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Abstract

A review and evaluation of the main analytical techniques for parameters extraction of photovoltaic (PV) modules with due
account taken of their applications in modelling photovoltaic systems is presented. Six prevalent analytical methods are
investigated and assessed using software tools, which have been developed to extract the required parameters of some
commercially available PV modules using these methods. The results were subsequently compared with those obtained using
well-established numerical methods. It is shown that, despite the fact that analytical methods can involve a fair amount of
approximations, some analytical methods can compete in terms of accuracy with their numerical counterparts with much reduced
computational complexity.

© 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of KES International.

1. Introduction

A mathematical model of any PV system requires a set of lumped circuit parameters of its PV modules to enable
assessment of its performance under varying operating conditions. Unfortunately, such parameters are not always
explicitly or fully provided by the manufacturers of PV module. The problem is further compounded due to effects
of partial shading [1, 2]. Consequently, many different methods of parameter extraction with different levels of
complexity and accuracy have been proposed in the literature [3, 4, 5]. These methods are, generally, classified as
either numerical or analytical. Numerical methods, typically, develop a set of equations whose solution can be
achieved using numerical or iterative algorithms [4, 5], whilst others use information provided by manufacturers’
datasheets [6, 7]. In contrast, analytical methods use simple and fast parameter extraction procedures by making
some approximations or simplifying assumptions without sacrificing accuracy [8]. This is done, for example, by
neglecting some model parameters or assigning some approximate values for some parameters [9, 10]. This paper
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presents a review of and a comparison between major analytical methods of parameters extraction of the crystalline
silicon PV solar module, which are discussed in section 3. Section 2 provides the theoretical analysis, which
underpins the PV modelling process. Section 4 presents a comparison between the analytical methods in terms of
their accuracy and the results are compared against those obtained using well-known numerical techniques. Finally,
section 5 concludes the paper.

Nomenclature

a modified diode ideality factor {a = n N 1%; ).
Her modified diode ideality factor at standard test conditions (STC).
thermal coefficient of the short-circuit current (A/°C) .

[ thermal coefficient of the open-circuit voltage (V/°C).

G solar irradiance (W/m?).

Gstc  solar irradiance at standard test conditions (1000 W/m?).

1 Output current of a module (A).

Ly current at the maximum power point (A).

Imstc  current at maximum power point under standard test conditions (A).
Lpn photocurrent (A).

Lsar reverse saturation current (A).

Lausrc  reverse saturation current at standard test conditions (A)

L short-circuit current of the module (A).

Ly,stc short-circuit current of the module at standard test conditions (A).
k Boltzmann constant (1.381x10% J/K).

n diode ideality factor.

N number of the series-connected cells per module.

P Output power of the PV module (W).

q electronic charge (-1.602x10°° C).

R series resistance of the PV module (Q).

Ryo reciprocal of slope of the I-V characteristic at V=V.. (Q).

R shunt resistance of the PV module (Q)

Rno reciprocal of slope of the I-V characteristic at [=I. ().

T temperature of the PV cell (K).

Tsrc temperature of a module at standard test conditions (25°C or 298.15K)
14 Output voltage of the PV module (V).

Vn voltage at the maximum power point (V).

Vamsrc  voltage at the maximum power point under standard test conditions(V).
Ve open-circuit voltage of the PV module (V).

Voestc  open-circuit voltage of the PV module at standard test conditions (V).
Vin thermal voltage of the PV module (V).

W Lambert W-function.

wsrc Modified Lambert W-function at standard test conditions.

