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Abstract—This paper presents an algorithm to predict output power or performance parameters i.e.,
open circuit voltage and short circuit current of a glass-glass (G-G)i.e., semitransparentsolar thermal
module very close to the experimental values. The predicted performance parameters by the proposed
algorithm have been found closer to the experimental values or actual parameters than those computed
by the artificial neural network (ANN) and analytical approach alone.The proposed algorithm uses ANN
to reduce the root mean square error (RMSE)upto 100% between performance parameters of the
prototype solar cell model under study due to ANN and analytical approaches alone. Solar irradiation
andsolar-cell temperature are the essential parameters for design, prediction and performance analysis of
any photovoltaic solar energy system. Therefore, solar irradiation,and solar cell temperature have been
taken as input parameters in the proposed algorithm, ANN model and analytical model.

Keywords: ANN;glass-glass photovoltaic solar cel;RMSE
I.  INTRODUCTION

Solar power in India is a fast developing industry with a capacity of 8,062 MW (8GW) as of 31July 2016.This is
the best option for utilization of non-conventional energy sources. Photovoltaic thermal system (i.e. PVT
module) is found to be a good choice for getting maximum electrical output power because thermal energy and
electrical energy are considered simultaneously in it. The performance of PVT module depends upon several
factors such as solar irradiation, ambient temperature, solar cell temperature, area of solar cell, wind, weather
and climate conditions, etc. [1] have been noticed that measurement of solar irradiation from all location is
difficult. Also, installation and maintenance cost of these measuring devices are too high. [2] and [3] have been
reported few algebraic models of PV solar cells to predict their generated energy and performance parameters,
but these models need input parameters like solar irradiation, solar cell temperature, etc. which are normally
hard to access for all locations and all weather conditions .

Some researchers has been explained Greek long-term energy consumption prediction using artificial
neural networks [4].[5] have been compared regression analysis, decision tree and neural networks to predict
electricity energy consumption. Artificial neural networks for the prediction of the energy consumption of a
passive solar building have been designed by [6] .[7]have been applied artificial neural network (ANN) method
to energy analysis of thermodynamic systems. [8]have been analyzed performance of Solar Collectors Using
artificial neural networks. [9] have been improved the performance of model for photovoltaic array.[10] have
been evaluated cloudiness, haziness factor for Composite Climate. [11]have been analyzed energy and exergy
of a hybrid photovoltaic thermal double pass air collector. They have also been analyzed performance of a
hybrid photovoltaic thermal double pass air collector using ANN [12]. Literature suggests artificial neural
network as a good approach to estimate the performance parameters of a system.

Authors have discussed the advantages of ANN like as simplified mathematical model, easy to learn new
functional dependencies and new patterns. [13]have been designed fuzzy logic controller for photovoltaic
simulator.[14] have been applied genetic algorithm with multi-objective function to improve the efficiency of
glazed photovoltaic thermal system for New Delhi(India) climatic condition. [15] have been derived an
analytical expression of temperature dependent electrical efficiency of N-PVT water collectors connected in
series.[16] have been proposed a methodology to estimate the power generation of invisible solar photovoltaic
sites.

[8]have been reported ANN with 10 neurons in hidden layer to predict the performance parameters of solar
collector installed at a location in Beijing with very low error in comparison to the experimental values. They
considered all performance parameters as training data in input layer and observed a good agreement between
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experimental values and results from ANN model. But, authors have noticed difference in between both the
results from experimental and ANN model, if compared on the basis of RMSE. Sufficient research work has not
been reported in the literature on the comparison of the results obtained from two or more approaches by taking
RMSE into account and minimizing it. Therefore, in this paper attempt has been done by the authors to develop
an algorithm to reduce RMSE using ANN to predict the performance parameters very close to the experimental
values for all weather conditions. Here, authors have considered output power or generated maximum power as
performance parameter.

