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A ~ 7 a v  model for the charcrcferistic c~lczrlatiom 

u ~ i i g  the two-exponei?tiai model has beeir implenaeisted by 

mrsi?~g experinlensid data Ihe deferinination qf lhe cell 

eqrmtiorr paranzeiers whe~1 all testedpoit~is are taken i ~ t o  

considemtiora is accomplished by appIyir~g the least- 

squares method Co~nnrei-cia/ solar cells were measlrred 

ma' their parameters .sMJere calculated for the diode factors 

ntl =I and rn2=2. Series resistance valrres obtail~ed 

experinre~ztnlly fronr meamrmelrts of the dynamic 

resistance are used. After a set of ittercrtiorz ,the 

parameters correspom'ii~g tothe n~ininrzmz value of 

de~?ation are chosen as those chat-ecterisitg the solar cell. 

INTRODUCTION. 

The equivalent circuit of a solar cell permits describing the physical 

behalriour of this cell and its characteristics. The measured 

characteristic of a solar cell can be approximated throush different 

mathematical functions. The physical relations derivated by Shockly [ I ]  

for an ideal p-n junction are the fkndamentals of a v e n  often used 

equivalent circuit for photovoltaic solar cells, fig. 1. The diode dark 



current ID can be caIcuIated by the following relation: 

ID = I. [exp(V/V~) - I] 

where I. is the saturation current 

Io = 4 Ve (np + ~ n )  A 
and 

q = electron charse 

ve = charge carrier velocity 

np = chaige carrier concentration (electrons in p conductor) 

Pn = charge camer concentration (holes in n conductor) 

A = Area of the p-n junction 

V = Applied voltage 

VT = the so called temperature tension VT= k T/q 
k = Boltzmam's constant 

T = Absolute temperature. 

Generally, semiconductor resistances can not be neglected. Hence, 

resistances of the cell can be represented as series resistance and 

leakage currents as parallel resistances. Although these resistances in a 

real solar cell appear destributed, they will be represented in the 

equivalent circuit as concentrated 

Illuminating the p-n junction, an external load current IL wiIl flow : 

IL = Iph - ID (3) 

where Iph is the generated photo-current. 



Sik.;irl,:ting eq.(l) in (3) and considering the voltage drop due to the 

s e ~ i t z  :t;;srar?ce Rs and the leakap current in the shunt resistance Rsh 

we oi;tair! :he following relation between the load current IL and the 

load .,eltl-ge V, i.e. the I-V characteristic of the solar cell: 

In rhis equation appears the diode factor mi, which represents the non- 

lineai- performance of the p-n junction. This factor lies in the range of 

1-2 [2] .  However, there are measured values of it up to 4 [3]. Only 

very accurately produced solar cells of Germanium give, according to 

the ?:hockley model a performance of m l = l  [4]. 

The determination of the parameters of a solar cell described by a 

sirigic exponentid equation has previously been attempted by analytic 

f5.61 and nunerical methods [7], [8] and [9]. The single-exponential 

anproad can be used for many design calculations of solar electrical 

s j~ste~xs Eowever, as the phenomena are considered globally in the 

5inyk-exponenrial model, its parameters can !ose iheir meanings 
L,,PI,  Lt.,Lc,.lc.e the parameters are related to physical phenomena. Therehe  a 

s -  2 P computationaliy efficient double-exponential model should 

Sridies of Wolf and Rauschenbach [lo] showed that the 

2nrsi1errsiic of a solar cell can conveniently be represented by an 

:6,;:- ;::;i diode, fig.2. The dark current-voltage (I-V) characteristic 

Ear! .:r r i x n  described by the equation considering the volrsge drops 

&e :;: the series resistance Ks : 



where the parameters I. 1 ,Io2,m 1 ,rn2,Rs and Rsh have their usual 

meanings described above. Thus, by illumination the eq.(4) can be 

modified into: 

A simple method for determining the parameters in eq. (6) from 

experimental data is important to predict the behaviour of the solar 

cell under illumination and under various working conditions e.g. 

various operating temperatures. The temperature dependances of the 

saturation currents 101 and Io2 are given in [l 11 and [12] as follows: 

I. 1 e T ~ ~ X ~ ( - E @ T )  and (7) 
Io2 e ~512exp (-Eg/2kT) (8) 

The band gap energy Eg of the semiconductor is again temperature 

dependent. In case of Silicon, values between -2.3~10-4 to -2.8~10-4 
eVPK are registered for a middle band gap of Eg=l. 15 eV at 273 OK. 

