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Abstract- Among the physical parameters of the standard single diode model of a solar cell, series resistance is one of those
that strongly affects its performance. Contradictory changes in series resistance depending on temperature were reported in the
literature. Accurate measurements of [-V characteristics were taken under different real operating conditions at constant
temperature and solar irradiance, using a high-performance I-V curve tracer. The experimental results were used to determine
series resistance of a photovoltaic module using two extraction methods. Empirical laws of series resistance components
depending on module operating temperature were cheeked. It emerges that of the seven series resistance components, only four

essentially determine its value.
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1. Introduction

The performances of a photovoltaic (PV) module are
strongly depending on the environmental conditions such as
the operating temperature and solar irradiance [1]-[3]. They
are usually evaluated using the manufacturers datasheet
provided under standard test conditions (STC) which are
seldom encountered [2], [4]-[6]. Thus, it is recommended to
perform accurate measurements, outdoor, under real
operating conditions to determine the physical parameters
related to the PV generator model and evaluate their
variations [2], [4], [5].

Several models of a solar cell were proposed and
represented by their equivalent electrical circuits using a
number of physical parameters [7]-[12]. A number of

extraction methods were developed to extract the values of
these parameters [3], [13]-[18]. Series resistance (Rs) is a
physical parameter assumed to be zero for an ideal solar cell
and takes definite values for real solar cell [19]. It is related
to the ohmic losses inside different regions of the solar cell
[20]. When Rs increases, the ohmic losses increase and lead
to a decrease in the electrical efficiency of the PV generators
[19], [21], [22]. Therefore, it is very useful to carry out a
detailed analysis of Rs evolution depending on temperature
and evaluate its impact on PV generators performances. A
number of studies have conducted to assess Rs using
different extraction methods: graphical [23], numerical [24],
and analytical methods [19], [23], [25], [26]. Some authors
have found that Rs increases with increasing temperature
[271-[29] and others have reported the opposite for the same
solar cell such as the crystalline technology [5], [30]-[32].
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This paper presents a study of the evolution of Rs
components characterizing a PV module depending on its
operating temperature. A performing [-V curve tracer was
used to take accurate measurements of [-V characteristics
[2]. Some empirical laws were used to analyze the different
components of Rs depending on temperature. The results are
compared to those extracted by the method based on the
combination of a genetic algorithm and the simulated
annealing algorithm (CGSAA) [33], and those extracted by
the iterative extraction method [8].

2. Materials and methods

2.1. Experimental setup

w AN
S R Y

An appropriate experimental setup as shown in Fig.1,
was used to investigate Rs behavior characterizing a PV
module under its real operating conditions [2]. It includes an
I-V curve tracer used to automatically varying load external
resistances and scanning the entire [-V curve at a rate of one
point (lexpi, Vexp.i) per msec [2]. The temperature was taken
using a K Type thermocouple placed on the rear side of the
PV module. Solar irradiance on the module plane was
measured using SL-200 Solarimeter. The I-V curve tracer is
controlled by an Arduino board [2]. The measurements were
carried out on a monocrystalline PV module. Table 1
presents the manufacturer’s datasheet.

Fig. 1. Experimental setup.

Table 1. Manufacturer’s datasheet of the PV module in STC.

PV module TDC-M20-36
Technology monocrystalline
Maximum power current (/) [A] 1.07
Maximum power voltage (V)  [V] 18.76
Maximum power (Pmax) [W] 20

Open circuit voltage (Voc) [V] 22.7
Short circuit current (Isc) [A] 1.17
Surface of the module (S) [cm?] 1569.96
Number of cells connected in ) 36

series

2.2. Solar cell modeling

Fig.2 shows the electrical circuit of the standard single
diode model of a PV cell [34]. This circuit is composed of a
current generator (Iz), a diode characterized by an ideality
factor (n) and a reverse saturation current (ly), a parallel
resistance (Rsu) representing solar cell losses associated with
the leakage currents through its junction and the peripheral
surface, and a series resistance (Rs) taking into account the
ohmic losses within the cell and metal semiconductor
contacts. The study focuses on the influence of temperature
on the evolution of Rs whose values are determined using
two extraction methods.

o

Fig. 2. Electrical circuit equivalent to the standard single
diode model of a solar cell.