Il.  DESCRIPTIONOF PHOTOVOLTAIC THERMAL SOLAR CELL MODEL UNDER STUDY
Photovoltaic solar cell converts solar energy into heat and electricity. Thephotovoltaic solar cell can be
modeledas a five parameter photovoltaic analytical or electrical model. The photovoltaic solar cell can also be
modeled as an ANN model.Both the models are discussed in following sections:
A. Five Parameter Photovoltaic Analytical or Electrical Model:
Behavior of a photovoltaic solar cell is explicit and nonlinear. It can be represented by current-voltage (I-V)

characteristics and mathematical models described by [9]. A five parameters photovoltaic model under study is
shown in fig.1 [9] below.
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Fig.1:Five parameter photovoltaic analytical or electrical model

Thefive parameter photovoltaic analytical or electrical model can be expressed by voltage current
characteristic equation as follows:

=1, —Is[exp(

Where,/; is photocurrent,

q(V+IRg)
KTcA

- 1] — (V A+ TRS)/Rp oo (1)
Isis solar cell saturation current,

q is an electron charge,K is Boltzmann's constant,

T¢ is Photovoltaic cell working temperature,

A is an ideal factor,

Rp is a parallel resistanceand

Ry is series resistance.

Photocurrent/;, depends on solar irradiation S and ambient temperature T that can be expressed by following
equation

I, = [Isc + Ki(Te = Tref) 1S 2
where Ic is photovoltaic cell short circuit current at 25 °C and 1KW/m?
K; is constant,
S is solar irradiation and
T.ris reference temperature.

For an ideal Photovoltaic cell, series resistance will be zero and parallel resistance will be infinite. So,
Simplified equation for calculation of current I is

v
I'=1, —Is[exp (—) — 1] 3)
KT.A
and at /=0, open circuit voltage is
KTcA I
VOC = 11’1 (_ + 1) (4)
q Is
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The fill factor or curve factor (FF) is a measurement of the I-V curve sharpness.It is related with output power
and efficiency 1. The relation can be defined as follows:

Pmax _ FFXxIscxVoc — Imax X Vmax (5)

‘]”C: =

Pin Sx Area Sx Area
Literature shows that the PV module solar cell efficiency is temperature dependent. The PV module solar cell
temperature is inversely related with PV module solar cell efficiency i.e. with increase in cell temperature, PV
module solar cell efficiency will decrease and output power will also decrease because output power is
proportionally related with efficiency. In literature two type PV module solar cell are mentioned i.e. opaque
(Glass to tedlar) and semitransparent (glass to glass).
B. Thermal Model:

PVT module extract electrical energy using external circuit and thermal energy using heat transfer method. In
heat transfer method, losses (upwardand back) have importance to obtain energy balance equation for unit area
of PVT module.

Ifr is transmissivity of glass, a is fraction of radiation incident /7 on surface of PVT module, 7. is the
conversion efficiency of PVT module, Uj is loss coefficient, T¢ is solar cell temperature and 7, is ambient
temperature. Then Energy Balance Equation can be explained as follows:

[talr] = [nclr+U (Te — To)] (6)
with#n.=0 , [t o/U;] can be established as constant to calculate solar cell temperature 7.
Using this T, electrical efficiency #,; can be calculated by:
Ner = o[ 1 — Bo(Tc — 298)] (7)
wheren, is PVT module efficiency at 298 °K temperature and [,is silicon efficiency temperature
coefficient(4.5x10~ K™).

[14]have been described the thermal model of N-PVT water collectors connected in series. With some
assumptions as mentioned in literature two type PV module energy balance equations can be determined:

i) For Opaque PV module:The opaque PV module can be modeled mathematically as follows:
Ty [acﬁc[(t) + (1 - ﬁc)aTI(t)] = [Utc,a(Tc - Ta) + hc,p(Tc - Ta)] + TgMN C.Bcl(t)(g)
wheret, is transmissivity of glass, o, is absorpitivity of PV module solar cell, B¢ is packing fraction of PV

module solar cell, I(t) is solar intensity, Uy, is overall heat transfer coefficient, T¢ is cell temperature, T, is
ambient temperature, h , is heat transfer coefficient and 1 is PV module solar cell efficiency.

or,
TglacB () + (1 = Blarl(t)] = [Upmn (T, — To) + N nl(®) ] ©)
where, Um=Upcq + hcp
and
Mm =1 chﬁc
Tc _ Ta — [Tg{“cﬁc“’(l_ﬁc)“T_rl cBcH ()] (10)
ULm
[tglacBct(1-B)ar— cBcH ()]
Te = Trer = (Ta = Treg) + =2 - (11

