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Abstract This paper presentsa concise exploration of several analytical methods for extractingthe
parameters of the single-diode model (SDM) of a photovoltaic (PV) module under standard test
conditions (STC). The paper investigates six methods and presents the detailed mathematical
analysis leadingto the development of each method. To evaluate the performance of these methods,
MATLAB-based software has been developed and deployed to synthesize the results of each
method when used to extract the SDM parameters of various PV test modules of different PV
technologies. Similar softwarehas also been developed to extract the same parameters using well-
established numerical and iterative techniques. A comparison is subsequently made between the
synthesized results and those obtained using numerical and iterative methods. The comparison
indicates that in spite of the fact that analytical methods may involve fair amount of approximations,
their accuracy can be comparable to that of their numerical and iterative counterparts, with the
added advantage of significant reduction in computational complexity, and without the
initialization and convergence difficulties, which arenormally associated with numerical methods.

Keywords: Ideality factor; parameter extraction; photocurrent;saturation current; series resistance;
shunt resistance; single-diode model.

Nomenclature

a Modified ideality factor (a = nNV;;).

a, Temperature coefficient of the short-circuitcurrent (A/ °C).

Bv,. Temperature coefficient of the open-circuit voltage (V/ °C)
) Coefficient for the single-diode model defined as a/V,..

G Insolation (W/m?2).

Gsre Insolation at standard test conditions (W /m?).

I Terminal current of a photovoltaic cell or module (A).

Ly Current at the maximum power point (A).

Iy, Short-circuit current (A).

Isar Reverse saturation current (A).

Ly Photocurrent (A).

Iynstc  Photocurrent at standard test conditions (A).

k Boltzmann’s constant (1.38065 x 1072 ]/K).

MPP Maximum power point.

n ideality factor of a PV cell/diode.

Ny Number of series-connected cells in a PV module.

P Power (W).

By Power at maximum power point (W).

PV Photovoltaic.

q Electronic charge 1.602x10-19 (C).

R, Series resistance of a photovoltaic module (Q).

Ry, The negative of thereciprocal of the slope of thel-V curveat the open-circuit voltage point.
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Ry, Shunt resistance of a PV module (Q).

Reno The negative of thereciprocal of theslope of thel-V curveat the short-circuitcurrent point.
SDM Single-diode model.

STC Standard test conditions (Insolation=1000 W /m? , air mass AM=1.5, T=25 °C).

T Temperature (k).

Terc Temperatureat standard test conditions ( °C).
\Y Terminal voltage of a PV module (V).

Vin Thermal voltage (V).

V. Open-circuit voltage of a PV module (V).

Vinp Voltage at maximum power point (V).

Vocste  Open-circuit voltage of a PV module at STC (V).
w Lambert-W function.

1. Introduction

Photovoltaic (PV) systems perform direct conversion of the electromagnetic energy in the
sunlight into electricity making them one of the most attractive systems for renewable energy
generation [1]. The principle component of a PV power plant is the PV generator, which typically
consists of an array of PV modules connected in series-parallel combinationsto provide the terminal
voltage and current required to furnish the rated power of the plant.To harness the harvested solar
energy and convert it into a useable form of electricity for the end user, a PV plant uses different
types of power electronic systems, such as DC-DC and DC-AC converters [2]. The design, analysis
and simulation of a PV system including these power converters, require a lumped-parameter
equivalent circuit model of the PV generator.Such an equivalent circuitis used for purposes, such as
efficient sizing of the PV array and of the semiconductor switching devices of the power converters.
In addition, it can be embedded in circuit simulation programs.

The normalised I-V (current-voltage) and P-V (power-voltage) characteristics of a typical PV
generator are shownin Figure 1. The general shapes of these characteristics aresimilar regardless of
the size of the PV generator, i.e. whether it is a cell, a module, or an array of modules. These curves
reveal three salient points: the open-circuit (OC) voltage, the short-circuit (SC) current, and the
maximum power point (MPP). Clearly, to extract maximum power from a given PV generator, the
generator must be operated at its maximum power point (MPP). However, the load is normally
variable, which implies that the load-line will not necessarily coincide with the MPP. Moreover, the
characteristics of a PV generator vary with climatic conditions of temperature and insolation thus,
the MPP will also change with variations in insolation and temperature [3, 4]. Hence, to maintain
operation at the current MPP, a PV system utilizes a maximum power point tracker (MPPT) that
forces the operating point of a PV generator to continuously follow the prevailing MPP regardless of
variationsin theload and or environmental conditions [5] .

An MPPT system includes a DC-DC power converter controlled by an MPPT algorithm that is
normally implemented using a microcontroller [6]. The design of an MPPT system is made more
difficult due to theeffects of partial shading (PS) [7].Partial shadingcanlead to significant reduction
of theenergy yield of a PV system and its reliability [8,9]. Tomitigate theadverseeffects of PS, bypass
diodes are normally deployed in PV modules [10] and arrays [11]. However, these diodes can give
rise to P-V curves with multiple power peaks placing onerous demands on the design of the MPPT
system [5]. Therefore, an equivalent circuit model of a PV generator is also required toaid the design
and simulation of the MPPT system, to investigate the adverse effects of PS and explore strategies of
mitigating them [12]. The single-diode model (SDM) of a PV generator, is currently the dominant
lumped-parameter equivalent circuit model, mainly because it provides a compromise between
accuracy and complexity [13,14,15] and can bereadily modified tomodel a PV generator of any size,
i.e. a cell, a module, or an array of modules [2, 16].

As shownin Figure 2, theSDM involves five parameters which must beestimated: The ideality
factor n and thesaturation currentofthe diode I, theseries resistance R, the shunt resistance R,,
and the photocurrent I,,, [13]. These parameters arenot availablein manufacturers’datasheets of PV
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modules, but can be extracted, i.e. estimated, from information provided in datasheets. However,
information given in a datasheet of a PV module is specified under only one operating condition,
namely the standard test conditions STC (insolation G =1000 W/mz, temperature T =25 °C, and
Air mass AM=1.5) thus, the extracted parameters are only valid at STC. For any other arbitrary
conditions of insolation and temperature, these STC parameters must beadjusted accordingly [4,17].
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Figure 1. I-V and PV characteristics of a typical PV generator.
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Figure 2. The single-diode model.

