11. Difference in power generation and partial shading for a sunny day a- morning b- afternoon

According to Fig. 10-a around 5.5% of the PV cells are
covered by the shadow of neighbor trees at 8:20 am. At
15:25 pm 11.3% of the cells are covered by the shadow from
front modules. Similar photos every 5 minutes were taken to
obtain the data listed in Fig. 11-a and 11-b. The plant
measured data were, simultaneously, recorded and the results
are listed in table 5.

The power difference resulting from partially shading is
calculated from equation 19:

Power Dif ference = Pypoger — Pmeasurea (19)

During the early morning, because of shadow from
trees, the modules experience the negative effects of partial
shading. At 8:05 am 9% of the cells are covered with the
shadow, consequently, the generated power reduces from
2351W to 1969W, which is equal to 382.4 W, or 19.4% of
reduction in the generated power. At 8:30 partial shading

controller for receiving maximum power from the modules
under partial shading. The next chapter presents an algorithm
for this purpose.

6.3 New algorithm of maximum power point tracking under
partial shading

With respect to the characteristic P-V curve of the
modules, maximum power point tracking (MPPT) controllers
are proposed so far in the literature. An MPPT controller
based on Fuzzy Logic has attracted more attention [19]. In
this study, a new algorithm based on Fuzzy Logic is designed
and used wherein it receives maximum power from the
modules under partial shading.

By determining the effects of shading on the output
power and P-V characteristic curve, the new MPPT method
always guarantees maximum power point tracking of PV
cells independent from environmental conditions,
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particularly, under partial shading conditions. The proposed
approach has two stages. In the first stage, P-V curve of PV
array is scanned by changing the duty cycle from minimum
to maximum with fixed step. During the scanning, the
maximum power and also corresponding voltage and duty
cycle are saved and sent to the second stage. In the second
stage, with the knowledge of the approximate location the
global maximum point (GP) and sampling of power and
voltage, Fuzzy logic controller is used to track the GP of PV
array. In order to check the ability, speed and accuracy of the
proposed MPPT method, the photovoltaic system is

kWh. A maximum energy of 3.53 MWh is generated in
August and a minimum of 1.96 MWh generated in January.
The maximum power generation is 16 KW. The total
electricity generation is 105 MWh in 2015. The amount of
CO: released into the atmosphere for difference types of
power plants are listed in table 6 [20]. Compared to charcoal,
oil, and natural gas power plants, this plant has prevented,
respectively, the release of 88.4 ton, 72.7 ton, and 43.0 ton of
CO..

Table 6. Amount of CO; released in power plants

simulated with the proposed method. By changing conditions Type of plant CO; released (gCO2/KWh)
of the PV array and under worst-case conditions such as Charcoal 800-1000
sudden changes in light intensity and different shadow Oil 700-800
ovaluated.  The. simuiation _resuts confirm the  good Natural as 360575
performance of the proposed approach in all conditions. Fig. Mono crystalline PV 43-13
12 shows the diagram of the new algorithm.
Table 5. Partial shading and generated power during morning and afternoon for 21/11/2015
Time Solar radiation | Real Power | PSIM power Power difference Shaded area number of Power drop
(W/m?) (W) (W) (W) (%) shaded cells (%)
8:05 297.5 2351.4 1969 382.4 9 234 19.4
8:10 312.0 2358.3 2072 286.3 8.3 216 13.8
8:15 3335 2476.7 2219 257.7 7 180 11.6
8:20 355.0 2476.1 2236 240.1 5.5 144 10.7
8:25 377.9 2709.0 2523 186.0 3.3 90 7.3
8:30 397.5 2482.8 2649 166.2 2.7 72 6.3
8:35 417.6 2908.8 2789 119.8 1 36 4.3
14:50 487.3 2501.9 3198 696.1 15 39 21.8
14:55 472.0 1994.0 3081 1087.5 2.3 58.5 35.3
15:00 444.9 1514.4 2895 1380.6 3.3 84 47.7
15:05 416.6 1289.9 2705 1415.1 4.7 122.5 52.3
15:10 389.3 1193.1 2521 1328.0 6.9 180 52.7
15:15 3725 1138.4 2405 1266.6 7.9 204 52.7
15:20 344.7 1073.1 2216 1142.9 9.4 243 51.5
15:25 308.3 992.8 1975 982.2 11.3 291.5 49.7
It is important to know about performance and total 7 Discussion

generated power during a year. Fig. 13 shows the generated
electrical energy in KWh from January to December 2015.
The 20 KW pilot plant of the present study has generated, on
the average, 2.75MWh energy each month. The daily
average generation of the energy is between 60 kwh and 100

