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1. INTRODUCTION

Study of the Performance of Five
Parameter Model for Monocrystalline
Silicon Photovoltaic Module Using a
Reference Data

This paper presents the construction of a model for a photovoltaic module
using the single-diode five-parameter model, based exclusively on data-
sheet parameters. The model takes into account the series and parallel
(shunt) resistance of the module. This easy and accurate method of
modeling photovoltaic module, which is able to predict the module
behavior in different temperatures and irradiance conditions under climate
conditions of Baghdad city, is built and tested. This paper indicates how
the parameters of the five-parameter model are determined, also estimates
the output power generated and other electrical and internal parameters
by photovoltaic module and compares predicted current—voltage curves
and power-voltage curves with experimental data for monocrystalline and
for four months. The theoretical results showed a slight increase in shunt
resistance and photocurrent with solar radiation increasing. Also, the
paper evaluates effects of weather factors on cell temperature using a
simple formula. The results show that there is difference between
theoretical (modeled) and experimental results. The maximum power
validation result at radiation of 500, 750 and 1000W/m* was 5.5% in
January, 18.4% in April and 20% in April respectively, the best validation
of maximum power under standard testing conditions (STC) was 14.8% in
January.The results obtained from modeling show agreement  with
experimental results of module temperature.

Keywords: Photovoltaic  system, Solar module, Simulation, Five-

Parameters.

increase of the solar radiation striking the panel there.
Photovoltaic devices illuminated on the surface of the

Because of the high deteriorating influence of the
pollution and carbon emission from the power plants on
the environment and the life on the earth, one of the
better solutions in order to decrease the pollution is to
employ renewable energy sources. The renewable
energy can be generated without decay of source, some
types of these energies are solar, wind, geothermal,
ocean, biofuels, and tidalr but the wind, solar and
biomass energy are considered to be the most popular
renewable energy sources [1].

The solar cell is a p-n semiconductor junction
exposed to sunlight, and generates electrical direct
current. Photovoltaic (PV) cells have several advantages
such as: no environmental pollution, high reliability, no
noise and low maintenance cost. There are many factors
affecting the efficiency and power output of
photovoltaic panel such as radiation, ambient
temperature, and wind speed [2] so that the efficiency of
photovoltaic panel increases with increase of the wind
speed,the decrease of the panel temperature and the
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earth give out an electrical response which depends
primarily on the quality, the intensity of the radiation
received and the temperature of the illuminated
photovoltaic cells. This response consists of the set of
electrical parameters and performances of the
photovoltaic generator. Photovoltaic modules options
will be used as design requirements for sizing the
photovoltaic module.

To study the real system behavior we need an
authenticated simulation model. Many photovoltaic
MATLAB models are available in the literature. In the
past few years many researchers are working to develop
a sophisticated model to reduce the computational time
and to get accurate information with less number of
parameters. Detailed mathematical Simulink based
single diode model was developed, and presented in this
paper in section 3.

In the literature [3]showed that the five parameter
model is accurate with experimental data under outdoor
weather conditions in three days at different radiation
and the error between the maximum power declared
bymanufacturer and simulation standard test conditions
under (STC) is 5.63%. The value of ideality factor
obtained at maximum power 250.1W is equal 1.58. Soto
et al. [4]calculated the panel internal parameters
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photocurrent ,saturation current, series resistance, shunt
resistance and ideality factor (Lpnrer, Lorets Rsrefs Rehrer and
A.r) respectively of five parameter model at reference
condition (G=1000W/m? and 7=25°C) to predict the
(current —voltage) curve for four different cell(single
crystalline, polycrystalline ,silicon thin film ,and triple-
junction amorphous).The five parameter model agrees
with both experimental measurements of the National
Institute of Standards and Technology (NIST) and the
king model for all four panel types at different working
conditions. Dongue et al. [5] studied modeling of two
different PV modules (mono-crystalline and multi-
crystalline) for various working operation by using two
models, a four parameter model which assumes shunt
resistance of infinity value and a five parameter model
which takes into account series and shunt resistance.
They concluded that both four and five parameter
models accurately fit experimental data of both PV
panels and the five parameter model is more accurate
than four parameter model in power and current.The
double exponential model is the most accurate
model,which contains seven unknown parameters. In
general, this model is more accurate for polycrystalline
silicon cells [6].

