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COMPUTER-AIDED CHARACTERIZATION OF SOLAR CELL FROM A SINGLE ILLUMINATED 
CURRENT (I)-VOLTAGE (V) CURVE 
M JA YACHANDRAN, SP MA NOHA RAN and MARY JULIANA CHOCKA LINGAM 
Central Electrochemical Research Institute, Karaikudi-623 006, INDIA 

peceived 1987 October 28; Accepted: 1988 January] 

A computer aided characterization technique has been proposed t o  calculate the five parameters of a solar cell represented 
by one diode model. The nonlinear I-V relation is linearized by Taylor series expansion. The cell parameters Iph, I,, A, R, and 
Rsh are obtained by solving five analytical expressions simultaneously. The influence of fixing the values t o  these parameters 
on the I-V charccteristics has been studied. 
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INTRODUCTION 

I n the area of data analysis of solar cells a number of  authors 
have investigated the current (1)-voltage (V) characteristics us- 

ing various iterative methods and different assumptions. The I-V 
relation of a solar cell is described by an implicity function and 
is nonlinear in its parameters. The determination of these 
parameters is important for the following reasons: (1) the I-V equa- 
tion is used to  optimize the design aspects of solar cells and (2) 
the parameter values are important for evaluation of the solar cell 
in research, development and production. 

The calculation of the cell parameters could be accomplished 
either by using a few points selected from the experimental I-V 
characteristics or by considering all the points. A single I-V 
characateristic has been used for determining four parameters [l] 
neglecting the shunt resistance. A modified Gauss-Newton method 
[2] was used for the optimization procedure to  determine the solar 
cell parameters. Nineteen points of the I-V curve were used for 
fitting in which five parameter equation was transformed into three 
parameter equation [3]. A numerical solution [4] has been pro- 
p ~ s e d  which employs only three selected points from the I-V 
characteristics. 

rig. 1: Equivalent circuit of the one diode model of an illuminated 
solar cell 

Eiere, we consider a five-parameter I-V equation and present a 
simple approach in which the nonlinear equation is linearized by 
Taylor series expansion. Partial derivatives of the analytical ex- 
pression are used t o  construct the 5 x 5 matrix to solve the five 
parameters simultaneously and iterations are performed to  obtain 
the best fit. 

The five parameter model of the solar cell equation 

In most cases the I-V characteristics of a n  illuminated solar cell 
can be described by the lumped parameter equivalent cilcuit as in 
Fig. 1. The photocurrent Iph is delivered by the solar cell under il- 
lumination which flows in the diode impedance I,, the shunt 
resistance Rsh, the series resistance R,. For a given intensity of in- 
cident light, the voltage (V) produced and  the current (I) delivered 
are given by the equation 

B V - IR, 
I = Is [exp - (V- IR, ) - 11 + - Iph ... (1) 

A Rsh 

where B = 
KT 

which is implicit, nonlinear and analytically non-solvable. 'A' is 
the diode quality factor. 

The typical I-V behaviour of a solar cell is shown in Fig.2. The 
open circuit voltage V,, is obtained from the intercept of the 
curve with voltage axis and the short circuit current I, is from the 
intercept with current axis. The series resistance R, and the shunt 
resistance RSh are given by the slope of the curve at  V = V, 
f I  = 0) and I = I ,, (V = 0) respectively. V,, and I,, are the 
experimental values of the voltage and current at the maximum 
power point. 

EXPERIMENTAL SET U P  

A silicon solar cell of  area 0.12 cmz was used for the I-V measure- 
ment. The measurements were carried out with a high precision 
rotating potentiometer. Light from a 24 V (25OW) ORIEL quartz 
tungsten- halogen lamp was passed through a water filter and used 
to illuminate the cell with Air mass 1.5 condition (75mW/cm3. 
Over the whole range of the I-V curve 20 ?oints were used to  give 
corresponding values of load current and load voltage. These values 
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can be analysed using any micro computer by the proposed 
method. 