The current intensity (/) delivered by a solar cell and the

output voltage (V) are linked by the following transcendent
equation:

=11, (exp [ VAR J -JJ RS (1)

nV, R

SH

Where V,, =k, T /q is the thermal voltage.
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2.3. Computation of Rs components

Depending on their manufacturing technology, solar
cell’s efficiency decreases more or less significantly when
their operating temperature increases. Based on equations
describing power losses in different regions of a standard
solar cell, Meier et al. [35], [36] have expressed the
components of Rs according to their resistivities and the
technological parameters related to the metal contact
deposition processes (Tables 2 and 3). D. J. Crain et al. have
showed [28] that Rs and » have more influence on solar cell
efficiency than the other physical parameters in the model.
M. A. da Luz et al [37] have expressed analytically the
interdependence between Rs, Rsw and n. Fig. 3 shows that
beyond certain values of # and Rsu, Rs no longer varies.

Fig. 3. Influence of n and Rsu on Rs.

The evaluation of the variations of each component
depending on temperature can be made by the subdivision of
a solar cell into unit cell elements. The front face contact is
of a comb-shaped metal grid (Fig. 5 (a)) which can be cut
into unit cell elements according to the shape shown in Fig. 5
(b). Rs is equivalent to the parallel association of the total
unit cell elements.

(@
L=12.5cm
2 | — =
T | [— p— Fingers
Wq

Fig. 5. (a) Solar cell sizes: cell width (/), and cell length (L).
(b) Unit cell: width of the unit cell(d), busbar width(waus),
finger width (ws), and unit cell length (D).

Meier et al. have decomposed Rs into seven components
[35], [36] (Fig. 4): Rsus (Busbars resistance), Rr (Fingers
resistance), Rrc (Front contact resistance), Re (Emitter
resistance), Rp (Base resistance), Rrc (Rear contact
resistance), and Rrm (The resistance of the rear metal sheet)
[35], [36]. Hence:

R,=R, +R.+R.,.+R, +R,+R,.+R,, 2)

Fig. 4. Rs components of a common solar cell according to
Meier et al. [35], [36].

Table 2. Technological parameters used for simulation and calculation of Rs with a comb-shaped metal grid on the front face

38].
= Symbol Description Value Unit
Fixed parameters common to screen-printed (sp) and electrochemical (ec) contacts

es Base layer thickness 2x1072 cm

WBus Busbar width 0.2 cm

erM Thickness of rear metal sheet 2x1073 cm
PRM Resistivity of the rear metal sheet 5.6x10° Q.cm

Fixed parameters of the screen-printed contacts
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PAg.sp 3.9x10°¢ Q.cm
PAgsp [39] Resistivity of Ag metal on the cell front face 7 x10¢ Q.cm
Pagsp [35] 21.8 x10° Q.cm

2dsp Space between two neighboring fingers 0.25 cm
Wd,sp Finger width on the cell front face 1.2x10%2 cm
€d,sp Finger thickness on the cell front face 1.5x107 cm
€Bus,sp Busbar width on the cell front face 1.5x1073 cm

Fixed parameters of the electrochemical contacts

PAgec Resistivity of Ag metal on the front face 2.1x10°® Q.cm

Variable parameters of the electrochemical contacts

2dec Space between two neighboring fingers 0-0.6 cm
Wdec Finger width on the cell front face 103- 1072 cm
€d,ec Finger thickness on the cell front face 104-2x1073 cm