2. Theoretical bases of the analytical methods

The single-diode model of a PV cell, Fig. 1, is the most commonly used model for modelling PV modules and
arrays. It has five parameters to be extracted when modelling a PV system; the photocurrent source, the ideality
factor and the saturation current of the diode, and a series and a shunt resistance of the PV cell [11]. The associated
transcendental implicit equation of the model is
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V+IR V+IR kT
I=1,, -1 |exp AR ] , where V, =— (1)
nNthh Rsh q

This can be simplified into an explicit equation using the Lambert W-function as [12]

Ry, (R, =Ry +V)

t
RRh] t st sa
|4 Rsh (]ph +Isat) v thh (RS +Rsh)
v, o ax
Rs +Rsh RS +Rsh thh (Rs +Rsh)

This explicit form is attractive due to its applications in modelling large photovoltaic systems especially under
the effects of mismatch losses.
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Fig. 1 Single-diode model of a PV module.

The I-V characteristics of a PV module are not always provided in the manufacturers’ datasheets or given only at
the standard test condition (STC) [6, 7, 13]. Analytical methods, usually, introduce some approximations in deriving
the following three standard equations from (1) using the short-circuit (SC), the open-circuit (OC) and the maximum
power points (MPP) on the I-V characteristics at STC as

IR I R
ScC:0,71.): I..=1,,—1I_ |exp| =<5 |-1|-2<% 3
( sc) sc ph— tsat p[n Nthhj Rsh 3)
V vV,
oc:(V,.,0): 0=1,,—-1,, |exp| —2— |-1|-—=2 4
(oc ) ph tsat p(l’leVth] Rsh 4)
vV, +1,R V,+1,R
MPP:(V, I ): I = -1 . |exp| 22—25 (-] |22 5 5
(m m) m ph sat{ p{ ”Nthh J :| Rsh (3)

A fourth equation is obtained from the fact that derivative dP/dV =0 at the MPP as
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1 I V +1 R
dP I R, nNJV, nNJV,
T T T T » » (6)
dv V R I R V+1R
m 1+ S + sat S exp m m
R, nN.V nNV,

Another two equations are derived from the I-V characteristics as [6, 7, 13, 14]

dl | 1 dl 1
=— and —| =—— (7)
av |I ¢ Rsho Voe Rso

3. Analytical methods used for parameters extraction.
3.1. Method 1

This method uses the datasheet parameters I, V., I, and ¥, and the slopes at the SC and OC points on the I-V
curve [8]. It calculates a value of the ideality factor » as the main parameter and subsequently uses this value to
compute the rest of the parameters. The method uses equations (3) to (7) to extract the model parameters of a cell
after neglecting the terms N, and using the following approximations

I.R 1
exp Voc >>exp| =5 |, R, <<Ry, , Lo s exp Voc
n Vg, n Vg, Ry, nVy, nVy,

()
1 I R 1 I,.R
sat exp( sc sj<< 1 ,and sat exp( sc s]<< 1
nVy nVy R nVi nVy Ropo = R;
Upon applying the above approximations, the ideality factor can be calculated from
n= T Vm + [mRso _;Oc i 9)
VipIn(ly, +—"—1,)-In(l,, —°)+ n
Rsho Rsho ([ sc _Voc / Rsho)

Equation (9) represents the ideality factor of the solar cell in terms of measured parameters and in order to obtain
the ideality factor for a module, its denominator is multiplied by Ns. The other four unknown parameters of single-
diode model can be determined from

V -V
I.. =, ——%)ex oc¢ 10
sat ( sc Rsho ) p( n V;h ) ( )
V
RS = Rso —%exp(%) (11)
sat nvy

Ry, = Ry, (12)
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R IR
1y =L 1+ =)+ 1, exp[(=5)-1] (13)
Ry, nvy,

3.2. Method 2
In this method, the series and shunt resistances are neglected, thus resulting in (1) becoming explicit [10],

allowing calculation of the current, voltage, and power at the key operating points on the I-V curve. The method
uses the following equations to describe the behaviour of the PV module

I, = Iph (14)
v
]sc :[Sat CXp = -1 (15)
nNsV;h
Iy
Voe =n NV, In(1+—%)
sat (16)
Tgar = {/sc
exp[(—> ) —1]
nNthh (17)
l,=1,.-1,|€exp L -1 (18)
nNthh
1
I, = Vnlsar exp I (19)
nNthh nNthh