PV

Tpw T_DI
Vpr
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) 9 s |
wzry /7
Scanning Cuntralles ’

PV Curve

Vmax

Fig. 12. Diagram of the new MPPT fuzzy logic

From the above results it can be concluded that:

a. The total and the instantaneous generated power of a
PV plant depend highly on the weather and environmental
conditions.

b. In the analyzed PV plant the most important variable
with time factors decreasing the power are respectively,
partial shading, ambient temperature, and changes in solar
irradiance.

c¢. During cloudy days modules temperature is lower;
consequently, the efficiency of modules is higher.

d. The level of decrease in the power as a result of
partial shading depends on the amount of the shadow and the
pattern of the shadow. In other words, the number of by
passed cells depends not only on the percentage of the
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shadow, but also on the shadow pattern on the modules.
Consequently, in the studied PV plant, a 5% shadow from
front modules results a 90% decrease in the generated power;
while a 9% shadow from the threes resulted only 13.4%
decrease in the power.

4000
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2004
1004
5
a

Jan Feb Mar Apr May lun Jul Aug Sep Oct MNov Dec
Mounth

Fig.13. Monthly electrical energy production in 2015
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8. Conclusion

The performance of an on grid 20 KW pilot PV power
plant, under different environmental and weather conditions,
is studied. The instantaneous effects of environmental
parameters, namely, solar irradiance, ambient temperature,
module temperature, wind speed, and partial shading are
identified. It is shown that the instantaneous generated
current is linearly proportional with solar irradiance. The
generated power and the temperature difference between
module and ambient increase with increasing solar
irradiance. It was found that, the generated power does not
depend on wind speed, because this parameter was very low.
The instantaneous exergy and energy efficiencies are
calculated during three days: sunny, partially cloudy, and
cloudy days. The results indicated that, for cloudy day, the
exergy of the system is 2%-3% higher than that of sunny
day. This is because of higher amounts of differences
between module and ambient temperatures during cloudy
days. Partial shading during the early morning and afternoon,
resulting from the environment trees and front modules,
significantly reduces the generated power. A shading of
about 5% resulting from front PV modules ends up with a
power drop of more than 50 %. A new MPPT method is
proposed that always guarantees maximum power point
tracking of PV cells independent from environmental
conditions, particularly, under partial shading. Cumulative
data of the pilot plant in the year 2015 indicate that the plant
has generated a total of 105 MWh and an average of
2.75MWh/month of electrical energy.
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NOMENCLATURE

Hpc Power conversion efficiency of PV
lo Solar constant
Rs Series resistance
I Total Solar radiation
Rsh Shunt resistance
w Hour angle
G Global solar radiation flux on horizontal
surface
lq Direct solar radiation flux on horizontal
surface
D Diffuse solar radiation flux on horizontal
surface
Ci Correction of the Earth-Sun distance
Al Turbidity factor depending on climatic
conditions
A Turbidity factor depending on climatic
conditions
h Solar elevation angle
o Latitude angle
pc Power conversion efficiency of PV
lo Solar constant
Rs Series resistance
Is Total Solar radiation
Rsh Shunt resistance
w Hour angle
. The day number of the year, ranging from 1
. on 1 January to 365 on 31 December
G Global solar radiation flux on horizontal

surface

Poc Generated DC power

Vbe Generated DC voltage

Direct solar radiation flux on horizontal
surface

The day number of the year, ranging from 1
on 1 January to 365 on 31 December

Inc Generated DC current

Protal Total generated power
Voc Open circuit voltage
lsc Short circuit current

Pmax Maximum Power

Veoeft Temperature Coefficient of V¢

lcoeft Temperature Coefficient of Ig

STC standard test conditions

NOCT | Nominal Operating Cell Temperature

Nm Number of modules in each string

Ns Number of strings in each array

Tamb Ambient Temperature

Trmod Module Temperature

InocT Solar radiation at NOCT

Tnoct | Ambient temperature at NOCT

Expv Exergy of PV

EXecricat | Electrical exergy of PV

EXwermar | Thermal exergy PV

Vi Maximum voltage
Im Maximum current
Poc Generated DC power
A Surface area of solar cells
hca Convective heat transfer coefficient
Teell Cell Temperature
Tsun Sun temperature

Eq Band gap energy

EXsolar Exergy of sun
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