Bellia et al. [7] developed an empirical model to
produce the current and voltage curve using five located
points at the current-voltage curve. However, the
method needs empirically determined parameters which
are typically not available from the manufacturers’
datasheet. The coefficients are provided by the Sandia
National Laboratory. There are many researchers [8-
11]thatstudied the effect of operating temperature upon
the performance of free-standing PV panel and simple
semi-empirical explicit correlation that was used
included the environmental conditions. As a result, the
power depends linearly on panel temperature.

This paper presents the study of experimental testing
results for the performance of solar module (mono-
crystalline silicon) under natural sun and outdoor
exposure in Baghdad for four consecutive months. Also,
the aim of the paper is to investigate validation of /-V
and P-V output curves of the five parameter model of
PV module (using Matlab/Simulink) and compare them
with the corresponding experimental results. These
comparisons were made at different solar irradiance
values 500, 750, and 1000 W/m?, and also and took into
account environmental factors on module temperature.

2. PHOTOVOLTAIC MODULE OUTPUT
PARAMETERS

The short - circuit current I, is the current that flows
through the external circuit when the electrodes of the
solar cell are short circuited. The short -circuit current
of a solar cell depends on the photon flux density
incident on the solar cell that is determined by the
spectrum of the incident light. The /. depends on the
area of the solar cell.

The open-circuit voltage V,.is the voltage at which no
current flows through the external circuit. It is the
maximum voltage that a solar cell can deliver. The V.
corresponds to the forward bias voltage, at which the
reverse saturation current compensates the photo-current.
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The maximum power output P=P, is a key
parameter since solar cells are used to produce electrical
energy. When a solar cell is in an open-circuit or short-
circuits state, it produces no power. At a defined point
known as the maximum power point (MPP), a solar cell
reaches its maximum power (P,,), and this is clear in
Figurel. The power of a solar cell produced at the MPP
is always lower than the hypothetical value obtained by
multiplying open-circuit voltage by short-circuit current.
The ratio of Py, to the product of V. and I is a key
measurement value of a solar cell, along with efficiency.
This ratio is known as the fill factor, FF written as
follows,

B 1 V.1
m, practical
F, m,theoretical Vocl sc
4 A
I-V curve
Isc Pmax
Imp )
- —
] o
g P-V curve g
3 &
Voltage Vmp Voc

Figure 1. Current-voltage and power-voltage characteristic
curves of a me-Si (microcrystalline-silicon) cell. (Pn.x refer
to P.)

3. THE FIVE PARAMETER MODEL

The most important component that affects the accuracy
of a simulation of the PV cell is modeling which
primarily involves the estimation of the non-linear I-V
and P-V characteristics curves .The simplest model is
the single diode model (five parameters model). In
Figure 2 is shown the simple equivalent electrical circuit
of a solar cell, a single diode connected in parallel with
a photocurrent source and the shunt resistance
(Rgn)expressing a leakage current and series resistance
(Ry)describes an internal resistance to the current flow.
Applying Kirchoff laws, the cell terminal current is
expressed by,

]=Iph_1D_Ish ()

In which 7 is the output current and /py, refers to the
photo-generated current, I, represents the diode current,
and Iy represent shunt current. The diode current is
given by Shockley equation:

Ip=1Ig [exp (MJ —1} (3

AkT

where Vy, = Vp and Vp =V + IR;.

Vp or Vg, refers to the diode or shunt voltage, /s the
saturation current in diode, V is the output voltage, ¢ is
the electron charge, and 7 is the solar cell temperature.

V+1RS] ||V +IRg
VT Rsh

I=1,,~-1g {exp(V “
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Equation 4 is the fundamental basic equation, for the
modeling in this study.Vris the thermal voltage of the
diode.