VOLTAGE ( V )  V, - 

Fig.2: A typical I-V curve showing the various parameters of the 
sder cell 

Nonlinear least squares fit p r d u r e  

In general, a set of N measurements (Ii, V i), where i = 1,2 .... 
N, can be simulated with a function of the independent variable 
V and a set of parameters al, az... a,& The form of this function 
I (V, al, az....a,J depends on the physical model used to explain 
the observed experimental data. The best fit of this function is 
found through minimizing the sum of the weighted squares of the 
differences between the experimental and the simulated data sets 
which can be expressed as 

N 

When the function I (Vi, a,  ... aM) is linear in the parameters a ~ ,  
his can be done by setting the partial derivatives of $equal to 

zro  (i.e.) 0. The resulting M simultaneous equations 
an then be szv3;d the parameters can be uniquely evaluated. 

For the nonlinear functions, the best fit is obtained through any 
one of the two approaches: (1) the function may be expanded a 
a "Taylor Series" and correction to the several parameters are car- 
ried out at each iteration on the assumption of local linearity and 
(2) various modified forms of steepest descend [S] method may 
be used whose usage is restricted by the nonconvergence of some 
parameters under required conditions. 

Following Marquardt's model [6] based on Taylor series 
expansion, the nonlinear function I (V, a, ... aM) is linearized 
by expanding into a Taylor series around a set of starting 
values aMO and neglecting the higher order terms expressed as 

Y 

Substituting equation (3) in equation (2) and setting Em = 0, 

we obtain a set of M simultaneous equations in 6 ,. In matrix form 

where 

... ..... . 5, Bui "(' i ,  a  a,,) 31 I V , ,  a , ,  a,, .......................... i . 1  
a a ....... a ak ( 5 )  

which is a 5 x 5 matrix to be used to represent the five parameters 
of the I- V relation as a, =. Iphr a2 = I,, a 3 = R,, a4 = GSh and 
a5 = A 

and 

which is a 1 x 5 matrix and all the derivatives are taken in the point 
alo, azO ... aMO 

The parameters 6 am can be found, by multiplying both sides 
of equation (4) with the inverse matrix of oC ,I = d- -1. Then 
8 a,,, are found from 

As the higher order terms in the Taylor expansion have been 
ignored, this is only an approximate solution. Hence, these F a ,  
values are used to construct a new, and better set of starting values 
for aMO by setting 
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The partial derivatives of the fitting function in equations (5) 
~d (6) are numerically obtained by changing one parameter at 
time by a d amount Aa, in both positive and negative direc- 
m s  as given by 

The disadvantage of this numerical partial differentiation method 
that the fitting function has to be evaluated 2M times in order 
obtain a set of M partial derivatives. Besides, if the derivatives 
come very small relative to I (V, the rounding off errors in 
e computation become more pronounced. 

'To overcome the disadvantages of this numerical step, the par- 
tial derivatives of the I-V relation (1) are derived analytically and 
used to construct the CA and R matrices. It is explicit that usage 
of these analytical derivatives in the curve fitting procedure gives 
precise solutions and saves expensive computation time. 

Description of the computer program 
The program for non linear curve fitting has been developed in 
BASIC language. Any mini/micro computer can be used. The flow 
chart of the routine is presented in Fig.3. The programming has 
been done in such a way that the starting values of the parameters 
a,O are calculated by the computer itself as described below: 

1 
Assuming R, c .=c and from equation (1) it can be derived that 

sh 

START < ... , .m) 
which is nothing at V = Oband the 
value is the starting point for Gsh. The intercept of the line, join- 
ing the points around V = 0, with the current axis gives the initial 
value for Iph. 

The slope of the I-V curve at I = 0 has been taken as the star- 
ting value for R,. V, is estimated from the experimental value 
of V at I = 0. Since the parameter A is appearing in exponential 
function, a slight variation in 'A' will result in a large variation 
in the shape of the simulated curve. Hence the starting values are 
calculated at a certain f i e d  value of A (between 1 and 2). Then 
I, was computed from the equation 

PRINT dm 

COMPUTE PARTIAL 
DERIVATIVeSOF I,(* 

These initial values of the parameters IPh, Is, A, Rs and Gsh are 
used to initiate the program and the current values corresponding I 

.-- 
+ - to  the voltage values selected from all over the I-V curve are com- 

C O M ~ E  jx&vOc puted. This is stored as II(V) and the partial derivatives of I1 with 
respect to the five parameters are executed to solve &and P + matrices. Inverse of &matrix is computed and the error value 6 

CO)IPUTE 1 &v a is estimated. New values of a$,are determined using 8 a,,, and 
mp ml the new @ value is computed. The difference in consecutive $ + values are estimated to obtain the best fit. If the difference is less 

CWW TE FllFACTOR than 10 -m, the values of the five parameters, corresponding to the 
EFFICIENCY 6 PRlW best fit, are printed out together with the simulated current values. 