To extract the parameters of the single-diode model at STC, numerous methods with varying
degrees of mathematical and computational complexities and accuracy have been reported in the
literature, for example [18] [14] and [19]. These methods are generally classified as either numerical
or analytical. Numerical methods generate a set of equations whose solution can be achieved using
either numerical algorithms such as the Newton-Raphson technique, or using iterative solution
strategies [14, 19]. The disadvantages of numerical methods include the need for appropriate
initialization, can produce trivial solutions, and may have convergence difficulties. Analytical
methods on the other hand, use simple and fast parameter extraction strategies by making use of
some simplifying assumptions and approximations [20]. For example, by neglecting some model
parameters or assigning some approximate values for some parameters as explained in Section 3 [21],
[22].

In addition to analytical and numerical methods for parameters extraction, there are other
strategies, such as those based on computational intelligence [23] and those based on the meta-
heuristic firefly algorithm [24]. More complex methods of parameter extraction can also be found in
the literature, such as thosebased on optimization algorithms [25,26] and those based on differential
evolution [27].There are also analytical methods which arebased on the double-diode circuit model
of a PV generator which has seven parameters [28,29]. However, the scope of this articleis restricted
to analytical methods which are based on the universally adopted single-diode equivalent circuit
model of a PV module.

Referring tothe SDM in Figure 2, the terminal current I ofa PV module consistingof N series-
connected cells, is given by the general current equation:
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The first term is the photocurrent I,,, which is almost directly proportional to the incident
insolation. The second term is the Shockley’s diode equation, which represents thediode current I,
while the third term is the current in the shunt resistance I,. The diode’s thermal voltage V;;, is
defined in terms of the electronic charge g = 1.602 x 107 C, the Boltzmann’s constant k =
1.38065 x 10~* J/K and temperatureT (K) as:

Vi =— (2)

At room temperature, thethermal voltageis about 26 mV. The ideality factor for a silicon PV cell
is typically between 1 and 2. For a ty pical PV module, the series resistanceis in the order of 1 ), the
parallel resistanceisin the region of few hundred ohms, and the saturation current is in the order of
nano-Amperes.

Equation (1) is animplicit and transcendental equation that would normally require a numerical
solution to obtain the five parameters of the SDM. However, since numerical methods are susceptible
to convergence and initialization difficulties, several alternative analytical methods have been
described in the literature. These methods aim at reducing the complexity of the implicit general
equation of the SDM by introducing some approximations to develop explicit models as detailed in
Section 3. For example, some methods use the approximation that the shunt resistance is the
reciprocal of the slope of the I-V curve at the short-circuit-point [20]. Others neglect the shunt
resistance on theassumption thatitis relatively toolarge [30], while some analytical methods neglect
both the series and the shunt resistances [22].

The contributions of this article are: Explore the most literature-reported analytical methods for
parameters extraction of the SDM, present detailed derivation of the mathematical expressions that
lead to each method which are not normally detailed in the reporting literature, and synthesize the
results of each method by deploying them to extract the parameters of PV modules of different
technologies. Finally, the paper presents a comparison between these synthesised results and those
obtained using numerical and iterative techniques.

Following this introduction, Section 2, presents the mathematical background that underpins
the development of the analytical methods investigated in this work. Section 3 presents detailed
mathematical derivation and formulation of the expressions required for extractingeach parameter
using each method. Section 4 provides a discussion of the results and finally, Section 5 summarizes
the main findings of thework presented in this article.

2. Mathematical grounds for the analytical methods

When the entirel-V curveis available, the parameters of the SDM may be estimated using curve
fitting or optimization algorithm [31, 32, 26]. In general, the I-V characteristics are not given in
manufacturers’ datasheets and even when provided, they are specified under only one operating
condition, namely the STC [33]. Most methods used to extract the SDM parameters are based on
developing the model equations using data at the three salient points (SC, OC, MPP), which are
always provided in the datasheet of a PV module. There are three standard equations used in most
studies, e.g. in [21], [14] and [18], which are derived from equation (1) at the three salient points:
(0,150), (Voe, 0), and (Vyp, Iy ) under STC as explained next.

Substituting the SC point (0, I;.), in equation (1), we obtain the short-circuit equation as:

o IscRs y 41 IscRs
Isc‘lph Isat[EXp(nNSVth) 1 Rsh (3)

Similarly, substituting the OC point (V,.,0) in equation (1) and rearranging, weobtain the open-

circuit equation as:
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Voo y 14 Vee @)
nN Vth Rsh

S

Iph = Isat [exp(

Finally, substituting the MPP point (1},,,[,,,,) in equation (1), the MPP equation is:

p 1R _Vmp+lmpRS

mp' s
)11
nN thh Rsh

()

Vin
Imp = Iph - Isat[exp(

Another important quantity required for parameter extraction is the derivative of the module’s
current withrespect toits voltage, i.e. dI/dV. This is obtained by differentiatingequation (1):

di I, V + IR, dl 1 dl R
—— === [exp( A+ =R - [o—+ =] (6)
av NNV, NNV, dav Ry, dV Ry
Solving for the derivative:
L~ [eXp(V+IRS)]—i
d_l _ nNthh nNthh Rsh (7)
dv (1+&+ I R eXp(V+IRS)

I:zsh nN thh nN thh

It is to be noted that the above expression for the derivativeis valid at any point along the I-V
curve. Another derivativeused in parameter extraction procedures is that of the power with respect
to voltage defined as:

dP _d ol ov
= (V) =V = 8
dav  av v ov oV ®)
At the MPP, this derivativeequates to zero:
dp =0=vmpﬂ+|mpﬁ 9)
dV [yee oV ov

Therefore, at the MPP the current derivativebecomes:

I P
—__m 10
MPP Vmp ( )

di
dv

The shunt resistanceat theshort-circuitpoint Ry,,, may be estimated from the gradient of the I-
V curveat the short-circuit point as:

dl 1
LI (12)
dv sC Rsho

Similarly, the series resistance at the open-circuit point R, is defined as:
di 1
L —— (12)
av ocC Rso

For thefive parameters extraction process, the majority of the parameter extraction methods, for
example [14],[19],[22],[34],[35],[36],[37],[38], have taken into account the mathematical correlation
between these parameters and separated them into twolevels: The mainlevel consists of theideality
factor, series resistance, and shunt resistance, and a secondary level which consists of the
photocurrent and the saturation current. This way, the extraction equations are reduced to three
instead of five to simplify the mathematical formulation as illustrated in the next section.