Measurements of [-V curve at reference
conditions are commonly available by the manufacturer
at three points: open-circuit, short-circuit, and maximum
power. In this study, two methods for five parameter
model were applied for the modeling of the PV module
using Matlab:

(a) Five parameter model (Iterative method) at standard
test condition.

(b) Five parameter model (Simulink method) at another
condition.

Rg

AAA

ID It +

Iph 1) Av4 Rep v

Figure 2. Equivalent electrical circuit of five parameter model

3.1 Mathematical model for Iterative method

To evaluate five parameters with less approximation, an
iteration process needs to be done. An iteration method
was presented by Villalva et al. [12] and others in
similar manner. The method proposes changing R, and
R,; according to the fact that there is only one pair of
(R,, Ry;) that achieves the maximum power. The model
changes the value of the mentioned resistances until the
maximum power determined by (4) equals the
experimental maximum power provided in the
manufacturer datasheet (P,,s = P,,.y,). The Spar-model
calculates the five parameters according to the
following points:

The photo generated current /,, calculate by the
advantage of the iteration process for R, and Ry,. Each
iteration change R, and Ry, towards the best converging
solution of ,, which is given in the following equations:

R, +R
ph=—S};2 S Isc &)
sh

where I, is the short circuit current at STC from data
sheet.

The shunt resistance R, considered to be a function
of the series resistance and experimental maximum
power and the other parameters. During the iteration, R
gradually incremented starting from R, = 0 and for each
value of R, there will be a value of R, that ensures that
the modeled I-V curve pass through the experimental
maximum power point.

P Vol

mexp = Enmod = (Voo o =
=VLm(ILph—ILS(exp((VLerILmRLS)/Vlt)—l) (6)
(Vim+I mR s)/V,t)

I, and ¥, are the maximum current and maximum

voltage at STC from data sheet value.
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Vm (Vm +ImRs)

V. +I R
[leph —V, g [exp[mesj —1]J ~Brexp
t

The reverse saturation current /g is calculated from
the open circuit condition for (4),

V, V,
ccf e (o)

Vo s Open circuit voltage (v) at STC from data sheet
value.
The diode ideality factor (A) equation is shown below:

(™)

Rsh =

KVOC is open circuit temperature coefficient equal -

0.07207 V/K [12].
e Njgis the number of cells in series, equal 36
e K Isc is short circuit temperature coefficient equal

0.009284 A/K [12].
e [E,is band gap energy for the silicon semiconductor
which is equal to 1.124 eV [12].

Initial guesses for R; and R, are necessary to start
the iterative process. R, tends to be small, therefore
many authors take (R, = 0) as an initial guess. Ry, i
was estimated from the slope of the straight line bet—
ween the short circuit current point and the maximum
power point [13].

v, -0
Isc -1,

(10)

sh,min —

An iterative method is used for simulation resolution
of (5)—(11) yielding the five reference parameters at
STC. Now, there are certain equations for the five
parameters except R; which will be changed until
achieving the condition. To execute the iteration
process, a numerical approach based on the Newton
Raphson’s method will be implemented and progra—
mmed in Matlab. The Newton-Raphson method, or
Newton’s method.

flX
Xn+1 =Xn /( n) (11)
7(X)
Where Xn = In. Consider f= f(/,V) then (/) =0.
{8 P
T 4

, _8]'(1n)_ IgRg V+LRs || Rs
£ (1,)= T exp 7 y 1(13)

where [, is diode current, and Rp parallel resistance and
equal to shunt resistance Ry, Table 1 summerises the
parameters of mc-Si module extracted by five parameter
model at STC based on module datasheet.
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Table 1. Solar module parameters of 5par-m at STC based

on the module datasheet.

