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In this paper, the characteristic points were used as input data in five different explicit models based on Lambert W-function for the
extraction of model parameters of three DSSCs. Moreover, these model parameters for given values of voltages were used to obtain
the corresponding currents for the simulation of the DSSCs. The results show that the sign of the model parameter does not matter for
methods that do not have series resistance and shunt resistance. However, when Rsh was negative the five-parameter single-diode model
failed to yield good curve fit except when Rsh was neglected and four-parameter model used. Moreover, all the model parameters for
DSSCs with bitter gourd dye were regular and yielded good curve fit for all the models. On the hand, DSSCs with Rsh values negative
were handled with four-parameter model to obtain good curve fit. Thus, the sign of model parameter matters in simulation of DSSC
using single-diode model.
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INTRODUCTION

Nowadays, renewable energy plays a great role in reducing fossil resources consumption [1] due to problems arising
from the use of fossil resources such as global warming, climate change, and air pollution [2] to mention a few. Presently,
among the various renewable energy sources, solar energy is likely the most applicable, as it is clean, safe, and
unlimited [3,4]. In one year, the amount of solar energy received from the sun is 10* times greater than the world’s energy
consumption [4]. It has been revealed the installed photovoltaic power increased from 100.9 GW in 2012 to 230 GW in
2015, rising to 400 GW in 2017 [1, 5]. This rate of increase has been feasible due to a new brand of solar cells that permit
production growth while reducing costs and environmental impact [6].

Modeling has become a crucial step for photovoltaic system design and development, as it permits appropriate and
accurate energy production forecasts [7]. The modeling of solar cells/panels is usually performed by using equivalent
circuit models represented with mathematically implicit equations which are not easy to solve. However, the Lambert W-
function has been identified as a useful tool to solve these equations.

The purpose of this paper is to present simplified model expressions in terms of the Lambert W-function, which is
usually applied in photovoltaic devices, and depicts how this function is needed to solve equations connected to these
systems. The desired model expressions were obtained by matching famous mathematical equations (exponential
functions, polynomials, hyperbolic functions) to points on the Lambert W-function calculated numerically with the
highest available accuracy.

The approach presented in this paper is to apply simplified model equations based on the Lambert W-function that
can be solved easily with a pocket calculator, to model and simulate DSSC systems behavior.

MATERIALS AND METHODS
Modeling and simulation of solar cells

A host of researchers have reported that ideal solar cells behave like a current source connected in parallel with a
diode [7-9]. This ideal model is achieved with resistors to represent the losses and sometimes with additional diodes
that takes into account other phenomena [10,11]. The most common circuit equivalent to a solar cell consists of a
current source, one diode and two resistors; one in series and one in parallel [12-19]. It is worth noting each of the
element in the equivalent circuit one parameter has to be calculated except two in the case of the diode whose behavior
is represented by the Shockley equation [20]. Thus, five parameters are required to be determined when applying this
method [21-33]. This simple equivalent circuit has been used quite well to reproduce the current-voltage curve or
simply I-V curve. Three important points of the I-V curve known as characteristic points namely: short circuit,
maximum power, and open circuit points are used as input data. These representative points depend on temperature,
irradiance of the photocurrent source, characteristic points and usually the normal information included in the
manufacturer’s datasheets.
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The conventional equation (1) describes a simple diode with a distinctive I-V curve

|4
=1, (eE - 1), (1)

where a is the modified ideality diode factor (quality factor or emission coefficient) which varies with the nature of diode
is determined according to the fabrication process and the semiconductor material.

When the semiconductor is illuminated, it will produce a photo-generated current I,», which will result in a vertical
translation of the I-V curve of a quantity that is almost entirely related to the surface density of the incident energy.
The equivalent circuit solar cell containing series resistance Rs, shunt resistance Rgn, photocurrent I, diode saturation
current I,, modified diode ideality factor, a is depicted in Fig. 1.
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|

The single-diode model assumes an ideal cell is pictured as a current generator that is linked to a parallel diode with
an [-V characteristic which is mathematically defined by Schokley equation (2)

|

Figure 1. Electrical equivalent circuit of the single-diode solar cell

b (2)
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where [ and V are the terminal current and voltage respectively, I, the junction reverse current, a is the modified junction
ideality factor, Rs and Ry, are the series and shunt resistance respectively.

Equation (2) is transcendental in nature hence it is not possible to solve for V in terms of I and vice versa. However,
explicit solutions can be obtained using the principal branch of the Lambert W-function W, [21, 34-37].

