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In this paper, a theoretical investigation to the effect of
the series resistance (𝑅𝑠)  on the solar cell output
parameters, such as  efficiency (η), open-circuit voltage
(𝑉௢௖) , output maximum power (𝑃𝑚௔𝑥 ) , fill factor (FF)
and short circuit current(𝐼𝑠௖) was performed. Multisim
software was used to achieve the investigation. It is
reproduced by using the current-voltage (I-V)
characteristics in accordance with double-diode
modeling of the solar cell. The results showed that
there is a change in the characteristic curve form due to
the variation of series resistance values between (0.01-
0.5) Ohm. Moreover, it was found that the fill factor,
short circuit current, and open circuit voltage decreased
linearly when the value of the series resistance
increased. Consequently, the conversion efficiency of
the solar cell declined. In other words, the series
resistance has a significant effect on the performance
of the solar cell.
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1. Introduction
A photovoltaic PV cell, or photoelectric cell, is a semiconductor device that transforms light into
electrical energy [1].The 𝑅𝑠 of  the PV module contains resistive elements, such as cell solder
bonding and emitter and base regions, as well as bus bars for cell interconnections and terminations
at junction boxes [2, 3]. The solar cell series resistance is a parasitic, power-consuming characteristic.
It softens the I–V characteristics of a solar cell in the fourth quadrant by lowering the highest

attainable output power. It denotes a decrease in the solar cell's fill factor. The fill factor and FF of
the solar cell is found to drop by around 2.5 percent for every 0.1 increased in series resistance [4].
One of the most critical aspects influencing PV module performance is series resistance. Some
researchers  are discovered that the series resistance is  affected on the FF and power output of PV
modules due to the series resistance has a greater impact on the solar cell's output power than any
other parameter [3, 5, 6]. Also, the 𝑅𝑠 is reduced the short-circuit current but it didn’t influence on
the 𝑉௢௖ [7]. This 𝑅𝑠 is raised as the base doping density increasing. Therefore, the ability of the
materials to resist the passage of electric current is increased as a result of this phenomena. As a result
of the base doping density gradient, the semiconductor material's resistivity raised [8]. Commercial
solar cell has least FF than ideal, owing to 𝑅𝑠 , which is grown as the substrate size grows. However,
the FF  in both laboratory and production cells is restricted not only by the 𝑅𝑠 , but as well by factors,
such as the low parallel resistance and non-ideal diode parameters [8, 9].The voltage output and fill
factor ( 1 4 𝑃𝑚௔𝑥 = 𝐼𝑠௖⁄ 𝑉௢௖) of the module, as well as its performance  quality are reduced as the 𝑅𝑠
is increased. The module 𝐼𝑠௖starts to fall at increasingly greater 𝑅𝑠
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levels pacing, and finger area must all be adjusted [9]. So a rectangular device shape and tin busbars
on conductive substrate effectively reduce the 𝑅𝑠 . Meanwhile, an additional hot-pressed highly
conductive low-temperature carbon layer on the back carbon electrode also reduces the 𝑅𝑠 [10]. In
Fig. 6 (e) it can clearly be seen that the electrical efficiency improves with increasing solar
concentration and decreasing series resistance. The lower the series resistance the higher the optimum
solar concentration under which the device can operate [11].A number of publications investigated
the  effect of  series resistance on performance of solar cell. Dyk and Meyer (2004) [2] discussed  the
detrimental effect of series resistance on the performance of a PV device. The I–V characteristics
were simulated buy the use of PV simulation software (PVSIM). This software uses the two-diode
model and calculates I–V characteristics based on typical solar cell parameters. The simulations  were
performed with 1000 W/𝑚2 irradiance and a temperature of 25 °C. Wafaa et al (2013) [12] studied
theoretically the effect of  series resistance on solar cell parameters including 𝐼𝑠௖ , 𝑉௢௖ , 𝑃𝑚௔𝑥 and
FF. The simulations have been performed using the one-diode model of PV modules in
MATLAB/Simulink environment. The study considered  light intensity of 1000 W/m2, and  a
temperature of 25 °C. Fahmi et al (2017) [13] concluded that there is a variation in the I-V
characteristic curve of the solar cell due to the increase in the series resistance. In their simulation, a
software multisim10 was utilized to simulate the single-diode model. In current study, Multisim12
software is used in the simulation of double-diode model. Massaki et al (2018) [14] characterized the
effects  of series resistance on  performance of like an ACM tandem  through solar cell  simulations
and indoor experiments. M. S. Ahmed et al (2020) [15] investigated the impact  of series resistance
on  various parameters  by using PC1D software simulation. Daiyu et al (2021) [10] demonstrated
that the increased  series resistance is the main restriction that limits the PCE of large- area p-MPSCs.
series resistance was greatly influenced by the charge transport distance in the less-conductive
electrodes and the conductivity of the electrodes themselves. Hongliang et al (2022) [16] developed
and applied  the numerical two- dimensional methods to study the effects  of the series resistance  in
solar cells .The simulations were performed  using the MATLAB  software.