The currents Iol and Io2 can be separated by measurements at 

different temperatures. 

2. Experimental evaluation of the series resistance. 
The determination of the series resistance Rs can be obtained 

through tu-o characteristics by different illumination intesities [lo]. The 

series resistance will be defined near the maximum power point. This 



Simuhtion of the I- Y Characteristics .... 

procedure has been used here with the simplification that one of the 

two characteristics was mezsured is, dark while the other by the desired 

illurnination ieveI. The diode dark characteristic gives accmding to 

eq.(5) for IL=-I* and v=v*: 

* * I* = 101 ( exp[e(V -I Rs)/ml kT ] - 1)  + 102 ( exp[e(~*-I* 

Rs) 
/m2kT] - 1 ) + (v*-I" Rs)/Rsh (9) 

The characteristic of the illuininated solar cell will be evaluated by 

the open circuit, i.e. IL=O and V=VGc: 

.&surning a current I* = Iph, the comparison of eq (9) and (10) results 

in 

and this gives as solution 

which results in : 

Rs = (v" - Voc)/ Ipll 

provided that for a certain photo-current IDh the corresponding o.c. 

voltage Voc and for a diode dark volrzye V" the corresponding 



current I* = Iph are known. Fig.3 shows the evaluation ofthe series 

resistance for a 5x5 cm2 polychrystalline Silicon solar cell. Fig.4 shows 

the dark characteristic of the solar ceI1. The diode factors, ml and rn2 

can be evaluated using this representation so that the slopes of this 

curve at high and low currents are index for the factors ml and m2 as 

shown in the figure.. 

3. Parameter determination from dark current-voltage 

measurements 
As the current-voltage characteristic of a solar cell, eq.(5), is non- 

linear in its parameters, methods such as the modified Gauss-Newton 

technique should be used for its solution, [13] and [14]. The approach 

presented here for the determination of the cell parameters from 

experimental data is based on a least-squares standard deviation 

technique for linear functions, since we consider ml,m2 and Rs as 

constant parameters. With this assumption, eq.(5) is linear in its 

remaining parameters Iol,Io2 and Rsh, thus these parameters and the 

standard deviation can be calculated [15]. Thus 

After a matrix of CT values has been evaluated, the parameters 

correspondin,o to the minimum value of the standard deviation are 

chosen as those of the best fit. 

For most practical cases the calculations can be sin~plified 

considerably assuming the m l  exponential term generally according to 



Shocklev's difision theory equals to 1. Additionally, to a Erst 

s;pxanation we can assume that m2=2, corresponding to the 

. - - , - , - I ~ ~ ~ W ~  _v-z ,ad-haIi recombination currents in the junction space charge 

: :  Finally, the vector o&i) is calculated for a set of Rs values 

3: mid 2 quickly estimated values according to eq.(13). 

4" Method 
T.. jc'o kinds of commercial flat-plate solar cells of different 

manufacturers are used in this test. One is circular rnonochrystalline Si 

of 5 cm diameter and the other is polychystailine Si 5x5 cm2 are used 

iil the measurements in order to calculate the belonging parameters for 

e.xh qpe.  Calculated parameters for the best fit of the standard 

deviarion for ml= l  and m2=2 are presented in Tablel. Series 

r e s i s m c e  values obtained experimentally from measurements of the 

dynamie resistance are also included. It should be noted that there is a 

good apemenr  between the two sets of series resistance values. 