3. Parameters Extraction Methods
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In this section we present the mathematical analysis and derivation of the equations required
for the extraction of the SDM parameters for six main analytical methods.

3.1 Method 1

This method was developed to determine the parameters of a blue and grey solar cell using
experimentally obtained I-V curve and the three salient points, i.e. the SC, OC, and the MPP, which
are available in datasheets [20]. The method uses several approximations to simplify the required
extraction equations and is based on calculatinga value of the ideality factor as the main parameter,
which s consequently used to estimate theremaining four parameters,namely R, Rg,, 1,5, and Igg;.
As explained in the following subsections, the method uses equations (3), (4), (5), (11) and (12) to
extract the model parameters with the term N; set to unity since the method was described for a
single PV cell as opposed to a PV module.

3.1.1. Extraction of the photocurrent

The photocurrent is estimated using the short-circuit current point (0,/,.), i.e. equation (3),
which we canbe re-arrangetoobtain an expression for the photocurrent as:

RS

Iph =g @+ )+ lat [exp(%) -1] (13)

sh th
The short-circuit current I, is obtained from the datasheet. However, R,, Ry, and Iy, are
unknowns and must be determined.

3.1.2 Extraction of the shunt resistance

We can derive an expression to estimate the shunt resistance using the expression for derivative
dl/dV expressed at the short-circuit point. Substituting the short-circuit point (0,1, ) in the
expression of thederivative of equation (7), and setting N; = 1, we obtain:

di

dav

|:(1+&+ Isat Rs G‘Xp( IscRs ):| _ Isat [exp( IscRs )]_'_i (14)
sc Ry NV NV nVy, NV, Ren

Substituting for the derivativeat the SC point from equation (11) intoequation (14) we obtain:

| IR R 1R IR

Ryo sat [exp(—< S)_'_i =(l+—+ sat s exp(—£—2) (15)
NV, Vi~ Ry, Ra  NViy NV,

The exponential term [Ig,.exp (I, Rg/nV;,)] represents the diode current under short-circuit

condition, which is too small compared to the short-circuit current hence, it may be neglected [39].

Further, since Ry < Ry, theterm Rg /R, may also be neglected. Therefore, equation (15) becomes:

Rsh = I:zsho (16)

That is, in this method, the shunt resistance is estimated directly from the slope of the I-V curve at
the short-circuit point.

3.1.3 Extraction of the series resistance

To estimate the series resistance, we can use the gradient of the I-V curve at the open-circuit
voltage point. Substituting the OC point (V,., 0) and setting N; = 1 in the general expression for the
derivative of equation (7), we can write:

dl

dv

{(1+&+ i op( )} = fexp(~ )] + (17)
oc Rin NV nVi, Vi Vi, Ry

Substituting for the derivative at the OC point from equation (12) and re-arranging;:
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R, {'S—mtexp(vimi} s (18)
NV, Ve~ Ry, Ry NVin NV,

The term [I,.exp(V,./nV,,)] representsthe diode current under open-circuit condition. Under
this condition, the diode current is the photocurrent, which is the same as the short-circuit current
less the negligibly small current in the shunt resistance. When this diode currentis divided by nV,,
the resultis much greater than 1/Rg, thus, the latter term can beneglected. Further, after neglecting
the term R /Ry, the expression for series resistancebecomes:

R, = Rso _nv_thexp(ﬁ) (19)

s
sat nvth

This is not a closed form expression for the series resistancesince it contains the ideality factor
and the saturation current which needs to be determined. The open-circuit voltageis obtained from
the datasheet.

3.1.4 Extraction of the reversesaturation current

By substituting, the open-circuit equation (4) intothe short-circuit equation (3) and neglecting
the (-1) in the exponential terms, we obtain:

Y/ I..R V, I..R
=] [exp( oc )—exp( sc S)]+ oc _ "sc’'s (20)
o NV, NV, Ra  Ra
This may be re-arranged as:
Y/ I..R R Y/
I [exp(—%) —exp(=2)] - (= +DI +-=2=0 21
e ) - exp ] (= + Dl 4 (21)

However, since in practice at I R; KV, and R; & Ry, [40, 39], the equation for the saturation

current becomes:
V. -V
I, =|1.——% |exp| —= 22
sat [ sC Rsh J p( thh J ( )

The shunt resistance and the open-circuit voltage can be determined from the I-V curvehowever, the
ideality factor is stillunknown and needs to be determined.

3.1.5 Extraction of the ideality factorn

Substituting the open-circuit equation for the photocurrent, equation (4), into the MPP equation
(5), and after ignoring the(-1) in the exponential terms, we can write:

\Y/ V. +I1 R V.-V R
I eXp(=2) — I, exp(——" )+ = | (1+—)=0 (23)
) Vi “ Vi Ra "Ry,
Since R, < Ry, thisreduces to:
Vi V. +1 RV, -V
I, exp(=2-) -, exp(——" )+ = | =0 24
sat p(nvth) sat p( nvth ) Rsh mp ( )

An expression for the ideality factor can now be derived as explained below.
Substitutingequation (16) into (22):

V, -V,
_ _ Voc oc 25
o= 1= 2 Joo | (25)

Substitutingequation (25) into (24), weobtain:
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\Y -V, Vv
Rsho thh thh y - y y (26)
Vv, -V + -
(Isc—ijexp( Ocjexp( w2y = =0
Rsho thh thh Rsho
This canbe simplified to:
Vi + 1o Rs =V, V, \Y}
w:|n(|sc—|mp— ’"”J—ln(lsc—&J (27)
thh Rsho Rsho
Therefore, the ideality factor becomes:
N Voo + 1 Rs —Voe (28)