Urm

with taking #,.,is the PV module’s electrical efficiency at the reference temperature (7. ) and at 1000 W/m?
solar radiation and f,.is the temperature coefficient of PV module (the values of #,.,and f,, can be taken as
constant).For the calculation of the electrical efficiency of the PV module (temperature dependent), the
expression is used as follows:

Ne = nref[l - ﬁref(Tc - Tref)] (12)
[Te-Tyer ] used from Eq. (11) in Eq. (12), temperature dependent electrical efficiency of the PV module will be
described as:

c c+ 1- c —Tc CI
Ne = Nrer[1 = Bres {(Ta - Tref) + [Tg{a Pet ( (i)ar M el (t)]}]

or,
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acBc+(1-Bola
nref[l—ﬁref{(Ta_TrEf)*'Wl(f)}]

Ne = T (13)
¢ [1_"lrefl;TLi£ gﬁcl(t)]

ii) Semitransparent PV Module: The semitransparent module can be modeled as follows:

[Tgacﬂcl(t)] = [Utc,a(Tc - Ta) + hc,p (Tc - Ta)] + Tgrl cﬁcl(t) (14)
or,
[Tgacﬁcl(t)] = [(Utc,a + hc,p)(Tc - Ta)] + TgM cﬁcl(t) (15)
or,
[Tgacﬁcl(t)] = [(ULm(TC - Ta)] +n ml(t) (16)
where, Utn :U”ca +th and T :Ucfgﬂ ¢
From Eq.(16)
Tc _ Ta — (actgBc—Mn m)I(t) (17)
Urm
or,
(actgBc—m m)I(t)
Te = Trep = (Ta = Trep) + =2 (18)
With the help of equation (18), Eq. (12)becomes,
[tg{ acBc—m B} (D)]
Ne = T]ref[l - .Bref {(Ta - Tref) + g ZL:IC < }] (19)

In opaque PV module solar cell, all the radiation is absorbed by the tedlar and then carried away by the
conduction. This increases the temperature of solar cell and its efficiency decreases. But in case of
semitransparent PV module maximum radiation is transmitted by glass and its increases efficiency of PV
module solar cell.

C. ANN Model:

The analytical model (Electrical or thermal) explained in previous section isexperienced burdensome and
time taking process for determining performance parameters. Literature reportsthat an ANN model gives better
opportunity to analyst to predict performance parameters.

YRRy
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Fig.2: Structure of an ANN model

ANN helps to analyze solar cells located at different places in various weather conditions. The structure of an
ANN model is shown in fig.2. The ANN model has three layers as input layer, hidden layer, and output layer.
There is two directional propagation of information in the ANN i.e., feed-forward and back error propagation.
For ANN model, relation between input and output parameters has been considered as follows:

The input vector x= [irradiation, cell temperature] is applied to the input layer and net input of hidden unit can
be calculated fromequation 20:
n} = l'2=1 Wjixi + b]1 (20)

Wherew;; is the weight on the connection from the i"™ input and b is the bias for hidden layer neurons. Hidden
layer output can be calculated from equation 21:

af = fi(Xi, wjix; + b}') (21)
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In this way, output of the hidden layer is input to output layer i.e. equation 22:

fi(n) = tansig(n) (22)
andoutput parameters of ANN model can be calculated from equation 23:
ai = (2% wija} + bg) (23)
Therefore, the ANN model outputs are aZ and it can be considered asf, ().
I1l.  METHODOLOGY:

The MATLAB 8 has been used to develop a new algorithm using ANN. The proposed algorithm follows the
following steps to achieve performance parameters very close to experimental values of different photovoltaic
solar cell under study.

e Initially, the experimental data of semitransparent and opaque photovoltaic thermal module regarding
solar irradiation and cell temperature was collected [12].

e An ANN model has been developed and trained for estimation of different electrical parametersusing
data set taken from [12].

e Hourly electrical efficiency and cell temperature have been estimated for both PVT modules by
analytical and neural network. It has been shown in fig.4

e Fig.4 shows better result with the semitransparent PVT module.

e  Therefore hourly cell temperature effect on cell efficiency for semitransparent PV modules has also
been observed and shown in fig.4.Values obtained through ANN model has been compared with
analytical model values.

e  All performance parameters were also computed for the same input parameters (solar irradiation and
cell temperature) for the semitransparentPVT moduleanalytical model.

