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Abstract 
Making use of previous results where the series resistance, Rs, and the light-generated current, IL, of a solar cell are determined 

through the knowledge of the open-circuit voltage, Voc, the short circuit current, Isc, the voltage and current at the maximum 

power point, Vmp and Imp. A simple and analytical step by step approach has been developed to determine the shunt resistance, 

Rsh, the reverse saturation current, Is and the ideality factor, A, of a solar cell. Making use of these results and with the 

knowledge of the operating temperature, T, this work demonstrates that a single I-V curve is enough to fully solve the 

transcendental equation governing the behaviour of a solar cell in the Single-Diode Model. 

Keywords: Solar cell, Single-Diode Model, Series resistance, Light-generated current, Shunt resistance, Short circuit 

current, Reverse Saturation Current.

Introduction 
The Single-diode model 
Modeling a solar cell is a basic means for extracting the 

effective operating values of the parameters governing the 

behaviour of the device. For the determination of these 

parameters, various models have been developed. The most 

widely used among existing models is the Six-Parameter model 

or Single-Diode model. In this model, the equation governing 

the behaviour of the cell is formulated as a transcendental 

exponential equation involving six parameters namely the light-

generated current (IL), the reverse saturation current (IS), the 

operating temperature, (T), the shunt resistance, (Rsh), the series 

resistance, (RS), and the ideality factor, A. The most 

investigated parameter out of the six is the series resistance. 

This is because the series resistance affects the output power of 

the solar cell more than any other parameter. However, the 

shunt resistance which determines the leaking currents along 

the edges of the solar cell is equally important in the analysis of 

the performance of a solar cell [1]. Also, in some models such 

as the Five-Parameter model, the ideality factor, which is a 

measure of how close the equation describes the ideal diode, is 

arbitrarily set to unity [2]. Hence, the single-diode model is 

represented by the equivalent circuit shown in Figure 1. The 

circuit consists of: 

(i) a current generator representing the source of current

production when the inherent voltage across the

junction is connected to an external load

(ii) a diode expressing the requirement of a threshold

energy level for the photons to trigger a significant

production and circulation of paired electrons and

holes across the junction

(iii) a series resistance representing the metal-

semiconductor contact resistance, the ohmic resistance

in the metal contacts, and the ohmic resistance in the

semiconductor material

(iv) a shunt resistance representing the leaking currents

along the edges of the solar cell

From Figure 1, the current produced by the solar cell is equal to 

that produced by the current source, IL minus that which flows 

through the diode, ID, and the shunt resistor, ISh. The equation 

governing the current flowing across the load is hence given by 

equation 1 [2]: 

Figure 1: The equivalent circuit of a solar cell 

𝐼 = 𝐼𝐿 − 𝐼𝑠 [𝑒
[
𝑞(𝑉+𝐼𝑅𝑠 )

𝐴𝑘𝐵𝑇
]

− 1] −
𝑉+𝐼𝑅𝑠

𝑅𝑠ℎ
(1) 

where I is the output current, T the operating temperature, Is the 

reverse saturation current, q the unit electrical particle charge, 

𝐾𝐵, Boltzmann constant and A the ideality factor. Therefore,

the relevant six parameters of the model are T, IL, Is, Rs, Rsh and 

A. 

To determine one or more of these parameters, several 

approaches ranging from analytical to computer-based 

solutions have been developed [2]. In this paper, a simple and 

analytical approach, shown to underpin an existing computer-

based approach in determining the series resistance of a solar 

cell has been used. 

Experimental solutions 
One of the earliest approaches to the solution of equation 1 is 

experiment-based and involves the determination of Rs through 

the measurement of the output current of the cell which is 

exposed to light of known intensity [3]. Indeed, it is the case 

that most studies are concerned with just only one parameter of 

the photovoltaic phenomenon [4], [5]. Later, several 

approaches which deal with more than one parameter have been 

developed and the most common approach involves the use of 

I-V curves plotted for different irradiances (usually, two values

of irradiance) as recommended by the European standard [6].

However, analytical approaches providing more accurate

results have been widely used [7].