Rsp

| = Rsh(lph'”o)_v _ iVVO ( RsnRslo e <RshRs(1ph+Io)+VRsh>>, 3)
Rsn+Rs Rs a(Rsp+Rs) a(Rsp+Rs)
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V = Ra(Ipn +1,) — (Rg+Rsp)I — aW, {% e )} 4)

One can directly find the current for a given value of voltage using equation (3) or the voltage via (4), which makes
the computation easy and robust in contrast to (2). The Lambert W function is readily available in all computation
procedures [21, 35]. Finally, for simulation purpose the current can be calculated for each model by plugging the
appropriate model parameters for any given value of V into equation (3) and vice versa for V for any given value of I in
equation (4). However, if the curve fit fails due to parameter irregularity, for example Rg, negative or complex we neglect
Rgn=c0, the last term in equation (2) vanishes reducing the five-parameter model to four-parameter model. Therefore,
equation (3) reduces to equations (5)

Rgly Rg(Ipp+Iip)+V
I=1n+1, _RisWo (Te (M)) (5)

a

Furthermore, if equation (5) fails to yield good curve fit then R; is neglected and equation (2) reduces to the ideal
diode equation (1) representing a three-parameter model. Thus, equations (1), (3) and (5) can be used for simulation of
three-, four- and five-parameter models respectively.

The explicit model equations based on the Lambert W-function
There are many explicit models to study the current-voltage behavior of a solar cell [38]. Notwithstanding, the results
do not sustain any of the physical appearance of the photovoltaic conversion process, they are attracting great attention
and accurate enough to produce recent discoveries from time to time [39]. Some of the explicit models with solutions
based on the Lambert W-function include:

I. The El-Tayyan model [40]. The proposed El-Tayyan model equation for generating I-V characteristics of solar
cell or PV module is in the form

=1 - el () 1), (©)
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where C; and C; are coefficients of the model equation. These coefficients are given by [41]as

ISC
G = BED) (7
1-e\ C2
and, if V,./C, >> 1:
€= — ®)

oc 1 ’
weaf (1) (22))
However, Babangida [42] have shown that the relationships between the conventional model parameters (I, and a) and
the El-Tayyan coefficients (C;, C») are given by equations (9) and (10)

Voc

I, =Ce ©, (€))
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Thus, a and I, in equations (9) and (10) are the two model parameters for the El-Tayyan model.

I1. The Karmalkar and Haneefa model [43]. This model presents the current-voltage relation as

== (11 () - ()"} (an

where the model parameters are:

W_1
— 1
m= ln(l:/":f) + m +1, (13)
K = M. (14)

II1. The Das model [44]. The current-voltage for this model is given by

k
I L)
I - Isc [1+h(VLM)l’ (15)
where the coefficients are:
Im Vm
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IV. The Saetre [45] and Das model [44]. This model was proposed independently by Das [41] and Saetre [42]
given by the following equation

1

Ay ]E
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where the model parameters f and g are estimated with output current measurements at V=0.8V,. and V=0.9V .
. . . ... . ai B Vimp
Using the maximum power point conditions, (v, i) = (@, B) and p» lmp = — =, such that & = and B =
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I . . .
#, the following equations are obtained:
sc
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gBd = fa’. (20)
Assuming of<<1, then

glnp = —a’. 21

Therefore, plugging equation (21) into equation (20), the equations for f and g are finally given by

= e
f=w(55) (22)
—af

g= % (23)

V. The 1-diode/2-resistors equivalent circuit model. The mathematical form of this model is already defined by
equation (2) whose solution for I or V in terms of Lambert W-function is given by equation (3) or (4) respectively. Many
researchers like [35] have published a solution of equation (2) based on the Lambert W-function which requires the diode
ideality factor n as an input, say n=1.1 for the silicon cells studied and R; is determined via equation (24).

R, = A[W_,(Be®) — (C + D)]. (24)
where W_; is the lower branch of the Lambert W-function and A, B, C, and D auxiliary parameters defined as:

_a Vimp (Isc=2Imp)
A= Imp’  [VmplsetVoc(lmp=1sc)’ (2)
C = Voc—2Vmp Vmplsc—VocImp D= Vmp—Voc (26)
- a [Vmplsc“'Voc(Imp_Isc)]’ - a ’
Most often the modified diode ideality factor a in terms of n and the thermal voltage Vr is defined by equation (27)
a=nVr
27
such that Vr is also defined by equation (27)
Vp=" 28)

where k is the Boltzmann constant, T is the absolute temperature and q is the electron charge. In another vein, [43] avoided
the assumption of the value of n instead he deduced that the modified diode ideality factor a is equal to the second
El Tayyan coefficient C; i.e he set a=C, given by equation (29)

a=—mploc (29)
()

Furthermore, the parameter Rq is calculated via [21] equation (30)

_ (Vmp_lmp Rs){Vmp_Rs(Isc_Imp)_a}

Ry, = (Vinp—ImpRs)(Isc=Imp)—almp 30)
Finally, the remaining parameters I, and I, are found by equations (31) and (32) respectively
Rs Vo]  =Voc
lo = [t (1435) = 2] ™% (31)
Rs
Iph = Isc (1 + a) (32)

In this paper, equations (24) and (29-32) are used to extract the five model parameters (a, Rs, Rq, Lo, and L) to study
the performance of DSSCs.

