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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.



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 photovoitaic 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 occurring irradiance conditions are either very high (800 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 tumn, 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).

* Low irradiance occurs very frequently as a result of overcast conditions, intermittent cloud
passage, and every day at sunrise and sunset.

il







CONTENTS

Page

Clause

1 SUNMMARY. . ...ttt ettt ree sttt s e se e s s e ae st e e e s asaaae s et e e s sasaeasssnaesansnnnnses 3
2 HISTORY. ...ttt ettt e rvae e et e et e s e s e e ee s s sassaaaaesenassnnnsnnanasesasnnssnnesnens 5
3 BACKGROUND.......coooiiiteeeeee ettt e e e e ee e e ra e e e e e et esee s e neneeeaeasssasnsnnetaasesaesans 6
4 DERIVATION. ...ttt e e e eat e e et ee s e snna e e e e e nmnntaaaasesaennnneaens 7
5 EQUATION CHECKS. ..ottt ettt et e et e e e e s msr e e e e e e e e s mneae 13
6 PROGESS......cc oottt eeeeeeeeeeerte e e e vaas e e e e s naeasssaneeeee e naasaasaeasnsnnaneaaaeeseennnraeeaans 20
Appendixes

1 APPENDIX A. ...ttt sttt et e e e et e e e e e s et e e e e e e e ans st e teeee s e annnaeeenn 22
2 APPENDIX Bh......ooeeoeeiiieeeeeeee ettt eee ettt e s s svaases et e e se s msnaeaeee e enteeeeaeseesamnne 29
3 APPENDIX C......ooeeiieeeeeeeectreeeecitee e e e e eeese e bt saeesaateeeeeaeeeeaee s sanet et neeae s nmneneneeeas 70







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 at one condition of temperature and irradiance to be transiated 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, lsc, and the open-circuit voltage, Vqc . In particular, the
influence of irradiance on V¢ shouid be more accurately treated.

e The equations should more accurately and more simply translate
the I-V curve data point pairs, liand V;.

® The equations should be based on the use of1 dimensionless
coefficients such that o and B 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 Is¢, 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 some measurement errors, and that the translations were made over
an extremely wide range of temperature and irradiance conditions:

®  For device temperatures from 25 °C to 75 °C
e Forirradiance levels from 100 to 1000 W/m?

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 are a
compromise between simplicity, accuracy, and convenience.

A comparison between the currently used equations and the new equations is presented on
Table 1.




Table 1

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

OLD EQUATIONS

NEW EQUATIONS

E .
1). lsc2 = lsc1 + lsci ‘(“E%"')”HX'(Tz - Ty)

Alse =lsc2 - lsci

1) I — ISC1
C % e (T, - T,)] - [E4 /E,]

Voct
2). No equation available for direct computation of Vocz 2). Voo =
[1+B (T = Tp)] - [1+ 8- InE, /E,)]
3). I-V Data Pair Translation: 3). |-V Data Pair Translation:

A Vo=V -B:-(T2-T1) - Alsc*Rs - k- (T2 - T1) 15

B. |2 = '1 + Alsc

AV, =V, (%’i)
0C1

|
'sc1

4. Py=l-V,

4)' P2=|2'V2

5).  No equations available for Pyax

| V,
9 = s (12 (122) o

= _ PMAX1 : (E2 /E1)
Rl [1+Y'(T1"Tz)]'[1+8'ln(E1/E2)]




2 History

The hlstory 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 over a cell temperature range from 20 °C to 130 °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:

E
1) Alge =lgcy '(‘é“‘}"‘a'(Tz'-ﬁ)

2) I2 = |1 + Alsc

3) Va=Vi-B-(Ta-T1)-Alc-Rs -k-(T2-Ty)-I2

&

P2=|2‘V2

irradiance, W/m?

current, amps

short circuit current, amps
voltage, volts

cell temperature, °C

current coefficient, amps/ °C
voltage coefficient, volts/ °C
module series resistance ohms
power, watts

curve correction factor
conditions at a specific irradiance level and cell temperature.

where

Q

(7]

ROV R A<g — M

1and 2

These equations have been in widespread use for nearly 30 years and are employed in ASTM
Standard E1036 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 °C ™ units) for o« and B. Module testing
was conducted to check on the correctness of these new equations.

To perform this equation check, a matrix of |-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 Al and I, suggests that the temperature effect on
current is independent of irradiance; ie., the term a - (T, - T4) gives the same
number of milliamps of change at 100 W/m? as it would at 1000 W/m? irradiance.
This is incorrect; the effect is actually proportional to irradiance. Sandstrom noted
this by stating that o is not a constant, but varies with irradiance. However, in
today’s usage of these equations, o 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:

E E
5). AISC = lsc—] . [_E—f— - 1J + - (Tz * T1) . (E?—J

¢ The irradiance effect on V¢ is accounted for by the term Algc - R, and for his data
(single cell with Rg = 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 Vg 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 Algc - Rg equation).
However, the VoS do match the following equation:

V,
: °2 " [1+8-In(E,/Ey)|

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 B coefficients that carry dimensions,
amps/ °C and volts/ °C. 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, these coefficients change. Also, if a user has more than one
module, the coefficients are different depending on whether he 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 are constants.