Analytical approaches
To obtain more accurate results close to the expected values,

analytical approaches have been used widely to investigate and

determine some or all the parameters of solar cells. Some of

them may need mathematical manipulations such as the mean
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value theorem [8] or measured [7]. Others may need existing 

parameters [9] to determine the investigated parameters. Also, 

some approaches depend on a model said to be simple to use 

and known as Rauschenbach’s model [10]. In this case, the 

current generated by the solar device is plotted against the 

voltage and three characteristic points of this I-V curve, namely 

the short circuit current, (Is, 0), the open circuit voltage (Voc, 0) 

and the maximum power point (Im, Vm) are used to derive the 

following equation for the current, I [11]: 

𝐼 = 𝐼𝑆𝐶 [1 − 𝐶1𝑒
[

𝑉

𝐶2𝑉𝑜𝑐
 − 1]

] (2) 

where 

𝐶1 = (1 −  
𝐼𝑚𝑝

𝐼𝑠𝑐
)𝑒

[
−𝑉𝑚𝑝

𝐶2𝑉𝑜𝑐
1]

(3) 

and 

𝐶2 =  
[

𝑉𝑚𝑝

𝑉𝑜𝑐
−1]

𝑙𝑜𝑔[1−
𝐼𝑚𝑝

𝐼𝑠𝑐
]

(4) 

where Vmp, Voc, Imp, and Isc carry their usual meanings. 

Special functions-based solutions 
One form of solution uses Lambert W-function [12], [13]. This 

function, defined as the reverse function of xex {W[u(x)eu(x)]

= u(x)} and well established in electronics, is used to determine 

either some or the whole set of the parameters of a solar cell. 

This approach has been extended to organic solar cells [14], 

[15].  

Another form of this approach is the use of the Special Trans 

Function Theory (STFT) to determine the series resistance and 

the ideality factor. [16]. 

An additional approach to those special-functions-based 

solutions has been developed by normalizing the current and 

voltage by dividing observed values of current (or voltage) by 

the short circuit current (or Open-circuit voltage). One major 

advantage of this method is that one may obtain the maximum 

power point without iterative calculations. [17]. 

Simulations or Digital Forms of solutions 
Digital forms or computer-based solutions of the equations 

governing the output of solar devices are most often used when 

the behaviour of the devices are simulated either experimentally 

in a laboratory or with a computer. Some of the simulation 

software used are AMPS-1D® (Analysis of Microelectronic 

and Photonic Structures for One Dimension) developed by the 

Center for Nanotechnology Education and Utilization of 

Pennsylvania State University.  

Figure 2: A sample I-V curve illustrating the five operating 

points provided by the Sandia performance model [18] 

These are very general codes for simulating the current-voltage 

behaviour of solar devices, among others. Some other digital 

forms are customized to the technology or equipment used to 

simulate the solar device. Among them are the Sandia National 

Labs Model [18], [19], and the Agilent Technology method to 

determine the series resistance and the shunt resistance. 

The Sandia National Labs Model predicts the electrical output 

at short circuit, maximum power, open-circuit, midway 

between short circuit and maximum power, and midway 

between maximum power and open-circuit, as illustrated by the 

points in Figure 2. 

In the Agilent Technology method [20], [21], a graphical 

approach (Figure 3) and a set of equations (equations 5 to 8) are 

used to determine the necessary parameters, as shown below.  

𝑉 =

Voc×ln[2−(
𝐼

Isc
)𝑁]

ln (2)
−RS×(𝐼−Isc)

1+
RS× Isc

Voc

(5) 

RS =
Voc−Vmp

Imp
(6) 

𝑁 =
ln(2−2𝑎)

ln (
Imp

Isc
)

(7) 

𝑎 =
Vmp ×(1+RS×

Isc
Voc

)+RS×(Imp−Isc)

Voc
(8) 

where V is the output voltage, Vmp and Imp are the voltage and 

current at the maximum power point respectively, and a and N 

are inbuilt algorithm-based parameters with N strongly related 

to the shunt resistance. 

