NUST Journal of Engineering Sciences, Vol. 15, No. 2, 2022

A Step by Step Analytical Solution to the Single Diode Model of a
Solar Cell

H. A. Koffi', E. A. Armah', K. Ampomah-Benefo', D. Dodoo-Arhin2

1Dept. of Physics, School of Physical and Mathematical Sc., University of Ghana, LG 63, Legon
2Dept. of Material Sciences, School of Engineering, University of Ghana, LG 77, Legon
Corresponding Author: Hubert Azoda Koffi; hakoffi@ug.edu.gh
Received: 01-11-2022, Received in Revised form: 21-12-2022, Accepted: 21-12-2022, Published: 31-12-2022

Abstract

Making use of previous results where the series resistance, Rs, and the light-generated current, I, of a solar cell are determined
through the knowledge of the open-circuit voltage, Vo, the short circuit current, ls, 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,
Rsn, 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.
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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 (I.), 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) acurrent generator representing the source of current
production when the inherent voltage across the
junction is connected to an external load

(if) 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, I minus that which flows
through the diode, Ip, and the shunt resistor, Ish. The equation
governing the current flowing across the load is hence given by
equation 1 [2]:
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Figure 1: The equivalent circuit of a solar cell
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where | is the output current, T the operating temperature, Is the
reverse saturation current, ¢ the unit electrical particle charge,
Kz, Boltzmann constant and A the ideality factor. Therefore,
the relevant six parameters of the model are T, I, 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, | [11]:

\4
=l [1 - cle[CzVoc‘ 1]] )
where
I [_Vﬂ1
€1 = (1 — TB)elcavoc 3)
and
Vmp_1
C, = [Voc ] (4)

log[l—l;an
where Vimp, Voc, Imp, and lsc 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 xe* {W[u(x)e"®]
= 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
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Figure 2: A sample I-V curve illustrating the five operating
points provided by the Sandia performance model [18]
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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.

X —1HN
Voc lTr[lz(zglsc) ]—RSX(I—ISC)

V= 1 RsXTsc (5)
— Voc
Re = oc~ Vmp 6
s = o ©®)
In(2-2%)
N = 7
7 )
Vinp X (1+RS><‘I/S—C)+RS><(Imp—ISC)
= 2 (®)
VOC

where V is the output voltage, Vimp 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.
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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:

q(V+IRS)]
I+ )—IL—I[ AT | — ]—R— (13)
sh
and, by dividing both sides by ax = (1 + RR— (14)
sh
( )
=1 _ [ o 1] - (15)
(1+RS—Sh) (1+—) Rs*Rsh
hence established that
[q(V+IRs)]
1= [ sc RS+R5h] (1+—) AT B 1) (16)
Where
IL
e ="T% 17)
"Rsn
1
Iep = —3 18
= i (18)
and
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-1t __1
Gy = Rk Rs+Rgp (19)

is the slope of the linear component guiding the behaviour of
the device before the maximum power point.

Hence equation 16 becomes
v [q(V+1Rs)]
1=t - 2] - [ISK (elwr] - 1)] (20)
Rk
Furthermore, it has been shown [22] that equation 13 is the
same as

_ [q(V+IRs—Voc)] —qVoc] v
I= |sc[1 —e AKT — el AkT J] - RS+Rn (21)
In line with the above set of equations, previous works have
established that:
o the light-generated Current, I;, can be expressed as a
function of the short circuit current, I, and the series
and shunt resistances, Rg and Ry, respectively [23]:

= (1452 L (22)
e the series resistance, Rs, can be expressed as follows
)
Rg = °‘; s (23)
mp

NB: Since the European Standard [6] imposes that the process
of characterizing a solar cell through its 1-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 I, 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.