RESULTS AND DISCUSSION
Table 1. The characteristic points for three DSSCs
Source of natural dye Characteristic points
English Name Scientific Name Isc (mA) Imp (mMA) Vimp (V) Voe (V)
Bitter gourd Momordica charantia 9.244 6.450 0.4 0.536
Bougainvillea Bougainvillea 3.450 2.783 0.3 0.484
Mango peel Mongifera indica 2.51 2.130 0.4 0.618
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In Table 1, the characteristic or representative points namely the short circuit point (Is, 0), open circuit point (0, V)
and the maximum power point (Imp, Vmp) Were obtained from the I-V curves of measured currents and voltages for three
DSSCs are included. These points were used as input data for the modeling and simulation of the DSSCs studied.

Table 2. The El Tayyan model parameter for three DSSCs

Source of natural dye Parameter model
English Name Scientific Name Ci C2
Bitter gourd Momordica charantia 0.009245 0.060353
Bougainvillea Bougainvillea 0.003927 0.229684
Mango peel Mongifera indica 0.002760 0.257501

Table 2 contains the two parameters for the 2-parameter El Tayyan model and both parameters are positive and less
than unity. This means the parameters are regular parameters. The two parameters are inversely proportional to each other.

Table 3. The Karmalkar and Haneefa model parameter for three DSSCs

Source of natural dye Parameter model
English Name Scientific Name Y m K
Bitter gourd Momordica charantia 0.758887 9.611764 -1.12783
Bougainvillea Bougainvillea 1.846619 1.777069 -0.69538
Mango peel Mongifera indica 1.394703 2.453534 -0.71120

Table 3 depicts the three parameters of the Karmalkar and Haneefa 3-parameter model. Two of the parameters,
y and m, have positive values whereas the parameter K has all values negative. This implies that y and m are regular
parameters and K is irregular parameter. The three parameters are inversely proportional to one another.

Table 4. The Das model parameter for three DSSCs

Source of natural dye model parameter
English Name Scientific Name k h
Bitter gourd Momordica charantia 8.584082 0.428833
Bougainvillea Bougainvillea 2.024451 -0.410257
Mango peel Mongifera indica 2.293207 -0.398095

Table 4 contains the two parameters (k and h) for the 2-parameter Das model. The parameter k has positive values
for all DSSCs while h negative value for DSSC with bitter gourd dye and positive values for DSSCs with bougainvillea
and mango peel dyes. This means k is regular parameter for all dyes whereas h is regular for bitter gourd dye and irregular

for bougainvillea and mango dyes. The parameters are directly proportional to one another.

Table 5. The Saetre and Das model parameter for three DSSCs

Source of natural dye model parameter
English Name Scientific Name f g
Bitter gourd Momordica charantia 2.746442 1.235772
Bougainvillea Bougainvillea 0.990796 2.897765
Mango peel Mongifera indica 0.393542 5.133096

In Table 5, the Saetre and Das model parameters f and g are included. Both parameters are positive and therefore
they are regular. Also, fand g are inversely proportional. However, the DSSCs with bougainvillea and mango dyes exhibit

parameter irregularity in Rg, and Iy

Table 6. The Single diode circuit 5-parameter model for three DSSCs

Source of natural dye model parameter
English Name Scientific Name A Rs (W) | Rau (W) Io (mA) Iph (MA)
Bitter gourd Momordica charantia 0.060353 11.2 189.6 9.6755x10 9.7879
Bougainvillea Bougainvillea 0.229684 35.5 -18.6 2.7823x1073 -3.1223
Mango peel Mongifera indica 0.257501 34.6 -99.5 7.1220%10* 1.6378

In Table 6, the single-diode model parameters (a, Rs, Rsh, Lo, and L) are included. The DSSC with bitter gourd dye
have all the parameters positive and hence they are regular. Similarly, the other DSSCs show parameter irregularity in Ry,
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and I, for DSSC with bougainvillea dye and only Ry, for DSSC with mango dye. Also, a and I, are inversely proportional
to Ry and R respectively.

Table 7. Some common features of the five models studied

Model Year MP OB PI SM (Rsh=00)
El Tayyan 2006 2 6 0 2-parameter model
Karmalkar & Haneefa 2008 3 9 3 3-parameter model
Das 2011 2 6 2 2-parameter model
Saetre and Das 2011 2 6 0 2-parameter model
Shockley single-diode 1949 5 15 3 4-parameter model

Table 7 depicts the 2wnumber of model parameters (MP), observations (OB), parameter irregularities (PI), and
simulation model (SM) that produced good curve match for all the DSSCs studied.