Figure 3: The Agilent Technology method to determine the 

series and the shunt resistances [20] 

Background: A new formulation of The Shockley 
Five-Parameter model of a solar cell 
Previous works [22], [2] have shown that equation 1 can be 

presented as follows: 

𝐼(1 +
𝑅𝑠

𝑅𝑠ℎ
) = 𝐼𝐿 − 𝐼𝑠 [𝑒[

𝑞(𝑉+𝐼𝑅𝑠)

𝐴𝑘𝑇
] − 1] −

𝑉

𝑅𝑠ℎ
(13) 

and, by dividing both sides by 𝛼𝐾 =  (1 +
𝑅𝑠

𝑅𝑠ℎ
) (14) 

𝐼 =
𝐼𝐿

(1+
𝑅𝑠

𝑅𝑠ℎ
)

−
𝐼𝑠

(1+
𝑅𝑠

𝑅𝑠ℎ
)

[𝑒[
𝑞(𝑉+𝐼𝑅𝑠)

𝐴𝑘𝑇
] − 1] −

𝑉

𝑅𝑠+𝑅𝑠ℎ
(15) 

hence established that 

I=[I𝑠𝑐 −
𝑉

𝑅𝑠+𝑅𝑠ℎ
] − [

𝐼𝑠

(1+
𝑅𝑠

𝑅𝑠ℎ
)

(𝑒[
𝑞(𝑉+𝐼𝑅𝑠)

𝐴𝑘𝑇
] − 1)]  (16) 

Where 

𝐼𝑠𝑐 =
𝐼𝐿

1+
𝑅𝑠

𝑅𝑠ℎ

(17) 

𝐼𝑆𝐾  = 
𝐼𝑠

(1+
𝑅𝑠

𝑅𝑠ℎ
)

(18) 

and 
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𝐺𝐾 =
1

𝑅𝐾
=

1

𝑅𝑠+𝑅𝑠ℎ
(19) 

is the slope of the linear component guiding the behaviour of 

the device before the maximum power point. 

Hence equation 16 becomes 

I=[I𝑠𝑐 −
𝑉

𝑅𝐾
] − [𝐼𝑆𝐾 (𝑒[

𝑞(𝑉+𝐼𝑅𝑠)

𝐴𝑘𝑇
] − 1)] (20) 

Furthermore, it has been shown [22] that equation 13 is the 

same as  

I= ISC[1 − 𝑒[
𝑞(𝑉+𝐼𝑅𝑠−𝑉𝑜𝑐)

𝐴𝑘𝑇
] − 𝑒[

−𝑞𝑉𝑜𝑐

𝐴𝑘𝑇
]] −

𝑉

𝑅𝑠+𝑅𝑠ℎ
(21) 

In line with the above set of equations, previous works have 

established that: 

• the light-generated Current, 𝐼𝐿 , can be expressed as a

function of the short circuit current, 𝐼𝑆𝐶 , and the series

and shunt resistances, 𝑅𝑆 and 𝑅𝑠ℎ respectively [23]:

𝐼𝐿 = (1 +
𝑅𝑠

𝑅𝑠ℎ
) 𝐼𝑠𝑐  (22) 

• the series resistance, Rs, can be expressed as follows

[2]:

RS =
Voc−Vmp

Imp
(23) 

NB: Since the European Standard [6] imposes that the process 

of characterizing a solar cell through its I-V curve should be 

performed at constant temperature and irradiance, the operating 

temperature is most often known or given. Also, recalling that 

the relevant parameters are IL, Is, T, Rs, Rsh, and A, and making 

use of these two results, this work focuses on the determination 

of the other remaining parameters in an attempt to obtain a 

general solution to the six-parameter model or single-diode 

model of a solar cell. 

An analytical step by step solution 
The Shunt resistance 

As illustrated by Figure 4 [24], it has been established that 

the shunt resistance affects mostly the output current and 

subsequently the output power of a solar cell before the 

maximum power point. 