Parameters Calculated values
| Lu(A) 3.1

I,(A) 2.06*10™

Ry, (Q) 209.21

R, (Q) 0.6034

A 1.02

[ 1000

wind peed

) . elecoron char ge

Discrete,
M=ol

powergual

3.2 Dependence of the parameters on operating
conditions

The unknown electrical parameters (Ipn, 1,, 4, Ry and
Ry,), was measured under standard test condition (1000
W/m® and 25°C), in order to use these parameters for
any other operating conditions, it is necessary to obtain
expressions for their temperature and irradiance
dependence.
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Figure 3. Simulink model for modelling module by five parameters model.
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The parameters: photocurrent, saturation current,
ideality factor, series resistance and shunt resistance are
corrected for new environmental weather using (12) to
(18) respectively. Equation (4) is solved in the Matlab
/Simulink by using the five parameters at reference
condition extracted from first model in the equations
below as shown in Figure 3.

I :[ISC +Kpo (T=Ty )JG/Gref (14)
where G is the solar irradiance at operation conditions

(watt),G, is the solar irradiance equal 1000W/m* and
T, is reference temperature equal 25°C.

L= 15 (15)
exp [ Nq]IfOCkA - 1}
Stref

where /., is the reverse saturation current (A).

3
E
Ig=1,g T exp Sey 1 1 (16)
o Ak\ T T
G
Ry, = Rsh,refrTef (17)

where Ry, is the shunt resistance at reference con—
dition is takes from Iterative method.

A:A”efT_ (18)

Where 4, the ideality factor at reference condition is
takes from iterative method.

R = Ry s (19)

Where R, is the series resistance at reference
condition is takes from iterative method.

G
VOC = VOC,re_f + VTTOP IH[G—]‘FKVOC (TOP 7;’6}() (20)

ref

The unknown parameters are denoted at STC as
Lohoret, Ls et Aref, Ronrer and Rg; where the “ref” subscript
refers to the reference operating conditions.

Table 2. The parameters of mc-Si module extracted by five

parameter model at constant radiation 500 W/m? from

Matlab Simulink.

Month Tcell,model Iph Is Rs Rsh A
2017 | (°O) | (A) A) ©@ | @
Jan. 17.5 | 1.549| 2.62*107'°| 0.6034/418.4 | 0.99
Feb. | 19.0 | 1.550| 4.49*107'°| 0.6034/418.4 | 1.01
Mar. 35.1 1.551] 1.53*10° | 0.6034[418.4 | 1.05
Apr. 33.8 | 1.551] 1.35*10° | 0.6034|418.4 | 1.04

As a result, Tables 2, 3 and 4 show the five
parameters change with solar irradiance and cell
temperature at operating conditions 500,750 and 1000
W/m® for four months. The value of reverse saturation
current and ideality factor change with cell temperature,
and the value of shunt resistance and photocurrent
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change with solar irradiance. The series resistance (R;)
assumes to be constant at all operation conditions and
equal to reference series resistance (R;.f) according to
(19). While, shunt resistance (Ry,) will be function of
solar irradance (G= 500,750, and 1000 W/m?) according
to (17) and so it is have a variable value for each solar
irradance and constant value for the corresponding
months.

Table 3. The parameters of mc-Si module extracted by five
parameter model at constant radiation 750 W/m? from
Matlab Simulink.

Month | Teaymoder | Tpn I R, Ry | A
2017 O | \W (&) @ | ©

Jan. [25.7 2.328 16.09%1071° |0.6034 [278.9 |1.02
Feb. [33.3 2327 [1.21*%10° [0.6034 [278.9 [1.04
Mar. [43.9 2.325 [3.41*%10° |0.6034 [278.9 [1.08
Apr. |38.4 2.329 [2.06%10° [0.6034 [278.9 [1.06

Table 4. The parameters of mc-Si module extracted by five
parameter model at constant radiation 1000W/m2 from
Matlab Simulink.

Month| Teamoae] Ion I R, Ry | A
2017 | CO) | A) A) @ | ©
Jan. | 33.8 | 3.106] 1.35%10”°| 0.6034| 209.2{1.04
Feb. | 41.0 | 3.105] 3.02*10°| 0.6034| 209.2|1.07
Mar. | 47.6 | 3.105| 5.23*10°| 0.6034| 209.2|1.09
Apr. | 455 | 3.107) 3.91*10”| 0.6034| 209.2{1.08

4. MODELING THE OPERATION TEMPERATURE
OF PHOTOVOLTAIC MODULE

In order to predict the performance ofPV modules, it is
necessary to know the PV module temperature. The
modeling of PV module temperature is obtained as a
function of solar irradiance G, ambient temperature T,
and wind speed v. Equation (21) is used to calculate the
PV-cell temperature [8].