Substituting (15) and (18) into (19), yields

exp (L] 2[1 + V—’”] exp (V—”’] (20)
nNthh nNthh nNthh
1
V., =nNJV; h{% i} 1)
sat VOC
'[SC
]m :Isc +nNSVthV_'Isat (22)
oc

In order to calculate the ideality factor at standard test conditions using (17), and (18), yields
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V

n= m,STC oc,STC (23)
I
m,STC
Ny stcIn| 1-—=""—
sc,STC

The simplicity of the model is, however, achieved at the expense of reduced accuracy especially at low irradiance
because of the effect of the PV resistances.

3.3. Method 3

In this method, the shunt resistance is omitted giving rise to what is known as the four parameter model. This
model offers good accuracy that is comparable to that of the double-diode model as long as a negative value for the
series resistance is acceptable, albeit with no physical meaning [15]. In general, the four parameters model provides
a simple method of parameters extraction and is suitable for simulating PV systems under different operating
conditions. This method depends on the manufacturer's datasheet parameters i.e. I, V., I,, and ¥, without the

need for the full I-V curve [9, 15]. By eliminating the shunt resistance and reformulating (3), (4), and (5) and using
this approximation

I¢~R
I, >>1  exp| -5 24
ph sat p[l/lN V;h J (24)

N

The following equations can be derived [9, 15]

Loy = 1y (25)
[sat :[sc eXp(_VOC /nNs I/;h) (26)
R =[nV, n(1-1,/1,.)+V,.—-V,] /Im (27)
Im Im
n=Q2V,-V,.)/ N V[ —"—+In (1--"1)] (28)
Isc _Im Isc
3.4. Method 4

This method uses a piecewise linear curve fitting technique of the I-V characteristic combined with the four
parameters model to extract the parameters of a PV module by producing an explicit system of five algebraic
equations at the STC conditions [16]. The method uses the slopes at the SC and OC points and the derivative
dP / dV at the maximum power point so as to obtain the solution for the five parameters of the single-diode model

as follows
a| v [dV (,Sc_zm)wm}_dV (dV ,ij(w ,m%j
dl 1=0 dl V=0 dl y=0 dl 1=0 dl V=0 dl V=0
al _av {dV (LI “VHW ; +Vj(dV ,w)
larl o odlly—o Ldllyo " " Nl " " Ndl g T
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dv
Rsh = -R -— (30)
dl o
_Isc(l+Rs/Rsh) 31)
(dV +RSJ(dV ISC+VOCJ
dl dl
_ 1=0 V=0
a= (32)
av| av
dl o dlly—
V V
I .=1,6-—2 exp| —%— |-1 33
sat [ph Rsh / Xp l’leVthj (33)
3.5. Method 5

In order to improve the accuracy of parameters extraction using the single-diode model, two boundary conditions
were considered; the first one is the dP/dV at the MPP, which enabled the derivation of an implicit form for the
series resistance and an explicit form for the shunt resistance [8]. The second condition is the slope at the SC point
which is used to determine the ideality factor. However in [17] the above conditions were used to derive an explicit
equation for the series resistance from the manufacturer's datasheet and the slope at the SC point as

ol oma i B e ) e )

V. [chvho
R, = (34)

I -1 R
RO YT 1Y [ L | NP
- V. —1.R,, '

Subsequently, this is used to derive the ideality factor and the shunt resistance as

Z(Vm_lmRs)(Vm+(lm_ls ) sho)/(V sho) 35)

Ry =V - LRV, - Ry (1o - 1, ) -0V ) (V- LR ) (Lo - 1, ) -1V L, ] (36)
The slopes of the I-V curve at the SC and OC points can be obtained approximately as [14].

