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FOREWORD 

The equations and methodology presented in this report are intended to improve the accuracy 
and to simplify the translating of PV performance values from one set of temperature and 
irradiance conditions to any other set of conditions. It should be noted that many such methods 
are available, all varying in the degree of mathematical and physical sophistication and difficulty. 
The equations presented herein are intended to provide engineers and analysts with a simple yet 
accurate means of performing the calculations with an ordinary handheld calculator. The 
introduction of dimensionless temperature and irradiance coefficients further simplifies matters 
because these coefficients are the same (or nearly so) for a cell, module, panel, or large complex 
array, and in many cases are very similar for PV products of different manufacturers. 

.. 
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INTRODUCTION 

This work was performed under NREL Subcontract No. TAD-4-14166-01. It resulted from a need 
to develop a better method for predicting the performance of photovoltaic devices over a wide 
range of temperature and irradiance conditions. Frequently such performance is only known at 
one condition, and the need to extrapolate these results to some other set of conditions is 
essential. The most commonly used method of translating PV performance from one condition 
to another was difficult to use and was found to produce poor results at low irradiance levels. 
Because the most frequently occumng irradiance conditions are either very high (900 to 1000 
W/m? or very low (200 to 300 W/m’>., the translation equations need to be valid over a wide 
range of conditions to be useful. 

Some initial work on this subject was performed in collaboration with NREL personnel 
participating on the IEEE-SCC 21 PV standards committee. During this work, a test program 
was conducted that revealed the inaccuracies of the then-current methods. This, in turn, led to 
the support of this new method by NREL. It should be mentioned that work is continuing on the 
development of new, improved equations. These will be even simpler to use, they will account 
for changes in fill factor, and they will be expanded to include equations for the current and 
voltage at the maximum power point (I, and V A .  

* Low irradiance occurs very frequently as a result of overcast conditions, intermittent cloud 
passage, and every day at sunrise and sunset. 
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PHOTOVOLTAIC TRANSLATION EQUATIONS 
A NEW APPROACH 

1 Summary 

New equations were developed for the purpose of evaluating the performance of photovoltaic 
cells, modules, panels, and arrays. These equations enable the performance values 
determined a t  one  condition of temperature and irradiance to be translated to any other 
condition of temperature and irradiance. The equations were developed to satisfy the following 
goals: 

The  equations should more accurately translate the short-circuit 
current, lscl and the open-circuit voltage, V,, . In particular, the 
influence of irradiance on V,, should be more accurately treated. 

The  equations should more accurately and more simply translate 
the I-V curve data point pairs, I i  and Vi . 

The equations should be based on the use of dimensionless 
coefficients such that a and p have units of "C -' , and not, for 
example, amps/ "C or volts/ "C. 

An equation should be developed for translating the maximum 
power without involving the translation of Isc, Voc, or any I-V data 
pairs. 

All of these goals were successfully met. The data which is presented in this report shows 
good agreement between the analytical predictions made with the new equations versus actual 
test measurements, and superior performance when compared to the current translation 
equations. The  agreement is usually within 5%, which is very good considering that the data 
used undoubtedly contain s o m e  measurement errors, and that the translations were made over 
an extremely wide range of temperature and irradiance conditions: 

0 For device temperatures from 25 OC to 75 OC 

For irradiance levels from 100 to 1000 W/m2 

In spite of the success of this program, further evaluation of these equations is necessary. 
Additional checks need to be made for other PV technologies, for larger modules, and for 
modules that have less-than-perfect performance characteristics, such as shunts. Also, some  
improvements to the equations themselves are possible. The equations presented a re  a 
compromise between simplicity, accuracy, and convenience. 

A comparison between the currently used equations and the new equations is presented on 
Table I. 