R, decreasing

Qutput Current

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

From equation 1, one can derive

q(V+IRs)
I, =1+1 [e[ AegT ]—1] + s

(24)

sh
Applied at the short circuit current and the maximum power
point, respectively, equation 24 becomes

[Q(IscRs )]
I, =1 +o )ISC + I [ AkpT | — 1] (25)
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:

(26)
By equating component by component equations 25 and 26, it
can be shown that
7o = (L 72y + 72 27)

and multlplylng both sides by Rsh leads to

and

a(Vmp+ImpRs )
AkpT

1L=(1+ )y + V""’+1

(Rs + Rsh)(lsc - Imp): Vmp (28)
hence
Vin
(Rs + Rop)= 2 (29)
or
(R, + Rop) = — = Ry = [ (30)
mp~Isc
Consequently,
Rsh = RK - Rs (31)

where Ry 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

Vg =V +1IRs —
< 0 before the maximum power point

v, {= 0 at the maximum power point (32)
> 0 after the maximum power point

sothatfor0 <V <1,

q(V+IRs=Voc) qVoc
1_3[ AKT ]—elAkT] =0 (33)
Hence
_ v
I=lIsc— RS+Rsh Isc = 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 Rgy,.
Park and Choi [25] have shown that the maximum possible
value of the shunt conductance, G, is:
0 < Gy, < Sme (35)

Vimp
Isc_lmp

Indeed, and per the results in that work, G, = only and

if only R, = 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 +IR; 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.

[AkT]~1+m (36)

has shown that:
Uoc—Ump q

1+ qUoc] [qup X AkgT
_ ARgT|_ | AkgT
IS E— (37)
Ump qUoC] [qup AkgT
ol AKBT|_ | AkpT
Then, assuming that expression
q
qUoc]| [@Ump] X AkgT (38)

el AkpT|_ | AkpT
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is a very small value, that may not always stand, he concludes
that

Unm
RSh = P (39)

Isc=Imp

The result obtained by the present work agrees with the results
of previous approaches. It is also a simpler and improved way

of determining Rgy,.

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.

F 3
A decreasing

Current

Bias

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:

q(V+IRs)] v

I = ISC - {ISK [e AkT - 1] + } (40)

Rs+Rsp
It is also recalled that for T = 298 K (25 °C), 1< A < 2 and
V=05V, qV > 20, hence at higher voltages, the exponential

term that contalns the ideality factor, A, is very large, so that

q(V+IRs)]
T & ISK[ AKT —1] (41)
and
q(V+IRs)]

AT 1> 1 (42)

Thus, equation 20 is reduced to
[q(V+IRs)]

I=lsc- |3K[ AkT —1] (43)

So that for any couple of points A and B selected after the
maximum power point,

M}

S et (44)

E N (45)

Isc -1
[ﬁ{(VAHARS)—(VBHBRS)}]:Is;;‘:—A (46)
Isc —1

m[(VA Vg) + (I, — Iz)R] = In [Iscc IA] e

hence

4= [Wl (48)

m[lsc _IB]

An alternative approach is to rewrite equation 43 as follows:
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q(l;ITRs) —1 = fscd (49)
Isr
that gives
V= ﬂl [1 +E] — IR, (50)
ISR

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 Iz from the
equation and, with I < Isc,

vA_— log [1 +’“ ’] I,Rs (51)
Ve= log [1 +’S” ’] IyRs (52)
one can write
AKT Isc—I4

VA VB —_l [ISC I ] RS IA_IB] (53)
hence

q (Va-VB)+Rs(la-IB)

= AT (54)
Y =h

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

[_ Voc
I; = I el kT (55)
Hence, the reverse saturation current is found to be

i )
[S = (1 + )ISCe AKT | = aK Isce AKT (56)
Conclusuon

In this work, we have shown that knowledge of the four key
parameters of an I-V curve, namely the short circuit current, I,
the voltage and current at the maximum power point, Vmp and
Imp, and the open circuit voltage, Vo, 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:

o the series resistance expressed against the four key
parameters mentioned above,

e the shunt resistance through the determination of the
slope of the straight line joining the short circuit current
and the maximum power point,

o 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

o 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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