Table 3. Components of Rs depending on temperature and technological parameters

Rs components Mathematical form depending on temperature and technological parameters
_ pf,o (Ag) d2 2 -3
Busbars R, = E— D (1+3.8x107 (T -293))[36] 3)
Bus ™ Bus
resistance
with: p,(Ag)=p,,(Ag)[1 + a(T - T,)]40] (4)
2p0..(Ag) d.D*
Fingers resistance R, ZM—(1+3.8><10'3 (T—293)) [36] Q)
3 e,.w,
Ree =d\p, prc(FE)]e, [38), [41] ©)
Where:
gr AT 4P . qd’ 4P, 5 i [42], [43] @)
(FE)= . - . —==_CE >
Pre(FE) [kg sin(z7Ck,T) eXp( E, ] Ck eXp{ E, j}
-1
Front contact P, = 6.24151x10" 7.4x10° +0.227218 [44] (8)
resistance £ N 1.41535x10" N, \,s T
P 1+ LT
T2,546
A" =264221.719 1 45], [46 9
° 7_7.02X1074T2 [ ]’[ ] ( )
1108+T
£ =138066x107 T(4.0699;31](6)34 N L 1.01377T ~ 5180*16 N, +1n[2.86738T 118 0N, D [42]  (10)
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1
7.02x107* 7% \*
E =3.6936x10" /N, |1.17—————— | [42],[43 11
00n D£ 1108+ 7 j [42], [43] (1)
42 -3
®Ag,,fsf20-6+(T—300) 7.02x10 7; _1.404><10 T [42] 12)
| (1108+7)  1108+T
¢ - 1:35369x10 1n(6.40871><10 ®Ag"’5fj(1.17-7'02“0 T j4[42]’ w13
IN, E, 1108+ T
k 9P, , s
R, = p(TFE) = q.Tl.?A* C,pp €XP (%) [42] (14)
Where :
CTFE: kBT COSh(EOOpJ COth[EOOpjeXp(@_&j [42] (15)
\/”(qQAI.pfsi + EFp)E(mp kBT kBT EO kBT
-15
E, :—1.38066><10‘23T1n(1'23399>:8150 NAJ [42] (16)
Rear contact T
resistance
1
7.02x107*7° ¢
E =3.6936x10" N, |1.17 ——————— | [42],[43 17
00p A[ 11087 )[ 1, [43] (17)
—4 2 -3
®, o —0.51+(T—300) 7.02x10 7; _L404x10°7 ) s
’ (1108+T) 1108+ T
E,=E, coth Ey [47] (19)
’ k,T
Base resistance R, _8:24151x107e, 543777 + 1361077 T [36], [44] (20
N, 1+[N, /(235%1077>) "
-1
. 18 72 8 233
Emlt.ter 1ayer R = 2.0805x10°d 38 T70'57 + 74x10°T _ [36]’ [44] (21)
resistance £ e N n 17 24 0.88 70146
Vo 1+ N, /(1.26x107T*) |
The resistance of
the rear metal Ry = Pras o (AD (1 + 3.9%x107 (T — 293)).e,, [36] (22)
sheet
Resistance of the [ S
connection wires R :4.5x10-6hf—(1 + 3.8x107 (T —293)) [48] 23)
twt
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2.4. Methods for extracting physical parameters

» CGSAA method

CGSAA extraction method is based on a combination of
a genetic algorithm and the simulated annealing algorithm
[33]. The first algorithm consists of a subdivision of search
domains of PV generator physical parameters into regular
sub-domains whose the number, the upper, and the lower
bounds were defined and discussed [33]. This procedure
allows for determining the minimum of the root mean square
error (RMSE) defined as follows [11], [49]:

RMSE(X):\/ZZ,(f( Vo Ly X)) M

24

Where M is the number of experimental (lexpk, Vewpk)
points of the characteristic and f{ Vexp_ o1 ek X) represents

the deviation between experimental and extracted current
values, defined as follows [11], [49]:

_ V;xp,k +RS I e,
R R 7 el IS

_ Ve,W +RSI expk
R

SH

SV i

Where X = , 1

o 1o 1 Ry, R, ) s a solution vector of the

physical parameter values.

The genetic algorithm starts with a random generation of
a set of physical parameter values in each subdomain. The

generated values are combined and evaluated using Eq. (24)
to choose the best solution corresponding to the minimum of
RMSE(X) in each subdomain. Then, the solutions obtained in
different subdomains are crossed for refining the search. The
assessment of obtained combinations after crossing allows
choosing the best solution taken as an initial solution for the
simulated annealing algorithm. This algorithm allows getting
the optimal values of the researched physical parameters
[33].