=1+ —%2 | (21)

a
891+2- 2
0.67

T,: The ambient temperature in °C

v: The local wind speed in m/s

G: The solar radiation in W/m”

W: mounting effect which equals to 1 [8]

T: Operation temperature of the module in kelvin

5. EXPERIMENTAL SETUP

Performance of PV solar module is tested for four
months from 1% January to 1¥ May 2017 under solar
radiation of 500, 750 and 1000W/m?. The tests were
done under the outdoor exposure in Baghdad city, at the
energy laboratory / department of energy engineering /
Baghdad University. Measurements of a PV module
electrical output traditionally are done at standard test
conditions (STC): incident solar radiation of 1000
W/m?, module temperature of 25°C, and a 1.5 air mass
(AM) .The module was placed on a steel holding stand
which fixed to the ground as shown in Figure4. Solar
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module analyzer Prova 200 is used to test the
characteristics (I, Vo, Vi, Imand Py,), efficiency and fill
factor of solar panel, also provides the “/-V and P-}”
curves. Solar radiation was kept constant as possible
(The solar module system is on the outside door and the
solar module is installed at the angle of inclination ,
which should be around 33.3°, which is the ideal angle
to obtain the highest solar energy gain in Iraq and wait
for the access of radiation intensity to 1000 W/m” in a
net atmosphere-panel heat flux and then run the module
analyzer(Prova 200) to make the scan within ten
seconds); Solar Power Meter TES1333R is used to
measure the total incident solar radiation. The
temperature of the module was measured using digital
thermometer (TPM-10) attached firmly to the back of
the module. Weather Station Vantage Pro2 was used to
measure weather factors such as ambient temperature
and wind speed. Table 5 demenstrates module
specifications at STC as presented by the manufacturer.

Table 5. Module specifications at STC as presented by the
manufacturer.

Rated power 50W
Voltage at maximum Power (Vy.x) 17.5V
Current at maximum 2.86A
Power (1ax)

Open circuit voltage (V) 21.6V
Short circuit current (/) 3.1A
Module type (50)17M8001541
Module weight 5.6Kg

Area 0.43m?

Ns 36

Figure 4. Setup of the experimental work.

Table 6 provides some of the technical specifications
of the apparatus (solar module analyzer Prova 200A)
used in this study.
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Table 6. Measurement apparatus range, resolution and
accuracy.

Measuring  |Resolution |Accuracy
range
Solar module analyzer Prova 200A
DC voltage +1%+(1% of
measurements | 0700 ¥ 0.001-0.01 Voc£0.09V)
DC current +1%+(1% of
measurements | 070 2 0.1-I'A Isc£0.9mA)
Solar power meter TES1333R
Solar Radiation +10W/m? or
measurements 5%, higher
0-2000W/m? | 0.1W/m? emperature
Induced error
of 0.38W/m’/ °C
From 25°C
Digital thermometer TPM-10
Temperature 1 g5 - 7500 | | joc +1°C
measurement

6. VALIDATION OF THE FIVE-PARAMETER MODEL

In the Matlab code, there is a command added specially
to export the model results also as an Excel sheet where
the experimental and model results are combined
together in individual curves at three radiation level.In
order to find out the compatibility between the practical
and the theoretical by extracting the error ratios because
there is differences between the experimental results
and theoretical because of the inaccuracy of equipment
and environment interactions.The percentage of error
between the practical (Laboratory measurements) and
theoretical (Matlab Simulink) by (22) was calculated.

9% Error = Matlab simulink — Laboratory measurements 100 (22)

Laboratory measurements

Table 7 shows the validation between experimental
result and five parameter model result at solar radiation
of 500, 750 and 1000W/m? and STC operating
condition for four months.