V
v, {In(lsc o _Rmvj_m(lsc _F\Q/OCH
sho sho

This is not a closed from expression because it contains the series resistance, which must be
determined. This canbeobtained by substituting the expression for the saturation current of equation
(25) into the expression for the series resistance of equation (19) as:

nv,,

R, =R, — (29)
( Voc J [_Voc j [ Voc ]
I, — exp exp
Rino NViy Vi
Hence, the expression for the series resistancebecomes:
nv,
Rs = Rso e (30)
sC
Rsho
Substituting this expression for the series resistance,i.e. equation (30), into equation (28):
nv,
Vmp _Voc + Imp (Rso - Ivth/RJ
n= ( sc — Voc sho) (31)

\Y/ V
A In("‘p+l —1 )—In[l - j]
i [ Rsho * i * Rsho

This can be simplified to:

v v |
nV, [ In] =™ 41— 1 |=In| 1 -~ ||+ ——™  _v__v_4+I R 32
"’ |~( (Rsm ’ mpJ [ * Rsho ]J (Isc _Voc / Rsho):l " * e ( )

Solving for the ideality factor:

n— Vmp _Voc + Imp Rso (33)

\Y, |
v, [In( e +|SC_|mpJ_|n[|sc_Voc J}mp
Rsho Rsho (Isc _Voc / Rsho)

This is now a closed form expression for the ideality factor because all the variables can be

obtained or estimated from the datasheet and theI-V curve of the cell. For a PV module with N, cells
connected in series, the ideality factor is multiplied by N [2]. Having obtained the value of the
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ideality factor, the saturation current can then be estimated using equation (25) and consequently,
the series resistance obtained from (19). Finally, the photocurrent can be calculated using (13). The
major downside of this method is that it requires the I-V curve, whichis not always availablein the
manufacturer’s datasheet.

3.2 Method 2

This method is based on using the ideal single-diode model of a PV generator shownin Figure
3, which neglects the effects of the series and shunt resistances. The method results in simplified
analytical expressions for current, voltage, and power [22].

>—O+
1

]Ph ]d Vd
14
O_
Figure 3. The ideal SDM modelofa PV generator.
The general current equation for this model is:
\
=1y — g | ex -1 34
ph sat [ p(nNthh ) j ( )
A the short-circuit point (0, I4.), this reduces to:
L=l (35)

That is the photocurrent is the same as the short-circuit current, which is always available in the
datasheet. At the open-circuit point (V,.,0), we have:

VOC

D (36)

Iph = Isat (exp(

Alternatively, sincein thismodel, I, = I,,,, we may write:

Vv
I = I [exp(—=—) -1 37
e = aaleXP )1 (37)
Solving for the open-circuit voltage:
V,, =NV, In( II = +1J (38)
sat

From equation (37), we can express the saturation currentas:

|y =5 (39)

\Y/
aoc -1
o)

S

At the maximum power point, we can express the MPP current as:

Imp = Isc - Isat |:9Xp(n\l\1m{)/ )_1:| (40)
th

S
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The derivative dI/dV atany point along the I-V curveis obtained from equation (34) as:
e e ey (41)
av NNV, NNV,
The derivativeat the maximum power point is:
al _ lw (42)
dV MPP Vmp
Substituting equation (42) into equation (41), the current at the MPP becomes:
| V
Ly = ——exp(———) (43)
" nNthh nNthh
Substituting (37) and (43) into (40) and ignoring the (-1) in the exponential terms:
\Y/ V, \Y
[exp(—=2-)] = exp(—L )L+ —=2) (44)
nNth nNthh nNthh

Equations (35), (38), (43) and (44) represent the main equations of the explicit model. To
estimate the maximum power point voltage V;,,, thederivativein equation (41) at the MPP is solved
for the MPP voltage as:

nN thh d_l
dv

sat

Vi =NV, In[—

J (45)

The asymptoticbehaviour of thel-V curvearound the open-circuit and short-circuit points were
used to estimatethederivativeneeded in the above equation as [22]:

d
av

JA Ol e (46)
AV V.0 V.

oc

Mpp
Substitutingequation (46) into (45), weobtain:
NNV, I,
V,, =nNV,, |n[—‘“—j (47)
sat oc

Substituting equation (47) into (40):

NNV, In [m:lsv‘“\I/S“]
t
Lop = 1o = leat | €XPL nNSVt;a =1-1 (48)
Simplifying the above, we obtain:
NNV, |
Imp :Isc+|sal_|sat[;thi] (49)
Isat VOC
|
Imp = Isc + Isat _nNthh \% (50)
oc
The maximum power is:
e/ (51)
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Therefore,

| NNV,
l:’m = nNthh(Isc + Isat _nNthh \%) In [ | o ( SC )J (52)

oc sat

In order to calculate the ideality factor under STC conditions, we substitute equation (39) into (40)
and ignore the (-1) in the exponential terms:

| \/
| o=1_- se ex mp 53
mp sc exp( VOC ) p( nNSVth ) ( )
nN_.V.

st

Re-arranging and simplifying, we obtain:

nN Vth In[ II s j = (Vmp _Voc) (54)

sC

Solving for the ideality factor at STC, w e obtain:

n= Vmp Ve (55)

|
NV, In [1—’“"}
ISC

In attempting to improve the accuracy of this method, Mahmoud et al [41] modified the
saturation current equation as:

|B|ATq G[l, +0AT]

exp( nN_KT )
Isal = Tsims |ﬂ| ATq G (56)
Gl /Mg scr +D T —EXP(W)

Where AT = T — Tgp and B is the voltage temperature coefficient, whichis always included in the
datasheet. The saturation current at STC can be computed as [14]:

|
I _ sc
sahsTe [exp(voc /nN thh ) - 1] (57)

Yousef et al [42] improved the accuracy of the ideal model of the PV module at low irradiance
without affecting the simplicity of the model by modifying the equation of saturation current to take
into account the effect of the low irradiance on the open-circuit voltageas:

I _ I ph (G,T) (58)
= [exp q(voc - |ﬂ| AT + AVoc (Gl ' TSTC )) _1]
V,, = KTy ( +1) (59)
q Sat
AV, (G Tare) = KT 1 Gy (60)
GSTC

3.3 Method 3

This method assumes that the shunt resistanceis very large so that it can be neglected hence, it
is developed using the single-diode equivalent circuit model shown in Figure 4. This model, which
is known as the four parameters model, has been found to offer good accuracy [30,43]. The method
uses the datasheet, but does not require the full I-V curve [44, 30, 43, 45] which is not normally
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available. The model equations canbe derived asillustrated below. The general current equation for
this model is:

V +IR
=1, — I [exp( ~ V:)_l] (61)
sl
The short-circuit equation is:
Isc =1 h — Isat [exp(ﬁ) _1] (62)
P nNs th
The open-circuit equation is:
0= 1~ loaloXp( % ) -1] (63)
P nNthh
The MPP equation is:
Vi + 1o R
lnp = 1on — laa[EXP(—TE=) 1] (64)
mp P sal nNthh
ANA > O +
R, I
Ly 1y

I TV

o_

Figure 4. The four-parameters SDM.