Table I 

COMPARISON OF THE ORIGINAL (JPL) TRANSLATION EQUATIONS AND THE NEW EQUATIONS 

I OLD EQUATIONS 

2). No equation available for direct computation of VOc2 

3). I-V Data Pair Translation: 

A. V2 = VI - p * (T2 - TI ) - A Is, R s  - k * (T2 - TI ) 12 

5). No equations available for PNIAx 

NEW EQUATIONS 

VOCl 
2). voc2 = [l+p.(T, -T2)].[l+64n(E,/E,)] 

3). I-V Data Pair Translation: 

pMAXI * (E2 
[I + y e (Ti - T2)] [I + 6 - In (E, /E2)] PMAx2 = 



2 History 

The history of the translation equations currently used throughout the world dates back to an 
IEEE paper' by J. D. Sandstrom of the Jet Propulsion Laboratory (JPL) published in 1967. This 
work was performed in conjunction with Mars and Venus space mission analysis. The paper 
presents some very good correlative results between experimental measurements and the 
resultant analytical predictions oyer a cell tempFrature range from 20 OC to 130 O C ,  and over 
an irradiance range of 500 W/m to 3000 W/m . The equations presented in this 1967 paper 
are the same as those used today: 

4) P2 = I 2 4 2  

where E = 
I =  
Is, = 
v =  
T =  

P =  
R, = 
e =  
k =  

1 and2 = 

a =  

irradiance, W/m2 
current, amps 
short circuit current, amps 
voltage, volts 
cell temperature, OC 
current coefficient, amps/ OC 
voltage coefficient, volts/ OC 
module series resistance ohms 
power, watts 
curve correction factor 
conditions at a specific irradiance level and cell temperature. 

These equations have been in widespread use for nearly 30 years and are employed in ASTM 
Standard E l  036 and in IEC Standard 891. Almost all of the field performance measurements, 
all system sizings, and all of the PV manufacturer's factory data analysis are based on these 
equations. 

'"A Method for Predicting Solar Cell Current-Voltage Curve Characteristics as a Function of Incident Solar Intensity 
and Cell Temperature", J. D. Sandstrom, JPL, Conference Record of the Sixth Photovoltaic Specialist Conference, 
IEEE, Cocoa Beach, Florida March 1967. 



3 Background 

Interest in translation equations arose at an IEEE SCC21 meeting in San Ramon, California, on 
January 16, 1991. This IEEE group was working on some new versions of the Sandstrom 
equations using dimensionless coefficients (actually OC -' units) for a, and p. Module testing 
was conducted to check on the correctness of these new equations. 

To perform this equation check, a matrix of I-V curve data was generated for a wide variety of 
irradiance levels, module temperatures, and PV technologies. It was found that the proposed 
equations did not check well with the test data. More importantly, it was found that the original 
Sandstrom equations did not check well with the test data either. 

The form of the equations for AIsc and l2 suggests that the temperature effect on 
current is independent of irradiance; i.e., the term a, - (T2 - T,) gives the same 
number of milliamps of change at 100 W/m2 as it would at 1000 W/m2 irradiance. 
This is incorrect; the effect is actually proportional to irradiance. Sandstrom noted 
this by stating that a, is not a constant, but varies with irradiance. However, in 
today's usage of these equations, a, is treated as a constant. So, the original 
equation of Sandstrom is correct, but the usage of it is erroneous. The problem is 
easily solved by modifying the current equation as follows: 

5). 

The irradiance effect on Voc is accounted for by the term AIsc - Rs, and for his data 
(single cell with Rs = 0.5 ohm) Sandstrom found a good correlation. However, if one 
visualizes an experiment wherein a variable series resistor is built into a PV module 
and then Voc is measured at two different irradiance levels, it will be found that the 
Voc values measured at these two light levels are the same no matter how much the 
series resistance is changed. In fact, for the data presented herein, the 
polycrystalline module has a series resistance of 6.1 ohms, and the single crystalline 
module has a series resistance of 1.2 ohms, and yet they have nearly identical 
voltage - irradiance characteristics (neither of which matches the AIsc - Rs equation). 
However, the Vo& & match the following equation: 

VOCl 

[I + 6 - In (E, /E2)] v o c 2  = 

Note that this equation is also completely independent of the module series resistance. 

The accuracy of the Sandstrom equations can, therefore, be improved by making the two 
corrections discussed above. However, even better equations can be derived. 