These values are substituted in equation (1) to simulate the I-V 
values which are compared with the experimental values for error 
computation. Then V, and I , are computed by setting I ' = 0 
and V = 0 in simulated equation. 

The maximum power (Pmp) point is estimated by searching for 
the maximum in the V vs IV product from both the measured and 
simulated values and compared. The Imp and Vmp corresponding 
to  this maximum power point are printed out. 

Finally, the fill factor (FF), defined as 

.3: Flow chart of the program 
- - 
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and the efficiency about the zero axis and the relatively minimum percentage error 
as shown in Fig.5.b. For other values of A, percentage error is 
large and distribution of error points are rather nonuniform. 

arc computed and printed. 

RESULTS AND DISCUSSION 

S i  five parameters are involved, investigation of the uniqueness 
and errors in the values found are fuced by the minimum 
value of 9 and the cgrresponding 'A' value. Fig.4 shows 
the variation of .jb with different 'A' values which predicts a 
minimum point at A = 1.28. Fig.5 a.b,c,d show the percentage error 

59.4: Variation of the minimum error function '4' with different 
quality factors 'A' 

n the computed current values for A = 1.0. 1.28, 1.5 and 2.0 
,espectively. The best fit is obtained for A = 1.28 which is evi- 
lent from the uniform distribution of the percentage error points 

VOLTAGE ( V )  

Fig.5: Percentage deviation of the calculated current values from 
the experimental values for vatious 'A' values: (a) A = 1 (bl A 
= 1.28 (cl A = 1.5 and (dl A = 2.0 

Once all the parameter values Iph, I S, R,, Rsh and A are com- 
puted, they are substituted into the equation (1) and the current 
values for a given voltage are computed. The computed parameter 
values are given in Table I and compared with the experimtntal 
values. Fig.6.a is the experimental curve and 6.b is the curve ob- 
tained from the best computer fit with A = 1.28. Both curves coin- 
cide very well revealing the reliability of this computer characteriza- 
tion technique. 

The importance of fixing the parameter values R,, Rsh and A 
in characterizing a solar cell are studied. Keeping A = 1.28 and 
making R, = G ,h = 0, the I-V curve 6.c is obtained. It shows 
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TABLE I 

Experimental . Computer fit 

VOLTAGE ( V 

pp -- - -- 

;,h = 0 Id) curve with A = 1 and R, = Gsh = 0 

7g.6: Different I-V characteristics: la) experimental curve Ib) 
alculated best fit I-V curve Ic) curve with A = 1.28 and R, = 

a large deviation at the maximum power point and at high voltage 
region of the curve compared to curves 6.a and 6.b. When the con- 
ditions for an ideal solar cell is imposed with A = 1, R, = G,h 
= 0, the resulting curve 6.d deviates more at the maximum power 
point than for all other curves. It emphasises that one should not 
neglect any of these parameters under some assumption in 
characterking the solar cells. 

CONCLUSION 

This computed aid characterisation makes use of the experimen- 
tal data taken at 20 points from all over the 1-V curve. The salient 
feature of this program is that the minimum error function 6 is 
connected with the diode quality factor A. Since 'A' takes into 
account the relative influence of the depletion region recombina- 
tion and the diffusion components of the current, unique fixation 
of 'A' by the minimum value of 9 gives the best fit to the experimen- 
tal values. 

The porgram is written in BASIC language. This has the advan- 
tage that it can be implanted in a micro-computer which performs 
both an automatic acquisition of the I-V data using suitable elec- 
tronic interface [7] and an on line characterization to study the 
performance of a solar cell under field conditions. 
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