3.3.1 Extraction of the photocurrent

Referring to the equation of the short-circuit condition, i.e. equation (62), the second term
represents the diode current.In practice, since the voltage IR, is toosmall and comparableto the
thermal voltage, the exponential term exp (/s Ry./ nNgVy,, is close to unity. Further, since this is
multiplied by the very small value of the saturation current, it is reasonable to assume that the under
short-circuit condition, the diode current is much smaller than the short-circuit current and can be
neglected, i.e. theentire photocurrentis the short-circuit current, henceequation (62) reduces to:

- (65)

Thatis the photocurrent is thesame as the short-circuit current, which is always given in datasheets.

3.3.2 Extraction of the saturation current

Under open-circuit condition, the entireshort-circuitcurrent is the diode current, i.e.

VOC
NNV,

S

Isc = Isat [EXp( )_l] (66)

Since the exponential term is much larger than unity, we can ignore the (-1) hence, the saturation
current canbe expressed as:

-V,
Isat = Isc[exp(nN 2; )] (67)
sVth

This is, however, not a closed form expression for the saturation current sinceit includes theideality
factor which must be determined.
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3.3.3 Extraction of the series resistance

The series resistance can be found by substituting equation (67) into the MPP equation (64) as

I = |sc[exp(nN‘\’; )[exp( mpN\T" s) -1] (68)

Neglecting the (-1)in the second exponential term and replacing the photocurrent by the short-circuit
current and re-arranging:

_I__ oc mP mp 3
| [eXp(nN Vm)][ xp( ANV, )] (69)

SC S

Re-arrangingand solving for the series resistance, we obtain:

|
NNV, In(l—%) +Voo =V
R, = | ¢ (70)

mp

This is not a closed form expression sinceit includes theideality factor, which needs tobe determined.

3.3.4 Extraction of the ideality factor

The ideality factor is derived using the fact that the slope of the I-V curve at the MPP is equal to
zero. Equating equation (10) and equation (7) atthe MPP:

it poyp(lm t IRy

_Iﬂ = NV v N Vlth 5 (72)
Vmp (1+ IsatRs exp( mp+ mp S)
nNthh nNthh
Re-arrangingas:
v, 1
LU v TR R (72)
Imp Isat [exp( mp mp_'s )]
nNsvth nNthh
The abovemay be written as:
R _Vm _ ”N Vm (73)
S
Imp mp S
[exp(i)]
sat N Vth
Substituting for the seriesresistance R; from (70) into (73) we obtain:
|
NNV, Inl--"2)+V,, -2V,
s'th ( Isc) oc mp ~ —nN Vth (74)
| B Vo, + 1o R
" [exp(—™ - "*)]
sat N Vth
This may be re-arranged as:
=In@-1,, /1) . (Vi =Voe) NNV, _ 1 (75)
Imp Imp Vmp+|mp S
e [EXP(— ]

NNV,

Substituting for the saturation current from equation (67):
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-In(l—1,,/1 NV, —Vo ) NNV,
( mp sc)+( mp oc) sVth _ 1 (76)
o o L Lexp(— = Yfexp( " ey
* NNV, NNV,
This may be re-arranged as:
-In(l-1,,/1 2V, — Vo) NNV,
n( mp sc)+( mp oc) n s'th _ 1 (77)
Imp Imp | [exp(vmp + Irnp Rs _Voc N
* NNV,

The denominator on the right-hand side of equation (77) may be re-written with the series resistance
substituted by its expression from equation (70) and simplified as follows:

|
AN, In(@--"2)+V, -V,

Vo =V _+1_( s )
V. +1_R -V mp tee mp |

I, fexp(-me—m s o0y ) ex i 78

o [exp( NV, )1=1, exp[ NV 1 (78)
Re-arranging:

V. +1 R -V |
| Texp(—m M S "%y1_| explin(l—-—"> 79
lexp(T ] = 1 explin— )] (79)
Therefore:
V. +1 R -V
| Texp(="P—_™ S  %Cyi_| _| 80
SC[ p( nNs\/th )] SC mp ( )

Substituting (80) into (77)
—In(l-1,, /1) . (QVip —Voe) I NNV, 1

= (81)
Imp Imp Isc - Imp
Simplifying and solving for the ideality factor:
2V, -V,
n= ( mp oc) (82)

| |
NV [+ In(l—~ )]
I, —1 I,

sc mp

This is a closed form expression for the ideality factor since all variables in its expression are
availablein the datasheet. Therefore, R, and Iy, can now be determined.

3.4 Method 4
This method uses the datasheet information to extract the five parameters of the SDM using a
piecewise I-V curve fitting method combined with the four parameters PV model to evaluate them
[45].In this method the definition of themodified ideality factor is introduced as:
a=nNyV,, (83)

Using equation (7) the derivativeof voltage with respect to current dV/dI is:

RS (i + Isiat exp(ﬂ) +1
dv. "R, a a (84)
dl I, V + IR, 1
—*2 [exp( N+——
a a R,
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Simplifying:
V_r- ARy, (85)
di V + IR,
a+ Isat Rsh E‘Xp( )
At the short-circuit point, the derivativebecomes:
R
(:TY ~ R - ARy (86)
5 a+ sat sh EXp( SC S )
At the open-circuit point, the derivativebecomes:
R
I (87)
oc a+ sat sh EXp( OC)
At the maximum power point, the derivativeis:
vl Vm (88)
dl MPP Imp
Equating equations (88) and (87):
\Y/
Yn R+ P (89)
I + 1R
a+t sat sh EXP(?)