2. The double - diode model.
The effects of series resistance can be sufficiently described and revealed by a p-n junction solar

cell's double-diode equivalent circuit model. The model is demonstrated in Fig. 1, which is displayed
the 𝑅𝑠ℎ and 𝑅𝑠, together with the photon-generated current, 𝐼𝑝ℎ , the optimal recombination current
in the bulk region, 𝐼஽1 , the non- optimal recombination in the depletion region 𝐼஽2 and 𝑉𝑇 are the
thermal voltage defined as 𝑉𝑇 = (𝐾஻𝑇) 𝑞⁄ where ( 𝐾஻ ) is the Boltzmann constant (1.38× 10−23
J/K). Fig. 2 shows that the ( I–V)  and ( P-V) output characteristics of a double exponential can be
defined using the equations below [2] :

𝐼 = 𝐼𝑝ℎ − ቈ𝐼01 ቆ𝑒
𝑞(𝑉−𝐼𝑅𝑠)
𝑛1𝐾ಳ𝑇 ቇ+ 𝐼02 ቆ𝑒

𝑞(𝑉−𝐼𝑅𝑠)
𝑛2𝐾ಳ𝑇 ቇ቉ −

𝑉 − 𝐼𝑅𝑠
𝑅𝑠ℎ

(1)

Where 𝐼𝑝ℎ denotes the photogenerated current, 𝐼01 and n1 indicate the first diode's saturation
current and ideality factor,𝐼02 and n2 indicate the second diode's saturation current and ideality  factor,
𝑅𝑠ℎ and 𝑅𝑠 account for parallel and serial resistances and  T is the p-n junction’s absolute

temperature, and ( q ) is the elementary charge (≈1.6×10−1ଽC), V is the applied voltage [17, 18].
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Fig. 1. Solar cell's two-diode equivalent circuit model.

Fig. 2. Shows I-V and P-V output characteristic of solar cell [19].

The photogenerated current I_ph can be found as follows [20, 21] :-

𝐼𝑝ℎ = ൬
𝐺
𝐺𝑠𝑡௖

൰ ൛𝐼𝑝ℎ,𝑠𝑡௖ + 𝐾௜(𝑇 − 𝑇𝑠𝑡௖)ൟ (𝟐)

Where 𝐺 is the solar radiation, 𝐺𝑠𝑡௖is the solar radiation under  standard temperature
conditions, 𝐼𝑝ℎ,𝑠𝑡௖ is the photogenerated  a current is the current coefficient, and 𝑇𝑠𝑡௖is the
temperature under standard temperature conditions (stc). The parameters at open-circuit voltage 𝑉௢௖
short -circuit current 𝐼𝑠௖ and short circuit current 𝐼𝑠௖ can be calculated as [20]:

𝐼 = 𝐼01 ൜𝑒
ቀ 𝑉೚೎
𝑛1𝑉𝑡ቁ − 1ൠ + 𝐼௢2 ൜𝑒

ቀ 𝑉೚೎
𝑛2𝑉𝑡ቁ − 1ൠ + ൬

𝑉௢௖
𝑅𝑠ℎ

൰ (𝟑)

𝐼𝑠௖ = 𝐼𝑝ℎ − 𝐼01 ൜𝑒𝑥𝑝 ൬
𝐼𝑠௖𝑅𝑠
𝑛1𝑉𝑡

൰ − 1ൠ − 𝐼02 ൜𝑒𝑥𝑝 ൬
𝐼𝑠௖𝑅𝑠
𝑛2𝑉𝑡

൰ − 1ൠ − ൬
𝐼𝑠௖𝑅𝑠
𝑅𝑠ℎ

൰ (𝟒)

The fill factor reduced as (FF) is used to calculate the solar cell's top power output. The fill factor
is the ratio of the top power of a solar cell to the production of .𝑉௢ and 𝐼𝑠௖ as below [9]:

𝐹𝐹 =
𝑃𝑚௔𝑥

𝐼𝑠௖𝑉௢௖
(𝟓)