In solar radiation of 750 W/m® the best theoretical

and practical maximum power value is 39.93W and
33.73W respectively in the month of April. The
theoretical values of the 1000W/m” solar radiation are
almost constant in the four months, with the highest
power value of 50.05W in April; the experimental
results vary with each month, with the highest power
value of 42.39W at January and a decrease of 40.52W in
March due to increased cell temperature as shown in
Table 7. While the theoretical maximum power value
considered constant at fourth month equal 50.09 W was
extracted from the iterative program as shown in Table
7, the best value of experimental P, was 44.61W in
January.
It can be seen that the /-7 and P-V curves extracted with
the method of this paper is not agreement with
experimental dataset, there is a difference between
experimental and calculated values of maximum power
for radiation of 500, 750, 1000W/m*and STC operating
condition equal 10.9%, 19.3%, 21.4% and 17.3%
respectively.

Table 8 show the result from monocrystalline PV
module at four operation conditions with the
corresponding solar cell temperatureson four months.
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Table 8 also summerised comparisons between; P mod.
and Pm,exp.a Im,mod. and Im,expa Vm,mod and Vm,exp.a Nm,mod.
and #mexp. With the corssponding percentage errors.
Figures 5 and 6 represented /- and P-V curves
respec—tively for January for different levels of
irradiance of 500, 750, 1000 W/m* and STC operating
condition, despite the modeling curves do not match
experimental data in all points, the percentage error
between the experimental (measured) maximum power
and five parameter model (predicted) maximum power
at STC was 14.8%. It is considered the best match of
the reference condition on four months, except for the
low irradiance of about 500 W/m? where the five-
parameter modeled curve is closer to the experimental
data at other radiation. The percentage error at solar
radiation of 500W/m’ at January month equal 5%
showing good agreement at this month. The validation
of percentage error at solar radiation of 750 and 1000
W/m® for all months is approximately same equals
19% for 750 W/m® and 20% for 1000W/m”.

Table 7. The maximum power modelling and experimental
at four operating conditions for four months.

7. CONCLUSIONS

The presented work is a modeling and simulation of the
monocrystillane silicon solar module performance. It is
implemented under MATLAB/Simulink environment;
the most used software by researchers. A five parameter
PV module modeling has been selected for simulation
scenario under environment of solar irradiance from 500-
1000 W/m?. This model can be used to obtain the /(¥)
and P(V) characteristics.

This model can be considered as a tool which can be
used to study all types of PV modules available in
markets, especially their behavior under different
weather data of standard test conditions (STC). It is
important to assume that Rg, is constant to simplify the
MATLAB/Simulink modeling. The average percentage
error of the validation between the experimental
measured maximum power and five parameter model
(predicted) maximum power at radiation of 500W/m?
was analyzed with the best value of validation was 5.5%
at cell temperature 17°C.

The maximum measured power percentage error at
radiation 500, 750 and 1000W/m” was 5.5% in January,
18.4% in April and 20% in April respectively with the
corresponding calculated (simulated) ones.The best
validation of maximum power under standard testing
conditions (STC) was 14.8% in January. We can
conclude that single diode Simulink model perfectly
describes the /-V and P-V characteristics of asolar
module system. The Newton-Rapshon method is an
appropriate method to extract the parallel resistance
used for simulation for fixed series resistance (assumed
constant).

Pm model

G W/m® | January | February March April
500 23.22 24 .67 24.10 25.00
750 38.46 38.08 36.04 39.93
1000 50.03 50.04 50.01 50.05
STC 50.09 50.09 50.09 50.09
Pm experimental

500 22.00 22.23 22.03 23.40
750 32.09 31.92 29.17 33.73
1000 42.39 41.20 40.52 41.70
STC 44.61 42.70 43.13 42.34

35 -

3 -m‘-‘%‘m&%‘w&%ﬁ#ﬂ#ﬁm&mﬁ

25

Current, A

Voltage,v

'.".':'.ﬁn:ﬂ e

==f=500W /m2 Five parameter model

s 500W/m 2 Experimental

=r=750W /m2 Five parameter model

e TS0 /m 2 Experimental
=== 1 000W,/m 2 Five parameter model
e 1 000W//m 2 Experimental

STC Five parameter model

=STC Experimental

s

Mo— e

25

Figure 5. Comparisons of current-voltage curves of monocrystalline module predicted by the five-parameters model and
experimental measured values of radiation flux 500,750, and 1000 W/m® and STC operating condition on February month.