4 Derivations 

The modified Sandstrom equations still rely on a and j3 coefficients that cany dimensions, 
amps/ OC and volts/ OC. This means  that anytime a manufacturer "rearranges" the circuit by 
changing cell size, changing the number of cells in a module, or by changing the series-parallel 
cell arrangement in a module, t hese  coefficients change. Also, if a user has  more than one  
module, the coefficients are  different depending on whether h e  connects the modules in series, 
in parallel, or  in a combination series-parallel arrangement. It was found that much of the  time 
the wrong coefficients were being used. So, modified Sandstrom equations were developed 
based on "neutered" coefficients because these are  independent of the configuration. When 
used this was  they a re  constants. 

When the a and p coefficients have dimensions of amps/"C and volts/"C, they are  defined as: 

Isc2 - ISCI 

7-2 - TI 
a =  7). 

voc2 - VOCl 

T2 - TI 
8). P =  

Transposing these and solving for lsd and V0c;! gives the following: 

IO). 

But when the coefficients are "neutered", they a re  defined as follows: 

( Isc2 - Isci 1 
Isc2 * (T2 - TI1 

11). a= 

W O C 2  - VOCI) 

voc2 - (T2 - TI) 12). P =  

These equations transpose to the following: 

'SCI 

[I + a - (TI - 7-4 13). Isc2 = 

Voci 
[I + P -(TI - T2)] 

14). voc2 = 



And, if we  now account for any irradiance changes, these equations become: 

VOCl 
[ 1 + p - (TI - T, )] - [ 1 + 6 - In (E, / E, )] 16). voc* = 

These are the new equations for Is, and V,, that are  being presented and evaluated. These 
equations incorporate the following features and characteristics: 

The form of the Is, equation has been changed such that the irradiance level 
"magnifies" or "shrinks" the temperature correction effect. 

A V,, equation has been derived that accounts for the irradiance using a 
logarithmic term rather than as a series resistance effect. 

The coefficients a and p have been "neutered," and the equation form has been 
altered to account for this new definition of a and p. 

The next major goal pursued was developing a better method for translating I-V curve data 
points. The Sandstrom equations were lengthy and difficult to u se  and relied upon the 
knowledge of the module (or panel, or array) series resistance and on another mysterious 
constant, k, known as the curve correction factor. Another bothersome point was  the unusual 
translation of points; lscl did not translate to lsa and Vocl did not translate to V,Q. A new 
idea was  tried based on translating I-V data from condition 1 to condition 2 along lines of 
constant load resistance. This would result in lscl translating to Is& along the line R = 0 ohms, 
and, Vocl would translate to V o a  along the line R = 03. The I-V point pairs in between would 
similarly translate along lines of constant resistance with values of R = Vi / l i  . 

R = O Q  
I R = 5 Q  

/ 



This idea remained dormant until July 4, 1993 when the analysis was resumed. The 
idea of translating along lines of constant load resistance was studied, but was never 
perfected. In the midst of a very lengthy derivation of the constant load resistance 
translation equations, a new concept evolved. A set of equations that satisfied the goal 
that lscl would translate to Is& , and Vocl would translate to Voe was simply to multiply 
each current point by the ISC ratio, and to multiply each voltage point by the VOC ratio : 

17). 

18). 

19). 

I, = I ,  .[-) 

P2 = I2 * v2 

These equations were given a preliminary check by translating approximately ten I-V 
curve data sets, and then checking these against actual test data. The translations 
were nearly perfect. 

With equations 15), 16), 17), and 18) verified, it was now a simple matter to theorize a 
new translation equation for the maximum power, Pw . Because each of the I1 x VI 
and 12 x V2 products represents a power point, if equations 17) and 18) are multiplied 
together, a very simple equation for translating any power point (including Pm& is 
obtained: 

20). PNw(2=PNw(, .(p)*(-) voc2 
sc1 VOCl 

Frequently, Isc and Voc values are not known (such as would occur with an inverter 
operating at maximum power). Therefore, a power translation equation based on 
temperature and irradiance measurements is also desirable. Substituting 15) and 16) 
into 20) gives: 

21). Pl *(E2 /El) P2 = 
[I+a.(Tl -T2)][l+p(Tl -T2)] [ l+6-In(E, /E2)] 

To keep things simple, assume for the moment that T1 = T2 , so 21) becomes: 

22). 