Ry, =CyVoe !l ,and R,=CV,./I., Where C, = 34.49692 and C; = 0.11175 for silicon. (37)

sc s” oc
3.6. Method 6

This method uses two approaches; the first one develops a new relationship between the modified ideality factor
and the open-circuit voltage and relies upon the voltage and current temperature coefficients. The second approach
relies on a simplified form of Lambert W-function of the single-diode model [12]. Using (4) after neglecting the
shunt resistance and using the Townsend equation of the saturation current [6], the new equation connecting the
modified ideality factor and the open-circuit voltage at STC becomes
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Osrc =asrc Voe,stc =1=Tsre By 1 (50.1=a; Tsrc) (38)

The single-diode parameters using the Lambert W-function and properties of the ideal model to extract the five
model parameters become

1
Ry = agre (Wsre -1)-Vu /Iy and - Ry, =asre (wsre -1)/1(1 'W—)]sc 1] (39)
STC
R 1
5STC
Lp=|1+—" |l and I =1e (40)
sh
1 1
+1
where : wgr- =W (% ) =W (e ) (41)

4. Results and discussion

In order to validate and compare the above methods, the multi-crystalline Kyocera KC200GT PV module [4] was
investigated in this work and results obtained using MATLAB simulations were compared against those obtained
using well-documented numerical techniques, such as [3, 4, 5]. Table 1 shows that method 1 and method 5 are most
accurate, whilst methods 2 and 3 resulted in higher values of the ideality factor. Method 4 produced lower than
expected values for the ideality factor and the saturation current and consequently led to inaccurate values for the
series and shunt resistance. Finally, the ideality factor of method 6 is always limited to the range 1+ 0.05 [12].
Fig. 2(a) shows that methods 1 and 5 exhibit close similarity at the region where the current source is dominant
because both methods use the slope at this region. At the region where the voltage source has strong affect,
method 5 produces an underestimated I-V curve when compared with iterative methods, while methods 2 and 3 may
be seen as the least accurate, however, as can be deduced from Fig. 2(b), they give good representation for the PV
module characteristics at STC. This indicates that the resistances do not have significant effect on the both I-V and
P-V characteristics curves at the STC, which is not the case under other operation conditions [10]. As shown in
Fig. 2(c), method 4 shows underestimation of the current due to the fact that this method depends on a flat line when
ignoring the shunt resistance. An overestimation of the power can be observed in this method, while all other
methods have relatively the same maximum power. Finally, Fig. 2(d) shows that method 6 has good agreement with
the iterative methods with slightly underestimation at the current region near the maximum power point.

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

Method n Ry(Q) Ra(€) Lu(A) Li(A)
Method 1 1.08317 0.27077 124 2.4885x10” 8.22793
Method 2 1.81764 0 S 1.78074x10° 8.21
Method 3 1.40991 0.19455 o 4.09919x107 8.21
Method 4 0.65008 0.39999 82.55084 1.14541x10°"% 8.24978
method 5 0.88423 0.38033 123.61967 1.81544x10"! 8.23526
Method 6 1.00258 0.30567 130.46626 4.43777x1071° 8.22924
Iterative method [4]. 1.3 0.2283 572.12367 9.89443x107* 8.21329

Numerical method Newton-Raphson [7]. 1.3405 0.2172 951.3267 1.7097x107 8.2119
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Fig.2. Represent the I-V and P-V characteristics of the KC200GT module,(a) comparison between methods 2,3 and iterative method ,(b)

comparison between methods 1,5 and iterative method, (c) comparison between methods 4 and iterative method,(d) comparison between
methods 6 and iterative method.
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5. Conclusion

The paper presented an assessment of the complexity and accuracy of the prominent analytical methods presented
in the literature for extracting lumped circuit parameters of PV modules. In addition to comparing the advantages
and disadvantages of different analytical methods, the work demonstrated that simplified analytical methods with
reduced computational complexity may substitute their complex numerical counterparts. Indeed, results indicate that
analytical methods can produce results, which were comparable with those obtained using numerical techniques.
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