Ti:. agreenent is rather good when the temperature dependence is 

consiclered. For the solar cell type 1 a ratio I. 1 (KWC) / I. 1(ZWC) = 

6 6 i s  obtained, while a ratio of 7.0 is obtained if we consider a 

ie.: ixrature dependence of the form J ~ ~ Z T ~ ~ X ~ ( - E ~ / ~ T ) ,  as predicted 

b: Slxdky ' s  difidsion theory. 

- *-cr the Icz component, however, the agreement is not so good. 

The I xio Io2(500C)/To2(250C) for the same cell is 2.4 if calculated 

k r : -  :lie vzlues ir, Tablel and is 3.1 calculated from a dependence of 

- . . A .  --,* $2 ! 0 2 e ~ j i 2 e x p ( ~ g / 2 k ~ )  corresponding to a space charge 

-~~:ox;iiin~tion model. Furthermore, rhe fits between the measured I-V 

a; :r th- calculated I-V from the best fit parameters show some 



discrepancy in the low current region, as can be seen in Fig.2, precisely 

in the range where the Io2 term becomes dominant. All this can be 

interpreted as a failure of the mathematicaI model with m2 = 2. In fact 

we realized that the fit improves for m2 values greater than 2. 

An examples for the approximated characteristic according to this 

technique is presented in fig.5. It shows the measured and calculated 

characteristics of a commercial PV generator consisting of 36 10x10 

cm2 monoc~stal l ine Si solar cells in series under 100 mWcm-2 

illumination at AiVl The agreement between measured and calculated 

characteristics is very good. Generally in most of the cases a good 

approximation can be achieved using the ideal diode factors. It was 

possible for all examined cases to obtain a good approximation using 

the two-exponential representation. 

5. Limits of the two-exponentid representation. 

The appearance of non-linear diode factors ml= 1 and m l =  2 

verifjrs the fact that the two-exponential representation in fig2 is 

actually only a usefkl approximation. In high currents cases, e.g. solar 

cells for concentration applications, it results a potential distribution in 

the semiconductor, [10],[16] and [17]. In ref. [16]iit results a potential 

distribution iit results a potential distribution in the sen~iconductor, 

[10],[16] and [17]. In ref. [16] some inner resistance componenets ofit 

results a potential distribution in the semiconductor, [10],[16] and 

[17]. In ref. [16] some inner resistance componenets ofit results a 

potential distribution in the semiconductor, [10],[16] and [ I  71. In ref 

[ l G ]  some inner resistance componenets ofit results a potential 
distribution in the semiconductor, [10],[16] and 1171. In ref. [I61 some 

inner resistance cornponeniit reing the distributed series resistance 



representation. 

The mentioned aspects arise approximation problems so that even 

by the two-exponential representation non-ideal diode factors could 

appear. The physical procedures can be in such cases not perfectly 

described. Thus, the validity of the above described equivalent circuit 

should be case by case carehlly examined. 

5. Conclusions 
The determination of the parameters of the two-exponential model 

of a solar cell from experimental data is possible using the least-squares 

standard deviation techmque described in this paper.This procedure is 

closely related to the physical phenomena and suitable for simulation 

purposes. 
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Table (1) : Results for the best fits of standard deviation with 

ml=land m2 =2. 

Cell Area T Rs Rs 10 l I02 Rsh G 

Type (cm2) (OC) (mn> (~cm-2)  ( ~ c m - 2 )  (Q) 
calc. meas. x10-12 x10-6 

mono 19.6 25 22 21 1.75 0.34 1442 0.101 

19.6 50 22 21 11.6 0.82 1402 0.125 

poly 25 25 72 70 2.09 1.5 986 0.082 

25 50 72 70 10.81 2.1 965 0.103 

FIGURE CAPTIONS 
Fig. 1. Common equivalent circuit for solar cells. 

Fig.2. Two-exponential representation for solar cells. 

Fig.3 Series resistance of a 5x5 cm2 polychrystalline Si solar cell 

vs. photocurrent. 

Fig4 Diode I-V characteristic for a 5x5 cm2 polychrystalline Si 

solar cell. 

Fig.5 PV generator; measured and calculated characteristic. 
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