FME Transactions

VOL. 46, No 4, 2018 = 591




—4— 500W/m2 Five parameter model
—— 500W/m2 Experimental

o —de— 750W/m2 Five par ameter model
— 750W/m2 Experimental

i —+— 1000W/m2 Five parameter model
— 1000W/m2 Exper mental

30 1 STC Five parameter model

Power, W  SRCExpiinene
20 4
10 -

5

Voltagexy

Figure 6. Comparisons of power-voltage curves of monocrystalline module predicted by the five-parameters model and
experimental measured values of radiation flux 500,750, and 1000W/m? and STC operating conditions onFebruarymonth.

Table 8 . The validation between experimental result and five parameter model result at solar radiation 500, 750, and 1000W/m?
and STC operating condition for four months.

Jan. 2017

G pme, mod Error Isc,mod. Isc,exp. EI'I'OI', Voc,mod.. Voc,exp. Error M mod. | Mexp. Error
w/m’ ww(W) (%) |(A) (A) %) (v | (%) (%) |(Y) |(%)

°C

500 17 2322 |22.00| 5.5 1.54 1.49 33 20572050 | 03 |10.8{10.2] 5.8
750 28 3846 |32.09] 19.8 | 231 2.29 0.9 |21.70 |20.15| 7.7 |11.9] 99| 20.2
1000 33 50.03 4239 | 18.0 | 3.11 2.84 9.5 [21.72120.76 | 4.6 |[11.6] 9.8| 184
STC 25 50.09 [44.61 ] 123 | 3.10 2.97 45 121.60]20.71 ] 48 |11.7]104| 125

Feb.2017
500 18.0 | 24.67 [22.23| 109 | 1.55 1.52 1.9 |21.5412044| 54 |11.5[10.3] 11.6
750 333 | 38.08 [3192] 193 | 2.35 2.28 3.1 121.69]20.00] 84 [11.8/9.8 | 204
1000 41.0 | 50.04 [41.20| 214 | 2.99 2.83 9.5 |21.37[20.54| 40 |11.6]9.6 | 214
STC 25.0 | 50.09 [42.70] 17.3 | 3.10 291 6.6 [21.60[2041| 58 |[11.7/9.9 | 182

Mar. 2017
500 33 24.10 |22.03| 94 1.50 1.47 2.0 |20.67 {20.60 | 0.3 |11.2|10.2| 10.8
750 42 36.04 |29.17 |23.6 | 2.33 222 49 |21.50 (19.46 | 10.5 |11.29.0 | 244

1000 47 50.01 [40.52 234 | 3.01 2.80 7.5 [21.16 2024 | 45 (11.6 |94 | 24.7
STC 25 50.09 [43.13 | 16.1 | 3.10 3.00 33 [21.60 [19.15 | 10.2 |11.6|10.1| 14.8

Apr. 2017

500 33 25.00 2340 6.8 1.59 1.45 0.2 [20.9420.85| 04 [11.6/10.8] 7.4

750 37 3993 [33.73 184 | 241 2.32 39 |21.8620.16 | 84 |12.4/10.5] 18.1

1000 44 50.05 [41.70 | 20.0 | 3.12 2.81 11.0{21.70 | 20.80 | 43 |11.6] 9.7] 19.6

STC 25 50.09 14234183 | 3.1 2.93 5.8 ]21.60]1990] 85 [11.6] 9.8| 184
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NOMENCLATURE
A diode ideality factor
Aper ideality factor parameter at STC
E, band gap of semiconductor. eV
G solar radiation, W/m?
I current at maximum power point, A
1, diode current, A
1, photo-generated current, A
Lyr  light current at STC, A
I reverse saturation current, A