One might be tempted to simplify this by assuming that 6 - In (El / E2) = 0. However, 
this will cause  significant errors. This term is very important, and it helps explain several 
puzzles: 

0 

0 

For small changes in irradiance (at any irradiance level, low or high), the 
maximum power seems  to be directly proportional to irradiance. The reason is 
that the term In (E1 / E2) is small when ( E1 / E2) = 1 because In(1) = 0 and the 
term [I + 6 - In (E1 / E2)] = 1. Therefore, P2 = PI - (E1 / E2). 

A plot of maximum power versus irradiance (Pma vs E) is usually very linear, but 
does not appear to pass  through the 0,O point on the plot as it should. The 
reason for this is because the term [I + 6 In (El / E2)] is normally small until €2 
gets very close to 0. Then, as E2 -+ 0, [I + 6 - In (El / E2)] -+ 00 and Pp -+ 0. 

Finally, between equations 21) and 22) it was  assumed that TI = T2 to simplify the 
derivation of 24). We now need to re-insert the temperature effect. This is best 
accomplished by introducing a new power-temperature coefficient, y, which is defined as 
follows: 

23). 

When this is transposed and combined with equation 22), the final equation for Plr~l~x is 
obtained: 

24). PMAxl - (E2 /El )  
[I + y - (TI - T2)] - [I + 6  - In (E, /E2)] pMAx2 = 

Equations for the maximum power point current and voltage, l m a  and Vm, translation 
are also being developed, but have not been adequately checked against test data at 
this point. However, equations for f i l l  factor (FF, and FF2) can be stated by definition: 

25). 

26). 

PMAxl 

sc1 VOCl 
FF, = I  

pMAX2 FF2 = 
Is,, - voc2 



One final point needs to be discussed. The astute reader has probably noticed that 
when the coefficients a, p, y, and 6 were non-dimensionalized, the neutering 
denominator was selected as the condition 2 value; e.g., see equations 1 I), 12) and 23). 
It might be logically asked: "Why was this done, and what would have happened if 
condition 1 had been selected as the neutering denominator?" To answer this question, 
consider the following derivation using V,, as the example. 

Because the data correction is normally made from some hot field condition (VoCl , TI ) 
to the standard condition (Voe , T2 = 25 "C), the "neutering denominator" could logically 
be the STC value which in this case is Voe . Hence, the "neutered p" is defined as: 

27). p =  voc2 -voc1 
voc2 0 2  -TI 1 

Rearranging this equation results in the equation for voltage using the "neutered p": 

Now, one might argue that this equation is good for correcting hot field test data back to 
STC, but what if the translation were made the other way, from STC (Iscl , VOcl , P m a l  
, T1 , E1 ) to the hot field condition (Is@ , VOa , P m a  , T2 , E2). In this case, wouldn't a 
different equation 28) evolve? Because the "neutering denominator" used to calculate p 
was V,, at 25 OC, this would now be called Vocl as a result of the reverse translation: 

voc2 - VOCl 
VOCl (T2 -T,) 

29). p= 

Rearranging and solving for Voc2 gives what appears to be a different equation: 

So, one might think that the basic equation 28) is only valid for a one-way translation, 
and equation 30) is needed for translating the other way but, it will now be shown that 
equations 28) and 30) are nearly identical. Consider an example wherein f3 = -0.004 

, V,, = 20.0 volts, T1 = 25 OC and Tz = 50 OC: oc -1 

= 18.18 Volts J 
20 

'OC2 = I- 0.004 (25 - 50) 



30). 

V ~ Q  = 20 [I - 0.004 (50 - 25)] = 18.00 Volts J 

So, the error is very small (I%), and the same equation can be used for correcting 
either from STC or STC, or actually, between any two points. The bottom line is that 
the neutered coefficients and the resultant equations are not exact (they may in fact not 
be as accurate as their non-neutered counterparts), but they do give a very good 
approximation, and they offer one outstanding benefit .... the neutered coefficients are 
constant .... they do not change (significantly) for a cell, a series module, a series- 
parallel module, a panel, or an array. - 
The remaining question is: "which numerical value of V,, should be used to "neuter" the 
voltage versus temperature slope?" Because this equation is for general use between 
any two conditions (and S I C  may not be one of them) fhe besf choice is probably a 
mid-range value of V,, for fhe irradiance and femperafure range of inferesf. 