Using (3), (4), (87), (88) and (89) with a series of simplifications, the following equations are
obtained to extract thefive parameters R,, R, Ipp, a, and thesaturation current Iy, [45]:

vo Ve Y@V @Y )
R Pl oc Al | dllse v " dl Joc | dl s ol sc v 90
a | (d—v v )[— (., -1_)+V ]+(d— I +V )(d—v I_+V.) ( )
mp dl o dl « dl « sc mp mp dl « mp mp dl « sc oc

dv
Rsh __Rs _asc (91)

R
Iph = Isc (1+ > ) (92)

I:zsh

dv dv
=(— R)(— 93
(dl ocC S)( )/[ dl ocC scj ( )
and

at — (1 ph _Voc Rsh)/(exp(voc la)-1) (94)

According totheactual measurement ofa PV module, theI-V curvein thelow- and high-voltage
zones is smooth and can be represented by straight lines therefore, the slopes of thestraight lines can
be considered as the differential values of the I-V curvein the two zones as explained in [46], that is:
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dv AV
=20 95
di Al ©5)

3.5 Method 5

This method which is also based on the manufacturer’s datasheet, uses a reduced set of
approximations compared to the previous analytical methods without increasing complexity by
incorporating two boundary conditions [40]. The first boundary condition is the derivative of the
maximum power with respect tovoltage, whichis used to derive expressions for the series and shunt
resistances. The second condition is the slope at short-circuit point, which is used to determine the
ideality factor. Both boundary conditions contributed significantly toimproving the accuracy of the
parameter extraction process [40].

Referring to equation (3), the term [exp(I;.Rs/nV,, )] is very close to unity and hence, the diode
currentis very small compared to either the short-circuit current or the shunt resistance current and
hence, may be neglected [39, 47, 48]. This leads to:

IR
lse = ph - %‘;hs (96)

Therefore, we can write for the photocurrent:

Iph = Isc SRsh = (97)
Substituting (97) in equation (4), and neglecting the (-1) in the exponential term of the latter, we
have:
R, +R V, \Y/
1, SRy fexp(ee ) Yoo 98
g POl (98)
Solving for the saturation current:
I, (R, +Ry,) -V, -V,
o = sc( s+ sh) oc exp( oc ) (99)
Rsh nNthh

Substituting equations (97) and (99) intoequation (5) and ignoring the (-1) in the exponential term
in the latter:

R.+R I.(R.+R,)-V, -V V_+1 R V_+1_R
Imp — Isc s sh sc( s sh) oc exp( oc )[exp( mp mp S)]_ mp mp's (100)
R R, NN Vi, NNV, R,
Simplifying:
IscRs + IscRs _Vm - Im Rs I.R I.R, -V Vm + Im Rs _Voc
mp = h p pRs  lsels e Ran = Ve exp( p p N (101)
R, Ry, NNV,
This may be re-arranged as:
V. +1_ R —-I_R V.. -1_R) V. +1_ R -V
I — I _ mp mp"’s sC' s _ I _ ‘oc sc''s eX mp mp s oc 102
w =, P (e ] (102)

Consider the expression for the derivative equation (6) which is valid at any point on the I-V
curve. At the MPP and using equation (10), wecan write:

| | Vi, + 1R |
ot [y Iwp e Sy ) D I Ry (103)
Vv nNthh \Y nNthh Rsh Vmp Rsh

mp mp
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Substituting (97), (99) and (102) in (103):

| +1 R -V, |
o 1 T (Ri+Ry) Ve (1- R) exp(—mp ™= %Y i_ﬂ& (104)
\Y/ NNV, R, Vmp NNV,

mp s

Using equations (97) and (102), we can re-writeequation (104) as

S L[ TR Voo R Vinp * pRs =Voe
R, ANV, ANV, )
mp *Vimp =0 (105)
1405 [ TsoRon =Voo TR g o Vip * pRs =Voe
Rsh nN th Rsh ) nN th

From equation (105), an expression for the shunt resistancemay beobtained as follows:

I l14Rs (|scR5h—Voc+|scRs)R ex Vmp+|mpRS_V0C
mp Rsh nNthR h nNth
(106)
v, 1 CRSh_V0C+ISCRS exp Vmp""mpRS—VOC _0
MP| Reh NNgVt nNsVt
Multiplyingequation (106) by Ry, and re-arranging:
Imp (IscRsh—Voc +1scRs)Rs Vmp +ImpRs ~Voc
Rshlmp + ImpRs * nNsVq eXp[ NGV ~Vmp (107)
Vmp (IscRsh~Voc +1scRs)  Vmp+ImpRs Voc
exp( =0
nNth nNth
Let x be defined as:
x = Yo g Voo I::p\R/S Ve (108)
NNV
Hence, (107) becomes:
IscRsh (-Voc+1scRs) _
Reh!mp * "mpRs + INavr AV Imp Rg exp(x) + NSVt ImpRs exp(x) - ~Vinp (109)
IscRsh o (X)_(—Voc+|scRs)V exp(x) = 0
mp nNgVg P nNgv;  'mp &P =
Simplifying:
IscRsh IscRsh _
Ren mp T ANV "y ImpRs exp(x) — > NSV Vmp exp(x) = (110)
V. Mexp(x)f| R 7M| R exp(x)
mp NNgV mp"s nNgV;  Mp"s
Re-arranging:
R¢h NNV, 'mp + 'sc'mp Ry exp(x) — |chmp exp(x)] = (111)
NNV Vimp = Voc ~ IscRs Vimp €XP(X) = NGV 1o Rg + (Ve —15c R )Rg I €xp(x)
Solving for the shunt resistance
+1 R -V
mp mp' s oc
NNV, (Vmp - ImpRs)f(Voc —lge Rs)(vmp mp Rs)eXp(T)
Ry = l (112)
Viop + 1opRs =Voe

NNV, Imp’(\/mpflmpRs)lsc exp( nN.V.
sVt
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Using the definition of x in equation (108), we can re-writeequation (102) as:

Rsh [(Imp - Isc) + Isc exp(x)] = (Voc sc s) exp(x) V - I Rs + Isc Rs (113)
Substituting the value of the shunt resistance from equation (112) into equation (113), we obtain:

NNV, Vmp = "mpRs) = Voe = 1scRs)Vmp ~mp R exp(X)[1, — 1 + I EXP(X)]
AV VA S) o BP(X] (114)
= sc S)exp(x) V - I Rs + IscR

oc

S

Cross multiplying and simplifying, the abovemay be re-arranged as:

2
nNth(vmp mpRs)(Ump = Ts) + NV 1 moVimn + NGV 1 Rg =NV 1o 1o Rg =
Vmp = TmpRs)Imp ~ Tsc )Mo ~ TscRe ) eXP(X) = NGV (Vi = Iy Rg )¢ XP(X) (115)
+NN,V, |mp Voc ~ TscRs)exP(X) + Vi ~ mpRs Vimp ! s¢ exP(X) +
(\/mp - Imp Rs)lsclmp Ry exp(x) —(Vmp - Imp Rg)I 52c Ry exp(x)
The left-hand side of equation (115) may be simplified to:
NGV Vi = IpRs X mp = Ts¢)+ NV I Vi +
2 (116)
NGV ImoRs = MNsVe Ip e Rs = INGVVi (210 = e )
The right-hand side of equation (115) may be reduced to:
Vmp+ImpRs—V,
[(Vmp|sc+Voc(|mp—|sc))(Vmp—|mpRs)—nNth (Vm|sc—Voc|mp)} exp [Wj (117)
Therefore, equation (115) simplifies to:
Vmp+ImpRs—Voc, NNsViVmp (2Imp—1sc) 118
exp( NNsVt ~ (Vmplsc+Voc (Imp —Tsc)) Vmp —ImpRs)—NNsVt (VimIsc —Voc Imp) (118)

Combining equations (102) and (118) an alternativeexpression for the shunt resistanceis obtained
as:

(Vmp mp s)(vmp Rs(lsc_lmp)_nNth) (119)

R =
iy (Vmp_ mpRs)(Isc_Imp)_nNth

Using the above expression for theshunt resistance,i.e. equation (119), an expression for theideality
factor can be derived as follows:

—1.0)(Ry +R
nNSVt _ (Vmp mp s)(vmp ( sc mp)( sh s) (120)
Vmp - mp(Rs + Rsh)
The expressionin (15) may be re-expressed as:

R R

Rao 1.5 | Ry —R) 5t exp( e 121
Ran Ran Roo =R, Vi, P, thh) (121)
Simplifying, we obtain:
I IR
1 ! + 2 exp(=-=)=0 (122)

R (Ryw—R) NV, nVy,

sho
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Ignoring the exponential term, we obtain:
Rsho = Rsh + Rs (123)
Substituting equation (123) into equation (120) we obtain the expression given in [40] as:
nNth _ (Vmp - ImpRs)(Vmp _(Isc - Imp)Rsho (124)
Vmp - Imp Rsho

Substituting equation (124) into (118) weobtain an explicit and closed form expression for the series

resistanceas:
R = Vool@ = Fl+Vee/s (125)
Iop [0+ B3]
where
Vi + e + (I = 1)R
a= mp+(|mp_|sc)Rsho)|n( - - ( = SC) ShO) (126)
Voc - Isc Rsho
and
ﬂ :Vmp - Imp Rsho (127)
Finally, the slopes of the I-V curve at the short-circuit and open-circuit points may be estimated as
[46]:
\
Rino =Cqn = (128)
ISC
and
V
Ry =C =% (129)

where, for silicon, Cgy, = 34.49692 and C, = 0.11175.

3.6 Method 6

This method presented a unique strategy for developing the analytical expressions required for
the extraction of the parameters of the single-diode model [49]. The method is also based on using
manufacturer’s datasheet but does not require the slopes of the I-V curve. Two approaches are used
in this method: The first is based on developing a relationship between the modified ideality factor
and the open-circuit voltage making use of the voltage and current temperature coefficients. The
second approach depends on the simplified Lambert-W function of the single-diode model to extract
the parameters of the SDM [50].

Using the open-circuit voltage of equation (4) and after neglecting the shunt resistance, a new
expression that connects themodified ideality factor and the open-circuit voltage at STC is given as:

8y, _ 1= Tsrchh, (130)
Voc,STC 90.1—Tgre thge

5STC =

In this method the modified ideality factor is assumed to vary linearly with temperaturebutis
independent of insolation. For any arbitrary temperature, equation (130) is adjusted as:

_aT) a Voe st L
= =dstC
Voc (T) Vv TSTC

oc

5(T) (131)
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Using (3), (4), (5), (8) and (130), the parameters of the SDM can be extracted numerically. The
method relies on using equations presentedin [50], which correlate the maximum power point with
the SDM parameters using the Lambert W -function and properties of the ideal model to extract the
five model parameters as follows:

e = 5STCVOC,STC (132)
R - agrc (Wsre —1) =V (133)
Lnp
R, = aSTcl (Wsre —1) (134)
1-—) e — |
( WSTC) STC m
ln =(@+R, /Ryl (135)
Isat =1 ph exp(_l/ 5STC) (136)
Wherethe parameter §g;. is estimated using equation (130) and wgy. is given as:
L-ﬁ—l
Wsrc = W[egm J (137)

All the mathematical derivations of (130) - (137) canbe found in references [49] and [50].

4. Results and Discussion

To synthesize the results of the analytical methods described above, software has been
developed using MATLAB to extract the five parameters of the single-diode model for different PV
modules. Similar software has also been developed to extract the same parameters using two
numerical methods: the first is based on the Newton-Raphson algorithm and uses the initialization
given in [34], whilst thesecond is based on an iterativesolution procedure [14].In order to preserve
generality when comparing various methods, three PV modules of different PV technologies were
used in theinvestigation: The multicrystalline Kyocera KC200GT [51], monocrystalline Lorentz LC50-
12M [52], and thin film Sanyo 180BA19 [53]. The datasheet parameters of these test modules are
summarized shownin Table1.