» Iterative method

The iterative method is based on the injection of test
values of Rsor n in the characteristic equation (Eq. (1)) [8],
[50], and generating several I-V characteristics built using
the physical parameters (Ipi, Rs, n, Rsu, and Ip ) taken in each
iteration. Compatibility between each [-V characteristic
generated and that obtained experimentally is checked using
the error function RMSE (X) given by Eq. (24).

The error rate on Rs and n values is proportional to
RMSE. The physical parameters (s, Rs, n, Rsy, and Ip )
selected after the extraction operation are those matching
with the minimum value of RMSE [8].

3. Results and discussion
3.1. Experimental results

Fig. 6 shows the experimental I-V characteristics of the
monocrystalline PV module for seven temperature values
and constant solar irradiance, G = 1000 W/ m?.

12— . e
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Fig. 6. Experimental I-V characteristics of the monocrystalline PV module
for seven temperature values and constant solar irradiance, G = 1000 W/ m’.

1559



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
S. Bounouar et al., Vol.10, No.4, December, 2020

These characteristics were used to extract Rs values  temperature increased from 297.98 K to 328.68 K, its
depending on temperature, using CGSAA and the iterative = maximum power increased from 16.92 to 14.45 W and the

extraction methods. Table 4 shows the external physical — power losses due to Rs (P, ) increased from about 0.81 W to
parameters depending on temperature. When the module

0.95 as shown in Table 4.

Table 4. External physical parameters of the monocrystalline PV module measured outdoors for seven temperature values and

constant solar irradiance, G = 1000 W/ m’. PRs is the power losses due to Rs.

Temperature [K]| 297.98 302.48 308.98 315.38 321.18 325.18 328.68
In [A]| 0.9974 0.9944 0.9876 0.9921 0.9908 0.9915 0.9848
Vin [VI| 16.970 16.535 16.075 15.640 15.286 14.940 14.675
Puax [W] 16.92 16.44 15.88 15.52 15.15 14.81 14.45
Voc [VI| 22.043 21.628 21.250 20.730 20.340 19.940 19.800
Isc [A]| 1.0999 1.1023 1.1036 1.1093 1.1097 1.1115 1.1132
PRs [W]] 0.8094 0.8259 0.8427 0.8787 0.9365 0.9732 0.9496
3.2. Assessment of Rs components depending on temperature (22) (Fig. 7). Simulations were carried out taking into

The influence of the operating temperature of the PV

account the technological parameters related to the two
methods of depositing metal contacts as mentioned above

module on Rs components was evaluated using Eq. (2) to Eq.  (Tables 2 and 3) [38].
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Fig. 7. Evolution of Rr(a), Raus(b), Re(c), Re(d), Rrc(e), Rrc(f), Rrm(g) depending on temperature taking into account the
technological parameters associated with the method of depositing metal contacts by the screen- printing (—) and by the

electrochemistry (---).

Fig. 7 (a-d) show the predominant components of Rs.  front contact and rear contact resistances (Rrc and Rrc)
They are in descending order of weight: Rr (fingers  become negligible to the highest temperatures (Fig. 7 (e, 1)),
resistance), Raus (busbars resistance), Rp (base resistance),  as was reported by Kwang-Hoon Oh et al. and H. N. Tran et
and Re (emitter resistance). These results are in good  al. [42], [51]. Rrm is also negligible due to the small
agreement with those reported in the literature [35], [36]. The  thickness of the metal layer (Fig. 7 (g)). Except Rrc and Rrc,
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all other Rs components increase when the temperature
Rr, Rsus, and Rry increase linearly with
temperature in contrast to Re and Rp. Hence, the increase in
Rs with the temperature is mainly due to the metal grid
resistance (fingers, busbars), base resistance, and the emitter
resistance.

Increases.

3.3. Evolution of extracted physical parameters depending
on temperature

Table 5 shows that with the exception of Rsm, the other
physical parameters assessed using the two extraction
methods (CGSAA and iterative method) are well compatible
for all measured operating temperatures of the PV module.