Where 𝑃𝑚௔𝑥 the maximum out power of solar cell ,the relationship between 𝐼𝑠௖ and 𝑅𝑠, which
is derived from Eq. (1).
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𝐼𝑠௖ = 𝐼𝑝ℎ −
𝐼𝑠௖𝑅𝑠
𝑅𝑠ℎ

(𝟔)

The solar cell's conversion efficiency is defined as [7]:

𝜂 =
𝑃𝑚௔𝑥

𝑃௜𝑛
=
𝐹𝐹 𝑉௢௖𝐼𝑠௖

𝑃௜𝑛
(𝟕)

The input power ( 𝑃௜𝑛 ) is specified  by the features of the light spectrum incident (kW/𝑚2)
on the solar cell, therefore, the input power for efficiency  equal the  product to  ( 1 kW/𝑚2 and
solar cell's Area) . So, the input power for a (160 * 80.4) cm is (1.286 W).

3. Result and Discussion
To investigate the effect of the series resistance on the behavior of the electrical parameter of

a solar cell by using the double-diode equivalent circuit model for a p-n junction solar cell, which
understudy by using the simulation software multisim. Multisim includes a broad set of SPICE
analysis to study the circuit behavior.  These analysis range from basic to advanced. Each analysis is
provided  with beneficial information, such as the implications of component tolerances and
sensibilities. To do the analysis, some pieces of information are required to specify the parameters.
This will assist the used software (Multisim) what and how to analyze the required parameters. Fig.
3 shows the flowchart of the simulation process as DC weep and Table 1 explains the impact of series
resistance increase  on the performance parameters of a solar cell.

Fig. 3. A flowchart of the simulation process.
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Table 1. Impact of series resistance on performance parameters.

3.1. Output characteristic of the solar cell via DC sweep analysis.
It is apparent from the results shown in Fig. 5 and Fig. 6 that the I-V and P-V characteristics of

solar changed due to the effect of series resistance which equal to (0.03 ohm and 0.5 ohm)
respectively, by using   the DC sweep Analysis which is simulated in Multisim. Clearly, there is  a
decrease in the area under the properties of the I-V curve which is in agreement with findings of
Fahmy et al [14] .

Fig. 5. P-V and I-V curve at series resistance Rୱ = 0.03Ω.

Fig. 6. P-V I and I-V curve at series resistance Rୱ = 0.5 Ω.

𝛈%FF𝑽𝒐𝒄 (V)𝑰𝒔𝒄 (A)
𝑷𝒎𝒂𝒙(

W)

V))

𝑽𝒎

𝑰𝒎(A)𝑹𝒔

𝛀

460.70.84350.99950.601650.60.9040.03

440.680.84350.9990.5680.06310.9000.06

420.640.84350.99850.536610.00.8790.09

400.620.84350.9980.5200.5880.8850.12
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3.2. Effect 𝑹𝒔on the performance of output a solar cell

The I–V and I-P characteristics curves of the solar cell for different values of series resistance
( 0.03 Ω to 0.5 Ω) are illustrated in Fig. 7 , Fig 8, respectively. Fig. 7 shows that the increase in the
series resistance leads to a reduce in the area under the curve. This means that the curve shifted to the
left. Consequently, the impact of the series resistance is more significant on the shape of the I-V
curve. This findings agree with the results of Koffi et al [17].

Fig. 7. I-V curves with the impact of increasing series resistance.

Fig. 8. P-V curves with the impact increasing series resistance.

3.3. Variation of 𝑰𝒔𝒄 , 𝑷𝒎𝒂𝒙 , 𝑽𝒐𝒄 and  FF with 𝑹𝒔

Parameters of 𝑉௢௖ , Pmax, Isc are extracted from the characteristic curve in Fig. 7 , Fig. 9 shows
the open-circuit voltage 𝑉௢௖ which is nearly constant. Thus, it decreases slightly by ∼0.0032 V when
the series resistance is increased from (0.12 Ω to 0.5 Ω). This is because the series resistance (𝑅𝑠 )
has no effect on the open-circuit voltage, but the short-circuit current decreased from 0.999 to 0.989
A. This might because the power  loss which leads to a decrease in the maximum value of voltage
and electrical current as shown in Table 1. The conducted results are consistent with the results
reported by Dyk and Meyer [2].
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Fig. 9. Variatio of n V୭ୡ , Iୱୡ with Rୱ .