5 Equation Check 
A matrix of data was obtained on three modules: a Siemens single-crystal silicon 
module, a Siemens amorphous thin-film silicon module, and a Solarex polycrystalline 
silicon module. This matrix was obtained by warming the module to the desired 
temperature and maintaining it at that temperature by means of a flat, heater blanket 
located under the module. The entire module and heater assembly was installed in a 
solar simulator. When the desired temperature was reached, I-V curves were taken with 
various porous filters covering the module. For the test series described in this report, 
very thin paper tissues were employed for filtration. These are actually full of small 
openings, so the light that penetrates was not spectrally altered. For each of the six 
temperature conditions (25,35,45, 55, 65 and 75°C) , a total of ten different filter layers 
were used (0, 1, 2 .... 9 layers). So, a 6x10 matrix (temperature x number of filters) 
was obtained. The filter layers yere selected to give irradiance levels from 
approximately 100 w/m2 to 1000 W/m . 

Although it may seem like a complex task to obtain the required 60 I-V curves for each 
module, it was actually very simple and was easily accomplished in about 3-4 hours for 
each of the 3 modules. Tables 1, 2, and 3 (see Appendix A) present a summary of this 
matrix data (Iso Voc, and P,, ). 

Using the summary data from Tables 1, 2, and 3, the coefficients a, p, y, and 6 
were determined as follows for the three different PV technologies. 

Equation 
Coefficient 

o c  -1 a ,  

p,”c-’ 
y,OC‘’ 

6 

Single- 
Crystal 

0.00095 

-0.0031 

-0.0033 

0.085 

Poly- 
Crystalline 

0.00090 

-0.0040 

-0.0047 

0.110 

Thin-Film 
Silicon 

0.00036 

-0.0028 

-0.0020 

0.063 

Note that the coefficient, 6, is inherently dimensionless because of the logarithmic 
nature of the equation in which it is used. 



The equations in which these coefficients are  used a re  reiterated as follows: 

"OCl 
'OC2 = [I+p-(T, -T2)].[I+64n(E, /E2)] 

'MAX2 = [ 1 + y - (TI - T2 )] - [ 1 + 6 - In (E, / E )] 

'MAX2 FF2 = 
'sc2 -voc2 

These equations translate ISC, Voc, and PhnAx from the measured value at  an irradiance level of 
El , and a module temperature of T1, to a new value a t  a n  irradiance level of E2, and a module 
temperature of T2 .The equations a re  valid for translation between any two conditions. 

To check on the validity of the equations, analytical calculations were performed using these 
coefficients and equations to predict each of the 60 matrix entries using the single STC value 
as a starting point. Tables 4, 5, and 6 present these analytically derived matrices (see Appendix 
A). In other words, using a single STC value for Isc, Voc, and PhnAx, the other 59 entries in each 
matrix were analytically predicted . The comparison between these analytical predictions and 
actual measurements can be made by comparing Tables 1, 2, and 3 (actual) to Tables 4, 5, 
and 6 (predicted). It will be noted that good agreement exists between the analytical predictions 
and the actual measurements for all three PV technologies. 
These table-to-table comparisons a re  provided on the following pages (with the actual vs 
predicted values shown on the s a m e  sheet). 



After translating ISC and VOC using the above equations, the complete I-V curve can next be 
translated by using the following equations for each I-V pair. 

I, = I ,  .(-I for each current point on the I-V curve, and 

for each corresponding voltage point - 

A total of 114 I-V curves were translated and were then plotted on the actual measured I-V 
curve plots for this translated condition. These comparative plots are presented in Appendix B. 
In these examples, a reverse translation is demonstrated: the I-V curves at STC are translated 
to various non-standard temperature and irradiance conditions. 

The Appendix B results show that these new translation equations demonstrate good 
agreement for thin film silicon, polycrystalline, and single-crystal modules. 