Table 5. Physical parameters extracted by CGSAA and the iterative methods for seven temperature values of the

monocrystalline module.

T (K) 297.98 302.48 308.98 315.38 321.18 325.18 328.8
Rs(Q) 0.0226 0.0232 0.0240 0.0248 0.0265 0.0275 0.0272
Rsu(Q2)  226.29 182.87 171.35 158.79 136.15 114.47 94.54
Physical parameters
extracted by CGSAA | In(pA) 4.0884 5.5606 7.9560 11.1596  12.2895 15.3169 17.2342
method
n 1.9057 1.8896 1.8781 1.8426 1.7910 1.7669 1.7476
i (A) 1.0985 1.0989 1.1028 1.1070 1.1078 1.1080 1.1146
RMSE 0.004285 0.004192 0.004133 0.003949 0.004114 0.003603  0.004177
Rs(Q) 0.023 0.024 0.024 0.026 0.026 0.026 0.026
Rsu(Q))  2257.24 83.88 211.40 537.62 240.63 1176.43 706.49
Physical parameters
extracted by iterative | o (uA) 3.9414 4.5657 8.0505 9.6657 13.0558 19.1338 21.8385
method
n 1.90 1.86 1.88 1.82 1.80 1.80 1.79
i (A) 1.0974 1.0995 1.1021 1.1057 1.1073 1.1090 1.1096
RMSE 0.004243 0.004177 0.004129 0.003855 0.004076 0.003843  0.004102

Table 5 shows that for the temperature range from 298 to
329 K and G = 1000 W / m?, the values of extracted n using
CGSAA and the iterative methods decrease by about 0.0051
/K and 0.0036 /K, respectively. This reduction was attributed
by Cotfas et al. [52] to temperature effects on the surface and
Shockley-Read-Hall ~ recombination  mechanisms, the
decrease in the resistance of the semiconductor active layer,
and the trapping-detrapping phenomenon.

The extracted values of Iy through CGSAA and the
iterative methods increase by 0.43 pA/K and 0.58 pA/K,
respectively. This is likely due, at least in part, to additional
thermal activation of the charge carriers, as reported by
Fébba et al. and Ghani et al. [5], [27]. The L values
extracted by the CGSAA method and the iterative method
are also of the same order of magnitude and grow by 0.52
mA/K and 0.40 mA/K, respectively.

Otherwise, the extracted values of Rsz using the CGSAA
method decrease by about 4.29 Q/K. The reduction of Rsy

was attributed by Cuce et al. [30] to the combined effects of
trapping-detrapping and tunneling of charge carriers by
localized defect levels in the material bandgap. On the other
hand, the extracted values of Rsy by the iterative method
show significant fluctuations. It should be noted that any
arbitrary change, however small, in the value of n or Rs
results in a relatively significant change in the value of Rsa.
This indicates that Rsy has less influence on the optimization
process with this method than the rest of the physical
parameters.

Fig. 8 illustrates the changing of the extracted Rs values
as a function of temperature using the two extraction
methods previously described. The values of Rs calculated
using the empirical laws specific to each of its components
(Eq. (2) to Eq. (23)) make it possible to verify the reliability
of these laws in the studied temperature range from 298 K to
329 K.
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Fig. 8. Change in Rs as a function of temperature of the
monocrystalline PV module obtained using the empirical
laws for depositing metal contacts by screen printing (—) and
by electrochemistry (—) methods. Values of Rs extracted
using the iterative extraction method (e), and the CGSAA
method (®).

07
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Extracted Rs values using CGSAA and the iterative
methods increase by 0.0035 Q/K, and 0.0053 Q/K,
respectively, for the operating temperature of the PV module
from 298 K to 329 K (Fig. 8). Using empirical laws (Eq. (2)
to Eq. (23)), the resulting Rs increases by 0.0032 Q/K for
both methods of depositing metal contacts. A similar

evolution of Rs was also reported by Bensalem et al. and
Ding et al. [53], [54].

Fig. 8 shows that the values extracted by the iterative
and CGSAA methods and those obtained using empirical
laws are quite similar.