FME Transactions

I short circuit current, A
L rer diode reverse saturation current at STC, A
k Boltzmannconstant, k =1.38x10 ) K
N number of cells
maximum power output from
P, .
experimental, W
Py maximum Power output, W
P maximum power output from modelling,

m,mod W

electric charge of electron, C
open circuit Voltage, V
parallel resistance, Q-

Rgrer  shunt resistance at STC, Q
R, s  series resistance at STC, Q

w;a

o

R series resistance, Q

Ry, shunt resistance, Q

Vi voltage at maximum power point, V

T operating temperature of the module, K
T, the ambient temperature, °C

w mounting affect which equal to 1

Greek symbols

) local wind velocity, m/s

N modelled solar module efficiency, %
Hexp measured solar module efficiency, %

HEP®OPMAHCE IIETO-ITAPAMETAPCKOT
MOJAEJIA ®OTOHAIIOHCKOI' MOAYJIA O
MOHOKPUCTAJIHOI' CWWIMIIUJYMA
INPUMEHOM PE®EPEHTHUX ITIOJATAKA

E.T. Xammum, 3.P. Tanu6

[pukaszana je uspama Mojesia (OTOHATIOHCKOT MOJYJia
KopuNeweM  jeIHO-THOJHOT  MEeTO-IIapaMeTapcKor
Mozena 0asMpaHOr HCKJBYYHMBO HAa  TEXHHUYKUM
nojanuMa. Monen KOPUCTH CaMO  CEpHUjCKy |
mapajenHy Be3y oTHopHmka (mast). M3paher je u
TECTHpPaH OBaj JIaK M MpPELH3aH METOI MOJCIUpama
(hOTOHAITOHCKOT MOZYJA KOjH je yV CTamy Ja IPEABHIN
MOHAIIAkhe MOIYJa HA PasIHYUTHM TeMIleparypama H
CYHYEBOM 3pauerbyy KIMMAaTCKUM ycioBuMma barmana.
[Mokazano je kako (oroHanmoHcku Moayn oxapehyje
napaMeTpe MeTo-apaMeTapckor Mojela, NpoLewmYyje
NOOMjeHy W3Ja3Hy CHAary M OCTaJie CeJeKTPHUYHE U
yHyTpalimhe mapameTpe. Pan Bpum  ymopehuBame
npenBul)eHUX KpUBAa HAOHA M CHAare M eKCIepuMe-
HTAIHUX TI0JaTaka KOJ MOHOKPHUCTAITHOT CHJIMLHjyMa
3a MEPUOJI O YESTUPHU Mecella.

Pesynrat;m  TeopHmjckmx pa3MaTpama yKadyjy Ha
HE3HaTaH  IopacT  OTIOPHOCTH  IIAHTOBA |
(OTOETIEKTPUYHOT TOKAa Ca TIOpacTOM HHTCH3UTETa
CYHUEBOI' 3pauema. V3BplueHa je eBaiyanuja yTHlaja
BpeMeHckuxX  (GakTopa Ha TeMmmeparypy henuja
kopumhemeM  jenHoctaBHe — (opmynie.  Pesynratu
MOKa3yjy Ja TOCTOjH pa3iuka u3Melly TCOpHjCKUX H
eKCIIePUMEHTAHUX ~pe3ynraTa. MakcuMainHa cHara
noGujena kon pammjaumje ox 500, 750 w 1000 W/m’
6una je y janyapy 5,5%, y anpuiy 18,4% u 20%, npu
4yeMy je JoOMjeHa MaKCHMallHa CHara 3a jaHyap Mecell
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ouna 14,8% TecTHpameM ycioOBa CTaHAAPAHOM ca eKCIIEPUMEHTAJIHUM pe3ylTaTHMa JOoOUjeHHM 3a
MeToIoM. Pe3ynratu 100UjeHN MOJIETUpPabeM Ce CIIaXy TeMIIepaTypy MOIya.
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