The new equations were next checked against the ASTM E1036 standard equations. A total of 
54 I-V curves were translated using the ASTM E1036 standard equations, 18 each for single- 
crystal, polycrystalline, and thin-film silicon modules. Within the group of 18 translations for 
each technology were a matrix of I-V curve data for three modules temperatures (25, 45 and 65 
"C) and six irradiance levels (approximately 1000, 650, 450, 350, 225, and 125 W / m2 ). For 
each technology, 13-14 I-V data pairs were chosen from the STC I-V curve, and then a 
reverse translation was performed, wherein each data pair was translated to a non-standard 
temperature and irradiance data pair. The new equations were also used to make comparative 
translations. With the new equations, no modification or algebraic manipulation was necessary 
to accomplish the reverse translation; Le., the equations work properly between any two 
conditions because "dimensionless" coefficients (actually, units of OC" ) are used. For the 
ASTM E l  036 reverse translation, modified equations had to be derived because even though 
the current coefficient, a, is "dimensionless," the voltage coefficient, p, is not and carries units 
of volts/ OC. 



Appendix C presents the graphical results for t he  54 I-V curves that were translated using both 
the new equations and the standard ASTM E1036 equations. These analytical results are  
shown plotted against the actual test I-V curve traces. The following conclusions can b e  drawn 
from these plots and the analytical operations: 

At 1000 W / m2 irradiance, the ASTM standard equations and the new equations give 
nearly identical I-V curve translations. Agreement with the actual measured I-V curves 
is excellent for all of the module temperatures and for all three technologies. 

As irradiance is reduced, the ASTM E l  036 equations become increasingly erroneous. 
For example, the voltage error for the three technologies and the three module 
temperatures averages about 6% at  450 W / m2, and about 15% at 125 W / m2. 

As irradiance is reduced, the new equations remain very accurate. For example, the 
voltage error for the three technologies and the three module temperatures averages 
about 2% a t  450 W / m2, and about 5% at 125 W / m2. 

The ASTM E l  036 standard erroneously treats irradiance and temperature effects on 
current as additive effects, whereas they a r e  actually multiplicative effects. This results 
in an  erroneous translation of Isc , but the error is small. 

The ASTM E l  036 standard equations contain at  least three typographical equation 
errors, and possibly six sign errors. The obvious typographical errors were corrected 
before the comparative analysis was  performed. The remaining sign errors (if they are  
in fact actually errors) a re  believed to have only a small effect on the results, and were 
not corrected. 

The ASTM E1036 standard equations are very complex and difficult to use, 
particularly when hand calculation methods a re  employed . 

The new equations a re  very easy to use, and are well-suited to hand calculation 
methods. 

The new equations can be used to translate between any two conditions; STC need 
not be one of these conditions. 

The new equations a re  based on neutered coefficients, and hence, the same  
coefficients and equations can be used for single cells, series-connected modules, 
parallel-connected modules, series/parallel-connected modules, panels, and even entire 
arrays with the modules connected in any manner. 



6 Process 

The complete process for gathering data, evaluating it, computing coefficients, and, finally, 
actually using the coefficients, is summarized as follows: 

STEP 1 : A matrix of data is first derived. This matrix is obtained by warming the module 
to the desired temperature and maintaining it at that temperature by means of a heater 
blanket located under the module. The entire module and heater assembly are installed 
in a solar simulator. When the desired temperature is reached, I-V curves are taken 
with various porous filters covering the module. Screens or thin paper tissues can be 
employed as filters. These have many small openings, so the light that penetrates will 
not be spectrally altered. For each temperature condition (25, 45 and 65OC as a 
minimum) , at least three different filter layers shoubd used. These Jilters should give 
four irradiance levels from approximately 250 W/m (0, 1, 2 and 3 
layers). So, a minimum 3x4 matrix (temperature x number of filters) will be obtained 
resulting in 12 data sets for the module. 
Although it may seem like a complex task to obtain the required 12 I-V curves for each 
module, it is actually very simple, and can be easily accomplished in about 3-4 hours for 
a module. 

to 1000 W/m 

STEP 2: The I-V curve summary data is next transferred to data sheets that tabulate Is, 
, V,, and Pmax as a function of module temperature and irradiance. An examination of 
these tabulations will sometimes reveal erroneous data that can then be discarded or 
corrected by re-test. 

STEP 3: The irradiance for each filter set is computed using the measured values of 
Is,, and assuming that the Isc value measured with no-filter equates to an irradiance 
level of 1000 W/m2. 