4. Conclusion

Resistive losses have a significant impact on the
photovoltaic solar cells performances. The power dissipated
by Rs represents approximately 6% of the power supplied by
the PV module. Based on a detailed analysis of the Rs
it is clear that the increase in Rs with
governed by the increasing of four

components,
temperature is
components. For the two methods of metal contacts
deposition, the fingers resistance represents a significant part
of more than 75%, followed by the busbars resistance the
base resistance and the emitter resistance with about 12 %,
7%, and 3%, respectively. It would be interesting to operate
over wider temperature ranges in order to check the
reliability of some empirical laws describing the variations of
Rs as a function of PV generators operating temperature.

Go= 1000 W/m? and AM = 1.5)
1 Module terminal Current [A] o
V Module output voltage [V]

Nomenclature

PV Photovoltaic Rpus
sp screen printing €Bus
ec electrochemistry d
SDM Single Diode Model WBus
IR Infrared D
FE Field Emission T
TFE Thermionic Field Emission nd
STC Standard test conditions (7= 25 °C,

pro(Ag) Silver resistivity at room temperature [Q. cm]

prc(FE)Front contact resistivity related to FE [Q.cm]

Iy  Experimental module terminal Current [A]

Veww  Experimental module output voltage [V]

Ns Cells number connected in series

G Solar irradiation on a model plane [W/m?] Rr
Rs Series resistance [Q] Wd
Rsz  Shunt resistance [Q] ed
Ion Photo-generated current [A]

Isc Short circuit current [A]

1o Reverse saturation current [A] Rrc
In Maximum power current [A] ex
Voc  Open circuit voltage [V] PE
Iy  Experimental module terminal Current [A]

Veww  Experimental module output voltage [V]

Vm  Maximum power voltage [V]

n Ideality factor A*
Vin ~ Thermal voltage [V] ka
Puax  Maximum power [W] C
L Length of solar cell [cm] Eoon
/ Width of solar cell [cm] q

@.g.n-si Barrier height of Ag/N-Si contact [eV]

(Eq. 12)
Busbars resistance of [Q. cm?]
Thickness of busbar [cm]
Width of the unit cell [cm]
Width of a busbar [cm]
Length of unit cell [cm]
Module operating temperature [°C/K]
Number of fingers

(Eq. 13)
Thermal resistance coefficient

(Eq. 14)
Fingers resistance [Q. cm?]
Width of a finger [cm]
Thickness of each finger [cm]

(Eq. 15)
Front contact resistance [€. cm?]
Thickness of emitter sheet [cm]
Emitter sheet resistivity [Q. cm]

(Eq. 16)
Richardson constant
Boltzmann constant [=1.3806x102 J/K]
Parameter related to FE
Characteristic energy for Ag/N-Si interface [eV]
Electron charge [=1.602x10° C]
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Er,  Fermi energy with respect to the energy band

edge in N-doped silicon [eV] (Eq. 29)

Rz Base resistance [Q. cm?]
(Eq. 17) es Thickness of base [cm]
Nbp Doping concentration of emitter [1/cm?] Tn Normalized temperature [K]
(Eq. 23) (Eq. 30)

Rre  Rear contact resistance [Q. cm?] REe Emitter resistance [Q. cm?]
prc  Rear contact resistivity [Q. cm]
Crre  Parameter related to TFE (Eq. 31)
@.1p-si Barrier height of Al/P-Si contact [eV] Rryr The resistance of the rear metal sheet [Q. cm?]
Eo Measure of the tunneling effect probability erv  Thickness of the rear metal sheet [cm]

specific to TFE [eV] pruo  Resistivity of the rear metal sheet at the reference

temperature [Q2. cm].
(Eq. 24)

Er,  Fermi energy with respect to the energy band (Eq. 32)
edge in R; Connection wires resistance [€2. cm?]

N-doped silicon [eV] hy Thickness of connection wire [cm]
Eop  Characteristic energy for Al/P-Si interface [eV]  wr Width of connection wire [cm]

I Length of connection wire [cm]
(Eq. 25) S Solar cell surface [cm?]
Na Doping concentration of base [1/cm?]
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