Figure 4: Effect of reducing the shunt resistance [24] 

From equation 1, one can derive 

𝐼𝐿  = 𝐼 + 𝐼𝑠 [𝑒
[
𝑞(𝑉+𝐼𝑅𝑠 )

𝐴𝑘𝐵𝑇
]

− 1] +
𝑉+𝐼𝑅𝑠

𝑅𝑠ℎ
(24) 

Applied at the short circuit current and the maximum power 

point, respectively, equation 24 becomes 

𝐼𝐿  = (1 +
𝑅𝑠

𝑅𝑠ℎ
)𝐼𝑠𝑐 + 𝐼𝑠 [𝑒

[
𝑞(𝐼𝑠𝑐𝑅𝑠 )

𝐴𝑘𝐵𝑇
]

− 1] (25) 

and 

𝐼𝐿  = (1 +
𝑅𝑠

𝑅𝑠ℎ
)𝐼𝑚𝑝 +

𝑉𝑚𝑝

𝑅𝑠ℎ
+ 𝐼𝑠 [𝑒

[
𝑞(𝑉𝑚𝑝+𝐼𝑚𝑝𝑅𝑠 )

𝐴𝑘𝐵𝑇
]

− 1] 

(26) 

By equating component by component equations 25 and 26, it 

can be shown that 

(1 +
𝑅𝑠

𝑅𝑠ℎ
)𝐼𝑠𝑐 =  (1 +

𝑅𝑠

𝑅𝑠ℎ
)𝐼𝑚𝑝 +

𝑉𝑚𝑝

𝑅𝑠ℎ
(27) 

and multiplying both sides by 𝑅𝑠ℎ leads to

(𝑅𝑠 + 𝑅𝑠ℎ)(𝐼𝑠𝑐 − 𝐼𝑚𝑝)= 𝑉𝑚𝑝 (28) 

hence 

(𝑅𝑠 + 𝑅𝑠ℎ)= 
𝑉𝑚𝑝

𝐼𝑠𝑐−𝐼𝑚𝑝
(29) 

or 

(𝑅𝑠 + 𝑅𝑠ℎ) = 
1

𝐺𝐾
= 𝑅𝐾 =  |

𝑉𝑚𝑝−0

𝐼𝑚𝑝−𝐼𝑠𝑐
| (30) 

Consequently,  

𝑅𝑠ℎ =  𝑅𝐾 − 𝑅𝑠     (31)

where 𝑅𝐾 is the reverse of the slope between the maximum

power point and the short circuit current. 

Alternatively, the shunt resistance can be determined using 

equation 21. Indeed, it can be shown that  

𝑉𝐾 = 𝑉 + 𝐼𝑅𝑠 −

𝑉𝑜𝑐 {

< 0    before  the maximum power point
= 0    at  the maximum power point         
> 0   after  the maximum power point

  (32)

so that for 0 ≤ 𝑉 ≤ 𝑉𝑚𝑝

1 − 𝑒[
𝑞(𝑉+𝐼𝑅𝑠−𝑉𝑜𝑐)

𝐴𝑘𝑇
] − 𝑒[

−𝑞𝑉𝑜𝑐

𝐴𝑘𝑇
] ≅ 0 (33) 

Hence 

I =  ISC −
𝑉

𝑅𝑠+𝑅𝑠ℎ
= ISC −

𝑉

𝑅𝐾
(34) 

The present approach for determining the shunt resistance of a 

solar cell is simpler as compared to the Agilent Technology 

method in which N as defined by equations 7 and 8 is said to be 

strongly related to 𝑅𝑠ℎ.
Park and Choi [25] have shown that the maximum possible 

value of the shunt conductance, 𝐺𝑠ℎ, is:

0 ≤ 𝐺𝑠ℎ ≤
𝐼𝑠𝑐−𝐼𝑚𝑝

𝑉𝑚𝑝
(35) 

Indeed, and per the results in that work, 𝐺𝑠ℎ =
𝐼𝑠𝑐−𝐼𝑚𝑝

𝑉𝑚𝑝
 only and 

if only 𝑅𝑠 ≈ 0. But that is not always the case. Therefore, it can

be said that the present approach gives better accuracy than the 

Park and Choi results. 

Also, existing work [26], defining 𝑈 = 𝑉 + 𝐼𝑅𝑠 and

decomposing before the maximum power point the exponent 

component of equation 1 in the form of a Taylor series limited 

to the first degree, i.e. 