In all cases, the model parameters were used in appropriate model equations for the simulation of the DSSCs
investigated. In this work, the five-parameter model was used to simulate DSSC with bitter gourd dye with regular
parameters whereas the four-parameter model for the remaining DSSCs with irregular parameters yielded good curve fits
Figs. (2a-6a) on the left and their corresponding error distributions in Figs.(2b-6b) on the right.
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CONCLUSIONS

In this study, solutions of five explicit model equations based on the Lamber W-function were used to model and
simulate the behavior of three DSSCs. The major conclusions resulting from this work are:

* The input data was the experimental data (short-circuit, maximum power and open circuit) of three DSSCs.

* The nature or sign of model parameters did not affect curve fit for models that neglect resistances (Rs and Rq;) as
opposed to those depending on the resistances.

* The five-parameter single-diode model relies on resistance with poor curve fit when Ry, was negative.

o If n is the number of irregular model parameters, then the model that produced good curve fit is 5-n parameter
single-diode model i.e., if Rq, is neglected we have 4-parameter single-diode model; if Ry and Rg, neglected we have
3-parameter single-diode model; etc.

* The single-diode model is more rigorous, time consuming, higher number of model parameters and hence provide
more information about the system than the other models.

* The proposed models have provided overall curve fits between the simulated and experimental data.
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OLIIHIOBAHHS IBHUX MOJIEJIE HA OCHOBI W-®YHKIIIi JAMBEPTA JIJIsI MOAEJTIOBAHHS
TA BIATBOPEHHS PI3HUX CEHCUBIVIN30BAHUX BAPBHUKAMMUW COHAYHUX EJIEMEHTIB (DSSC)
Haxamy B. €pima?, Jlynama Binbam®, Aakaai Ba6anrina®, Caéacrin C. E3ike?
“Dizuynuii paxyromem Yuisepcumemy Modi66o Adama ¢ Hona, Hizepis
b@arynomem mamemamuru, Yuisepcumem Mooi66o Adama Hona, Hizepis
“/lenapmamenm naykoeoi oceimu, COE Azare, wumam bayui, Hizepis

V wiii cTaTTi BUKOPUCTOBYBAJIKCS XapaKTepHi TOUKH SIK BXiJHI JaHi B I1’SITH Pi3HUX SIBHUX MOJeNsIX Ha ocHoBi W-¢dyHkuii JlamGepra
JUIsL BUJTy4eHHs nmapamerpiB Mozneni Tppox DSSC. Kpim Toro, i napamerpu Mozemi uis 3alaHuX 3Ha4eHb HAIpyT Oy BUKOPHCTAHI
JUIsL OTPUMAHHS BIZNMOBIIHUX CTpyMiB Juis MoaetoBanHs DSSC. PesynbraTn 0Ka3yIoTh, 110 3HaK HapaMeTpa MOJeli He Mae 3Ha4YCHHS
JUISL METO/IIB, sIKi HE MAlOTh MOCIIZOBHOrO OMOpy Ta omnopy yHTa. OnHak, konu Rsh OyB Bix’eMHHM, S-mapaMeTpudHa OJHOMIOIHA
MOJIETIb HE JaJla XOPOIIoi BiIMOBIIHOCTI KPUBOi, 32 BUHATKOM BHUITAJKIB, KOJH HEXTYBaJIU Rsh Ta BUKOPUCTOBYBAJIH 4-TIapaMeTpHUIHY
Mozenb. binpe Toro, yci mapamerpu Mozeni st DSSC 3 rapOy30BuM OapBHHKOM OyiH pETYIAPHAMHE Ta Jajd XOPOIIYy BiAMOBITHICTH
KpHBiii 1711 Beix Mozeneii. 3 inmoro 6oky, DSSC 3 HeraruBHIMH 3Ha4eHHSIMH Rsh 00p0OIISsITHCS 32 JOIIOMOTOI0 YOTHPUTIApaMETPUIHOT
MogeIi A1 OTPUMAaHHS XOPOIIOl BiJIIOBITHOCTI KpuBOI. TakuM YMHOM, 3HAaK IapaMeTpa MOAENI Mae 3HAYCHHs IIPU MOJETIOBAaHHI
DSSC 3 BUKOpHCTaHHSAM OJJHOMIOHOT MOJEIII.

Kurouosi ciioBa: mapamerp mozedni, siBHa Mozens, W-¢ynkuis JlamOepra, xapakrepHi Touku, DSSC, minronka kpusoi