STEP 4: A plot of V,, vs module temperature is made, and a best-fit line (least squares 
fit or eyeball) is made through the data points. Because V,, is (nearly always) linear 
with temperature, discrepancies between the data points and the line can be used to 
deduce the "true" module temperature. Again, an examination of this plot will 
sometimes reveal erroneous data, which can then be discarded or corrected by re-test. 

Repeat this process for Is, and Pm, vs module temperature. 

STEP 5: Determine the slope of Is, , Voc, and P m a  versus temperature for each 
irradiance level (actually for each filter set). 

STEP 6: For each irradiance level, determine the slope of Voc versus the natural 
logarithm of irradiance (In E) for each module temperature. 

STEP 7: The coefficients a, p, y, and 6 are next computed. Use the average value of 
the slopes obtained for a given variable. For example, for each irradiance level a slope 
of V,, vs temperature was determined. These should be averaged. For the "neutering 
denominator," use the averaJe or mid-rang5 value of the dependent variable (for 
example, use the Voc at 45 C and 600 W/m for neutering the average of the Voc vs 
temperature slopes to compute p)- 



STEP 8: Now the equations with the coefficients are  ready to use  for any combination 
of module temperature and irradiance. 

STEP 9: To translate an  I-V curve from a field test condition to STC, use  the equations 
and constants wherein: 

Subscript 1 = field test condition 

Subscript 2 = STC 

To translate a n  I-V curve from STC to some field condition, u se  the s a m e  equations and 
constants, but use: 

Subscript 1 = STC 

Subscript 2 = field condition 

STEP I O :  The complete I-V curve (actually the 
translate, and can be quickly accomplished using a hand-held calculator: 

f data point pairs) is very easy  to 

a). Translate lScl to 1,a using the Is, translation equation. 

b). Translate VOcl to V o a  using the V,, translation equation. 

c). Translate each I-V current data point by multiplying by the I,@ / lscl ratio. 

d). Translate each I-V voltaqe data point by multiplying by the V o a  Noel ratio. 

STEP 11: Translate Pmax using one  of the two equations provided. O n e  is a "stand- 
alone" equation that does not require any I,, , V,, or' I-V data pair translations. The 
other equation is based on the I,, and V,, translation ratios, and is very simple to 
use. 

In summary, all of the goals have been successfully met. The data that is presented in this 
report shows good agreement between the analytical predictions made  with the  new equations 
versus actual test measurement and superior performance when compared to the current 
translation equations. In spite of the success  of this program, further evaluation of these 
equations is necessary. Additional checks need to be made for other PV technologies, for 
larger modules, and for modules that have less-than-perfect performance characteristics, such 
as shunts. Also, s o m e  improvements to the equations themselves a r e  possible. 

- 



APPENDIX A 

COMPARATIVE VALUES FOR Isc, Voc, P w  

ACTUAL MEASUREMENTS VS ANALYTICAL PREDICTIONS 

TABLES 1 - 6 





TABLE 1 

. ACTUAL MEASUREMENTS - MATRIX DATA SUMMARY - SINGLE CRYSTAL SILICON 

-- 



TABLE 2 

ACTUAL MEASUREMENTS - MATRIX DATA SUMMARY - POLYCRYSTALLINE SILICON 



TABLE 3 



TABLE 4 

ANALYTICAL PREDICTIONS - MATRIX DATA SUMMARY - SINGLE CRYSTAL SILICON ll 



' 1  

TABLE 5 

ANALYTICAL PREDICTIONS - MATRIX DATA SUMMARY - POLYCRYSTALLINE SILICON 



TABLE 6 

ANALYTICAL PREDICTIONS - MATRIX DATA SUMMARY - AMORPHOUS THIN-FILM SILICON 



APPENDIX B 

A COMPARISON OF ANALYTICAL I-V CURVE 

TRANSLATIONS VS ACTUAL I-V CHARACTERISTICS 
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I-V TRANSLATION EQUATION CHECK FOR 

POLYCRYSTALLINE SILICON MODULE 
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I-V TRANSLATION EQUATION CHECK FOR 

THIN FILM SILICON MODULE 
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APPENDIX C 

COMPARATIVE I-V DATA POINT PAIRS FOR THE 

NEW EQUATIONS VS ASTM E1036 EQUATIONS 

VS ACTUAL I-V CURVE CHARACTERISTICS 
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