e RMSE between results obtained from ANN and analytical models of PV solar cell in steps b and c,
respectively has been calculated.

e If results obtained from ANN model (step b) differed those of analytical model then a new algorithm
was developed in which neural network was again trained on the basis of RMSE for the same input
parameters by using back propagation algorithm. The process was continued until getting desired
value.

e If output of ANN is accumulated with analytical model then semitransparentPVT module performance
parameters can be predicted accurately.

e  The schematic diagram of the proposed algorithm is shown in Fig. 3.
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Fig.3:Block diagram of proposed algorithm
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IV. RESULTS AND DISCUSSION

In this paper, an effort has been done to develop an algorithm using ANN approach for prediction of
performance parameters of different PVT module i.e. G-G (semitransparent) photovoltaic solar cell and opaque
PVT module model. Initiallyin this research, artificial neural network with different hidden layers has been used
to estimate the different PVT module electrical efficiency with minimum root mean square error (RMSE) which
is found less than 2% which can be ignored.

Hourly variation of electrical efiiciency of glass to glass and glass to tedlar type PY module (analytical and ANM, both)
13 T T T T T T

—&— glass to tedlar
1k —— ANNGto T
—+— glass to glass
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Fig.4: Hourly electrical efficiency estimation from analytical and neural network for both PV modules

The performance of opaque (glass to tedlar) PV module has also been compared with semitransparent (Glass
to Glass) PV module in terms of electrical energy output and efficiency and it shows semitransparent (Glass to
Glass) PV module performance is better than opaque (glass to tedlar) PV module. Hourly electrical efficiency
has been shown in fig.4 for both PV modules i.e. glass to tedlar and glass to glass by analytical and neural
network. It shows close relation between analytical and neural network values. Hourly electrical efficiency has
been observed for both PV modules i.e. glass to tedlar and glass to glass by analytical and neural network. It
shows close relation between analytical and neural network values. It also shows semitransparent PVT module
is better than opaque PVT module.

Cell temperature of semitransparent PV module (solar cell) with respect to cell efficiency has also been
observed and shown in fig.5. It shows that increase in PV module (solar cell) temperature decreases solar cell
efficiency and vice-versa.PV module efficiency has proportional relation with output power. Therefore,
maximum output power can be achieved with minimum cell temperature and maximum cell efficiency.
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Fig.5: Effect of solar cell temperature on efficiency of Glass-Glass (semitransparent) PV modules

Semitransparent PVT module I-V characteristics of ANN model and analytical model were obtained and
output power was also estimated using I,,,x and V.. Fig.6 shows fair agreement between ANN model and
analytical model. But, ANN model could not be considered to provide accurate experimental performance
parameters i. e. P,. Authors attempted to calculate RMSE between ANN and analytical models. The RMSE
can be calculated using following expression.

2 Pp— .
e= [ /ZT‘*] x100Where,e; = [X=] (24)

The RMSE has been calculated 1.6-2.9% between performance parameter results obtained from ANNand
analytical models. The RMSE of 1.6-2.9% is quite high and therefore, ANN model without takingRMSE into
account can't be accepted for results prediction accurately and precisely. This motivated theauthors to develop a
novel algorithm by modifying the existing ANN model by taking RMSE intoaccount. The RMSE has been
reduced up to 100% by using proposed algorithm as shown in fig.6. The performance parameters obtained by
proposed algorithm are againcompared with analytical values as shown in fig.5. It shows
performanceparameters obtained by the proposed algorithm are very much close to experimental values.
Theproposed algorithm is found to predict the performance parameters more precisely and accurately
thanexisting ANN model available in the literature.
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Fig. 6: The comparison of Analytical Model and ANN model
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Fig.7: comparison between proposedalgorithm values andExperimental values
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Fig.8: Root mean square error minimizationwith number of iterations in analytical model

V.  CONCLUSIONS

In this paper, the opaque PV module has been compared with semitransparent PV module in terms of

electrical power output and efficiency. It shows semitransparent PV module performance has improved result
than opaque PV module. A novel algorithm has also been developed and presented which can minimize the
RMSEbetween experimental values and existed ANN model upto100%. The proposed algorithm can predict the
performance parameters i.e. Vo, Isc, and Py,0f a G-G (semitransparent) photovoltaic solar cell very close to
experimental values with high accuracy and precision.
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