𝑒[
𝑞𝑈

𝐴𝑘𝑇
]≈1+

𝑞𝑈

𝐴𝑘𝑇 (36) 

has shown that: 

𝑅𝑠ℎ =

1+ 
𝑈𝑜𝑐−𝑈𝑚𝑝

𝑒
[

𝑞𝑈𝑜𝑐
𝐴𝑘𝐵𝑇]

−𝑒
[
𝑞𝑈𝑚𝑝
𝐴𝑘𝐵𝑇 ]

 × 
𝑞

𝐴𝑘𝐵𝑇

𝐼𝑠𝑐−𝐼𝑚𝑝

𝑈𝑚𝑝
 − 

𝐼𝑚𝑝

𝑒
[

𝑞𝑈𝑜𝑐
𝐴𝑘𝐵𝑇]

−𝑒
[
𝑞𝑈𝑚𝑝
𝐴𝑘𝐵𝑇 ]

 × 
𝑞

𝐴𝑘𝐵𝑇

(37) 

Then, assuming that expression 
1

𝑒
[

𝑞𝑈𝑜𝑐
𝐴𝑘𝐵𝑇

]
−𝑒

[
𝑞𝑈𝑚𝑝
𝐴𝑘𝐵𝑇

]
× 

𝑞

𝐴𝑘𝐵𝑇
(38) 

𝑹𝒔𝒉  decreasing 
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is a very small value, that may not always stand, he concludes 

that  

𝑅𝑠ℎ =
𝑈𝑚𝑝

𝐼𝑠𝑐−𝐼𝑚𝑝
(39) 

The result obtained by the present work agrees with the results 

of previous approaches. It is also a simpler and improved way 

of determining 𝑅𝑠ℎ.

The ideality factor 
As has already been pointed out, the ideality factor, A, is a 

measure of how closely the basic Shockley equation describes 

the ideal diode. Therefore, its determination is important for the 

full application of the Shockley equation. Figure 5 [27] shows 

that variations in the ideality factor, A, affect the output power 

of the solar cell, mainly after the maximum power point.  

Figure 5: Effect of reducing the ideality factor [27] 

The ideality factor, A, affects the efficiency of the solar cell, 

hence, cells are made “ideal” by reducing the ideality factor to 

unity [28].  

Equation 20 is recalled and rearranged as follows: 

𝐼 = 𝐼𝑆𝐶 − {𝐼𝑆𝐾 [𝑒[
𝑞(𝑉+𝐼𝑅𝑠)

𝐴𝑘𝑇
] − 1] +

𝑉

𝑅𝑠+𝑅𝑠ℎ
}  (40)

It is also recalled that for T = 298 K (25 °C), 1≤  𝐴 ≤ 2 and 

𝑉 ≥ 0.5 𝑉, 
𝑞𝑉

𝐴𝑘𝑇
 ≥ 20, hence at higher voltages, the exponential

term that contains the ideality factor, A, is very large, so that 
𝑉

𝑅𝑠+𝑅𝑠ℎ
≪  𝐼𝑆𝐾 [𝑒[

𝑞(𝑉+𝐼𝑅𝑠)

𝐴𝑘𝑇
] − 1] (41) 

and 

𝑒[
𝑞(𝑉+𝐼𝑅𝑠)

𝐴𝑘𝑇
] ≫ 1 (42) 

Thus, equation 20 is reduced to 

I=Isc- ISK[𝑒[
𝑞(𝑉+𝐼𝑅𝑠)

𝐴𝑘𝑇
] − 1] (43) 

So that for any couple of points A and B selected after the 

maximum power point, 

𝐼𝑆𝐾𝑒
[

𝑞(𝑉𝐴+𝐼𝐴𝑅𝑠)

𝐴𝑘𝑇
]

= 𝐼𝑆𝐶 −      𝐼𝐴 (44) 

𝐼𝑆𝐾𝑒
[

𝑞(𝑉𝐵+𝐼𝐵𝑅𝑠)

𝐴𝑘𝑇
]

= 𝐼𝑆𝐶 −      𝐼𝐵 (45) 

𝑒
[

𝑞

𝐴𝑘𝑇
{(𝑉𝐴+𝐼𝐴𝑅𝑠)−(𝑉𝐵+𝐼𝐵𝑅𝑠)}]= 

𝐼𝑆𝐶  − 𝐼𝐴
𝐼𝑆𝐶 −𝐼𝐵  (46) 