The results for the analytical and numerical methods are shown in Tables 2 to 4. It is evident
from Table 2, that the reference results of the iterative [14] and the numerical method [34] are close
as expected. For the monocrystalline and thin-film PV modules used in this investigation, the
Newton-Raphson method failed to converge, see Tables 3 and 4, demonstrating the convergence
difficulties that can accompany numerical methods. From Table 2, 3, and 4, methods 1 and 5
outperform all other analytical methods and are most accurate in the case of multi and
monocrystalline technologies. These twomethods also offer simpler mathematicalformulation. They
both depend on the slope of the I-V curve with the difference that method 5 uses the slope at the MPP
for themain equation instead of the slope at the open-circuit voltage point. Methods 2 and 3 showed
degraded accuracy compared to methods 1 and 5 and can result in higher and unrealistic values for
the ideality factor when used with thin-film technologies. These twomethods havebeen formulated
by neglecting some model parameters to simplify the modelling process, resulting in higher than
normal values for the ideality factor.

Method 4 suffers a marked inaccuracy in estimating the ideality factor and saturation current
for all three PV technologies. The values of the series and shunt resistances are also unrealistic.
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Method 6 depends on a procedure that is entirely different to all other methods. It results in reduced
values of the ideality factor and saturation current. The value of the ideality factor is limited to 1 +
5%. The reduction in the ideality factor and the saturation current have an adverse effect on the
accuracy of estimating the values of the series and shunt resistances.

However, itis a matter of fact that therearedifferent combinations of the five parameters of the
SDM whose I-V curve pass through the same salient points (SC, OC, and MPP) which does not
necessarily imply that all these curves represent physical meaning [54]. Therefore, to verify the
performance of the analytical methods to represent the behaviour of PV modules, the characteristic
curves for the KC200GT module were plotted for different combination of parameters alongside
those obtained using numerical methods. For example, Methods 1 and 5 outperformed Methods 2
and 3 for the parameter extraction process. However, Methods 2 and 3 outperformed Methods 1 and
5 in presentingthe characteristic curves as shownin Figures 5 and 6 under STC conditions.

Methods 1 and 5 exhibit similar performance, particularly in the higher current region of the I-
V curvesinceboth arebased on the slope of thel-V curvein this region as shown in Figure 6. Method
4 slightly underestimates the I-V curve in the high current region, since it is derived on the
assumption ofa flat linein this region, as shownin Figure 7. Method 6 demonstrated good agreement
with the iterative method as illustrated in Figure 8. All methods resulted in similar MPP except
Method 4 whichresulted in slightly higher peak power.

Table 1. Parameters for the Multi-crystalline (Kyocera KC200GT).

Datasheet KC200GT LC50-12M 180BA19

Parameters Multi-crystalline Mono-crystalline Thin film
I, (A) 821 A 32A 3.65 A
Vo (V) 329V 225V 664V
Ly (A) 7.61 A 29 A 333 A
Vo (V) 263V 172V 54V

by, (V/°0) -1.23x10-1 -7.88x10-2 -173x10-3

w,, (A/°Q) 3.18x10-3 2.88x10-3 1.01x10-3

N, 54 36 96

Table 2. Parameters for the Multicrystalline (Kyocera KC200GT).

Method Parameter

n Rs Rsh Isat IPh
Method 1 1.08317 0.27077 124 2.4885%x10-9 8.22793

Method 2 1.81764 0 infinite 1.78074x10-5 8.21

Method 3 1.40991 0.19455 infinite 4.09919x10-7 8.21
Method 4 0.65008 0.39999 82.5508 1.14541x10-15 8.24978
method 5 0.88423 0.38033 123.62 1.81544x10-11 8.23526
Method 6 1.00258 0.30567 130.466 4.43777x10-10 8.22924
Iterative[14] 1.3 0.2283 572.124 9.89443x10-8  8.21329
Numerical [34] 1.3405 0.2172 951.327 1.7097x10-7 8.2119

Table 3. Parameters for the Monocrystalline (Lorentz LC50-12M).

Method Parameter
n Rs Rsh Isat Iph
Method 1 2.0361 0.10045 206 2.0109%x10-5 3.20156

Method 2 2.41979 0 oo 1.3832x10-4 3.2
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Method Parameter
n Rc Rch Icnf Inh
Method1 0.55767 2.69004 2329 3.99938x10-21 3.65422
Method 2 2.06455 0 oo 7.9701x10-6 3.65
Method 3 2.11483  -0.09068 oo 1.08651x10-5 3.65
Method 4 0.95729 1.13544 313.85129 2.13594x10-12 3.6632
method5 1.95145 0.10657 2328.8934 3.71538%10-6 3.65017
Method 6 0.95589 1.41883 327.95525 2.1766x10-12 3.66579
Iterative [14] 1.8 0.27300 1181.56509 1.17348x10-12 3.65084
Numericalmethod [19] No convergence
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Figure 5. Comparison between the I-V (left) and P-V (right) curves obtained using Me thods 2
and 3 with those obtained using numerical method for the KC200GT module.
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Figure 6. Comparison between the I-V (left) and P-V (right) curves obtained using Me thods 1
and5 with those obtained using numerical method for the KC200GT module.
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Figure 7. Comparison between thel-V (left) and P-V (right) curves obtained using Method 4
with those obtained using numerical method for the KC200GT module.
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Figure 8. Comparison between the I-V (left) and P-V (right) curves obtained using Method 6
with those obtained using numerical method for the KC200GT module.
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5. Conclusion

The paper presented a detailed mathematical analysis and comparative evaluation of the
performance of the commonly reported analytical methods for parameters extraction of the single-
diode model of a PV module. Six prevalent methods havebeen explored and deployed to extract the
parameters of three PV modules of different PV technologies. The extracted parameters were
compared with reference values extracted using numerical and iterative methods. It has been
confirmed that whilesome methods may not be the most accuratein extracting the parameters, e.g.
Methods 2 and 3, they can still provide good agreement between their I-V curves and those obtained
numerically. The reduced accuracy of Method 2 in the parameter extraction process could be
attributed to the fact that it neglects the shunt resistance which can reduce the accuracy particularly
atlow levels of insolation. Methods 1 and 5 use theslope of thel-V curveabout theshort-circuit point
whichled to bothmethods having similar results. Method 4 resulted in slight overestimationin the
high current region of the I-V curvesince it approximated the I-V curve by a straight line in this
region to simplify the model equations. Method 6 resulted in good agreement with the iterativel-V
curve. It is recommended that additional extensive investigation should study the dependence of

the analytical methods on the technology and different materials of PV modules.
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