The effect of series resistance on all of PMୟ୶ and FF of a the solar cell is shown in Fig. 10. The
results  revealed that the maximum  power and fill factor decreased  as series resistance increased.
Therefore, the performance of the solar cell  degraded.  These results are in line with the results of
Deepthi et al [22], Damian. G and Y. Galagan [22] and Alfredo and   Rune [23].

Fig. 10. Variation PMୟ୶ , FF with Rୱ

3.4. Efficiency

According to Eq. (7), the efficiency of the solar cell was calculated and  the values of efficiency
are listed in Table 1. The simulation results suggest that 𝑅𝑠 remarkably affects the value of η of the
solar cell. It can be observed from Fig. 11 that the calculated efficiency decreases  with increasing
𝑅𝑠 and accordingly there is a decrease in the output power of the solar cell due to the ohmic
resistance. The collected results  agree with the results reported by Masaaki et al [14] and Hongliang
et al [16].

Fig. 11 . Variation efficiency η with Rୱ.
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4. Conclusion

In the present study, the influence of series resistance on the performance of solar cells was
investigated utilizing the simulation performed by Multisim software. The DC Sweep Analysis was
used to estimate V-I Characteristics and  P-V curve for the double diode model. The results show that
further increase in 𝑅𝑠 has a direct effect on the solar cell's electrical parameters. At room
temperature, the short-circuit current, fill factor FF, maximum power 𝑃𝑚௔𝑥 and efficiency decrease
linearly with the increase of series resistance, but it has no effect on the open-circuit voltage.  This
work  illustrates effectively and decisively that series resistances can be detrimental to the
performance of the solar cell. Based on the collected results, it is recommended to use Multisim
simulation software to investigate the performance of solar cells.
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  مادختساب ةیسمشلا ةیلخلل ةیئابرھكلا تلاماعملا ىلع ةیلسلستلا ةمواقملا ریثأت ةسارد
Multisim ةاكاحملا جمانرب
*ھمیعط ریثن يلع

  قارعلا ،ةیرصانلا ،راق يذ ةعماج ،مولعلاةیلك ،ءایزیفلا مسق

 ثحبلا تامولعم صخلملا

 تلاماعملا ىلع𝑅𝑠ةیلسلستلا ةمواقملا ریثأتل ةیرظن ةساردنع ةرابع يلاحلا لمعلا
𝑉௢௖ةحوتفملا ةرئادلا دھج يھوةیسمشلا ةیلخلل ةیئابرھكلا 𝐼𝑠௖ةرئادلا رصق رایت, ,

ةاكاحملاجمانربمادختسابηةیسمشلا ةیلخلا لیوحت ةءافكوFFءلاتملاا لماع
multisim.ىلع يوتحت يتلا ةیسمشلا ةیلخلل ةئفاكملاةرئادلا جذومن دامتعا مت ثیح

ةیلسلستلا ةمواقملا ریثأت نم ققحتلا لجا نمةیلخلل ةاكاحملا ةیلمع يف نانثا تادویاد
−0.03Ω) نیب ةمواقمللمیق رایتخا مت ةیسمشلا ةیلخلا ءادا ىلع 0.5Ω). 
  لكشبو جارختسامت كلذ دعبوI-Vصاوخلا تاینحنم ىلع لوصحلامت ةاكاحملا نمو
  ةیرظنلا تلاداعملاب ةناعتسلاا مث نمو ةیسمشلا ةیلخللةیئابرھكلا تاریغتملامیق رشابم
  متةیلسلستلا ةمواقملا ةمیق ةدایز دنع جئاتنلا نمو ءلاتملاالماعو ةءافكلا باسحل
  لماع يف يطخ صقانت لوصح يلاتلابوةیلخلل رصقلا رایت يف ضافخنا ةظحلام
  ةمواقملل ةریبكلا میق دنع حضاو ریثأتلااذھ نوكیو ةیسمشلا ةیلخلل ةءافكلاو ءلاتملاا
  ةرئادلا دھج ىلع ةیلسلستلا ةمواقمللحضاو ریثأت كانھ نكی مل نكلو ةیلسلستلا
  ةیسمشلا ةیلخلا لمع ىلعراض ریثأت تاذ ةیلسلستلا ةمواقملا  نا جتنتسنكلذل .ةحوتفملا
ةاكاحملا جمانرب نا جتنتسن اضیاو ةیلخلل جارخلاا ةردقو رایت ضافخنا ةجیتن

multisimةاكاحملا لمع يف ةیلاع ةءافكو ةیلاعف تاذ.
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