𝑞

𝐴𝑘𝑇
[(𝑉𝐴 − 𝑉𝐵) + (𝐼𝐴 − 𝐼𝐵)𝑅𝑠] = 𝑙𝑛 [

𝐼𝑆𝐶  − 𝐼𝐴

𝐼𝑆𝐶 −𝐼𝐵
]  (47) 

hence 

𝐴 =
𝑞

𝑘𝑇
[

(𝑉𝐴−𝑉𝐵)+(𝐼𝐴−𝐼𝐵)𝑅𝑠

𝑙𝑛[
𝐼𝑆𝐶  − 𝐼𝐴
𝐼𝑆𝐶 −𝐼𝐵

]
]  (48) 

An alternative approach is to rewrite equation 43 as follows: 

𝑒[
𝑞(𝑉+𝐼𝑅𝑠)

𝐴𝑘𝑇
] − 1 =

𝐼𝑆𝐶−𝐼

𝐼𝑆𝑅
(49) 

that gives 

V= 
𝐴𝑘𝑇

𝑞
𝑙𝑜𝑔 [1 +

𝐼𝑆𝑐−𝐼

𝐼𝑆𝑅
] − 𝐼𝑅𝑠 (50) 

The above formulation is already used in the literature [29]. 

Nevertheless, an improvement in this use as suggested by the 

present work is to select two different points A and B to help 

eliminate the reduced reverse saturated current 𝐼𝑆𝑅  from the

equation, and, with 𝐼𝑆𝑅  ≪  𝐼𝑠𝑐, 

VA=
𝐴𝑘𝑇

𝑞
𝑙𝑜𝑔 [1 +

𝐼𝑠𝑐−𝐼

𝐼𝑆𝑅
] − 𝐼𝐴𝑅𝑆 (51) 

VB=
𝐴𝑘𝑇

𝑞
𝑙𝑜𝑔 [1 +

𝐼𝑠𝑐−𝐼

𝐼𝑆𝑅
] − 𝐼𝐵𝑅𝑆 (52) 

one can write 

VA-VB =
𝐴𝑘𝑇

𝑞
𝑙𝑜𝑔 [

𝐼𝑠𝑐−𝐼𝐴

𝐼𝑠𝑐−𝐼𝐵
] − 𝑅𝑆[  𝐼𝐴−𝐼𝐵] (53) 

hence 

𝐴 =  
𝑞

𝑘𝑇

(𝑉𝐴−𝑉𝐵)+𝑅𝑆(𝐼𝐴−𝐼𝐵)

𝑙𝑜𝑔[
𝐼𝑆𝐶−𝐼𝐴
𝐼𝑆𝐶−𝐼𝐵

]
(54) 

which is the same as equation 48 obtained by the present work. 

Reverse saturation current 
To determine the reverse saturation current, we recall [30] that 

𝐼𝑠 = 𝐼𝐿𝑒[−
𝑞𝑉𝑂𝐶
𝐴𝑘𝑇

]
(55) 

Hence, the reverse saturation current is found to be 

𝐼𝑠 = (1 +
𝑅𝑠

𝑅𝑠ℎ
) 𝐼𝑆𝐶𝑒[−

𝑞𝑉𝑂𝐶
𝐴𝑘𝑇

] = 𝛼𝐾 𝐼𝑆𝐶𝑒[−
𝑞𝑉𝑂𝐶
𝐴𝑘𝑇

]
(56) 

Conclusion 
In this work, we have shown that knowledge of the four key 

parameters of an I-V curve, namely the short circuit current, Isc, 

the voltage and current at the maximum power point, Vmp and 

Imp, and the open circuit voltage, Voc, can be used to determine 

the five unknown parameters of the single-diode model of a 

solar cell. To do so, one determines, step by step, in the 

following order: 

• the series resistance expressed against the four key

parameters mentioned above,

• the shunt resistance through the determination of the

slope of the straight line joining the short circuit current

and the maximum power point,

• the light generated current through the short circuit

current and the series and shunt resistances,

• the ideality factor through two arbitrary points on the I-V

curve, selected after the maximum power point, and

• the reverse saturation current, with the aid of the light

generated current and the ideality factor.

Since I-V characteristics analysis assumes operation at constant 

irradiance and temperature, it follows that one of the parameters, 

T, in the single-diode model, is known at initio. Therefore, the 

present work has established a step by step method for solving 

the single-diode model of a solar cell.  
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