When the o and B coefficients have dimensions of amps/°C and volts/°C, they are defined as:

_Jsco = s
7). o= T,—T,

_ Vocz = Vo
8). B= T,_T,

Transposing these and solving for Isc2 and Vg2 gives the following:
9). lsco =lgcr +a- (T, - Ty )
10). Vocz =Voc1 +B-(T, - T))

But when the coefficients are “neufered”, they are defined as follows:

(lsco —lsc1)
11). o=
) lscz - (T2 = Ty)
(Moc2 = Voci)
12). =)
P (=T

These equations transpose to the following:

ISC1

13). I =
) sc2 [1+a'(T1—T2)]
V,
1), oct

Vooz = B (T, —T,)]




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

[
15). laps = £
) 52 M+a-(T, - T,)] - [E /E,]

B Voct
16). Vocz —[1+B'(T1 ~T,)}-[1+ 8- InE, /E,)|

These are the new equations for Igc and Vg that are being presented and evaluated. These
equations incorporate the following features and characteristics:

o The form of the lgc equation has been changed such that the irradiance level
“‘magnifies” or “shrinks” the temperature correction effect.

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

e The coefficients a. and B have been “neutered,” and the equation form has been
altered to account for this new definition of o and B.

The next major goal pursued was developing a better method for translating |-V curve data
points. The Sandstrom equations were lengthy and difficult to use 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; lgc1 did not translate to Isc2 and Voot did not transiate to Voeo. A new
idea was tried based on translating |-V data from condition 1 to condition 2 along lines of
constant load resistance. This would result in lscq translating to lgez along the line R = 0 ohms,
and, Voc1 would translate to Vo2 along the line R = w. The |-V point pairs in between would
similarly translate along lines of constant resistance with values of R = V; /;.

R=0Q
! 1 R=5Q
2
1 1
R=20Q
R=50Q
1 2 —
112 y, R=o




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 lgec1 would translate to lgcz , and Vog1 would translate to Vg2 was simply to multiply
each current point by the Isc ratio, and to multiply each voltage point by the Vo ratio :

|
17). L =1, (-ﬁ)
lSC1

V
18). V, =V [ﬂ)
- Voct

19).  Py=l-V,

These equations were given a preliminary check by translating approximately ten 1-V
curve data sets, and then checking these against actual test data. The transiations
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, Pyax . Because each of the [1 x V4
and Iz x V> products represents a power point, if equations 17) and 18) are multiplied
together, a very simple equation for translating any power point (including Pmax) is
obtained:

V,

Frequently, lsc and V¢ 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:

P, = P1(E2/E1)
2 o (T - TR [1+ B (Ty = T} [1+ 8- In(E, / Ey)]

21).

To keep things simple, assume for the moment that T4 = T, , so 21) becomes:

__ P IE)
2" [1+8-In(E, /E,)|

22).




One might be tempted to simplify this by assuming that & - In (E1/ E2) 0. However,
this will cause significant errors. This term is very important, and it helps explain several
puzzles:

e 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 (B4 / Ep) is small when (Eq/ E2) = 1 because In(1) = 0 and the
term [1 + 8- In (Eq/ E2)] = 1. Therefore, P2 = P4 - (E1/ Ey).

e A plot of maximum power versus irradiance (Pmax Vs E) is usually very linear, but
does not appear to pass through the 0,0 point on the plot as it should. The
reason for this is because the term [1 + & - In (E1 / E2)] is normally small until E2
gets very close to 0. Then,asE; —» 0, [1+8-In(E1/E2)] >« and P — 0.

Finally, between equations 21) and 22) it was assumed that T1 = 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). F>MAX2 - PMAX1

' e (T, = T)

When this is transposed and combined with equation 22), the final equation for Pyax is
obtained:

= _ PMAx1'(E2/E1)
MAX2 [1+y- (T, - T,)] - [1+5-In(E, /E,)]

24).

Equations for the maximum power point current and voltage, Imax and Vmay translation
are also being developed, but have not been adequately checked against test data at
this point. However, equations for fill factor (FF4 and FF2) can be stated by definition:

PMAX1
25) FF1 - lSC1 ) VOC1

P
26). FF,=—1%2

ISCZ ) VOCZ



One final point needs to be discussed. The astute reader has probably noticed that
when the coefficients o, B, v, and & were non-dimensionalized, the neutering
denominator was selected as the condition 2 value; e.g., see equations 11), 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 (Vge1 , T1)
to the standard condition (Vg2 , T2 = 25 °C), the “neutering denominator” could logically
be the STC value which in this case is Vo2 . Hence, the “neutered B is defined as:

__Voc2 = Vo
20 =Yy (T -Ty)

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

_ Voct
28). Voc2 =[5 5(T, - T,)]

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 (lIsc1 , Voct » Pmaxt
, T4, Eq) to the hot field condition (lsc2 , Voc2 » Pmaxz » T2, E2). In this case, wouldn't a
different equation 28) evolve? Because the “neutering denominator” used to calculate B
was V¢ at 25 °C, this would now be called V¢ as a result of the reverse translation:

V0C2 - VOC1
9). =
SV P

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

30).  Voe2=Voc1-[1+B-(T2-Ty)]

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

equatlons 28) and 30) are nearly identical. Consider an example wherein B = -0.004
°C ™", Voe1 = 20.0 volts, T; =25 °C and T, =50 °C:

VOC1
28). ooz =B (T, —T,)]

1-0.004 (25-50)




30).  Voe2=Voc1-[ 1+ (T2-T)]

Vo2 = 20 [1 - 0.004 (50 - 25)] = 18.00 volts v’

So, the error is very small (1%), and the same equation can be used for correcting
either from STC or to 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 STC may not be one of them) the best choice is probably a
mid-range value of V. for the irradiance and temperature range of interest.



S5 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, |-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 were selected to give irradiance levels from
approximately 100 W/m? 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 (lsc, Voe, and Pmax ).

Using the summary data from Tables 1, 2, and 3, the coefficients a, B, vy, and &
were determined as follows for the three different PV technologies.

Equation Single- Poly- Thin-Film

Coefficient Crystal Crystalline Silicon
a,°C 1 0.00095 0.00090 0.00036
B,°c -0.0031 -0.0040 -0.0028
y,°C -0.0033 -0.0047 -0.0020
) 0.085 0.110 0.063

Note that the coefficient, 5, is inherently dimensionless because of the logarithmic
nature of the equation in which it is used.



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

. lscy
52~ Mt (Ty - To)l- [(E,/E,)]

Ve _ Voci
OC2 = 14 B-(T, - To)] - [1+ 8- An(E, / E,)]

! vV,
Puaxz = Puax [ 62 J : (—OCZJ , or
Isc Voct

PMAX1 '(E2 /E1)
1+y-(Ty = Tp)]-[1+8-In(E, /Ey)|

PMAX2 = [

FF, = _PMQXL__
ISCZ : VOC2

These equations translate Isg, Voc, and Pyax from the measured value at an irradiance level of
Es , and a module temperature of T, to a new value at an irradiance level of E, and a module
temperature of T, .The equations are 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 Puax, 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 are provided on the following pages (with the actual vs
predicted values shown on the same sheet).



After translating Isc and Vgc using the above equations, the complete |-V curve can next be
translated by using the following equations for each |-V pair.

I, =1 (———) for each current point on the I-V curve, and

V,
V, =V, .[Vocz) for each corresponding voltage point .
oc1

A total of 114 |-V curves were translated and were then plotted on the actual measured I-V
curve plots for this franslated 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 |-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 |-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 / m? ). For
each technology, 13-14 |-V data pairs were chosen from the STC |-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; i.e., the equations work properly between any two
conditions because "dimensionless" coefficients (actually, units of °C™" ) are used. For the
ASTM E1036 reverse translation, modified equations had to be derived because even though
the current coefficient, a, is "dimensionless,” the voltage coefficient, B, is not and carries units
of volts/ °C.




Appendix C presents the graphical results for the 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 be drawn
from these plots and the analytical operations:

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

 As irradiance is reduced, the ASTM E1036 equations become increasingly erroneous.
For example, the voltage error for the three technologies and the three module
temperatures averages about 6% at 450 W/m?, and about 15% at 125 W/m?.

» 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% at 450 W / m?, and about 5% at 125 W/m?>.

¢+ The ASTM E1036 standard erroneously treats irradiance and temperature effects on
current as additive effects, whereas they are actually multiplicative effects. This results
in an erroneous translation of lgc , but the error is small.

+ The ASTM E1036 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) are 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 are employed .

+ The new equations are 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.

s The new equations are 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, |-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 65°C as a
minimum) , at least three different filter layers should used. These filters should give
four irradiance levels from approximately 250 W/m® to 1000 W/m? 0, 1,2and 3
layers). So, a minimum 3X4 matrix (temperature x number of filters) will be obtained
resuiting 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.

STEP 2: The I-V curve summary data is next transferred to data sheets that tabulate I
, Voc and Ppax 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
lse, and assumlng that the lgc value measured with no-filter equates to an irradiance
level of 1000 W/m?.

STEP 4: A plot of Vo 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 Isc and Pmax vs module temperature.

STEP 5: Determine the slope of Isc , Voc, and Pyax versus temperature for each
irradiance level (actually for each filter set).

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

STEP 7: The coefficients a,, B, v, and & are next computed. Use the average value of
the slopes obtained for a given variable. For example, for each irradiance level a slope
of Vgc Vs temperature was determined. These should be averaged. For the “neutering
denominator,” use the aver%ge or mid- -range value of the dependent variable (for
example, use the Vo at 45 "C and 600 W/m? for neutering the average of the Voc vs
temperature slopes to compute ).




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 |-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 an I-V curve from STC to some field condition, use the same equations and
constants, but use:

Subscript 1 = STC

Subscript 2 = field condition

STEP 10: The complete I-V curve (actually the |-V data point pairs) is very easy to
translate, and can be quickly accomplished using a hand-held calculator:

a). Translate lgc1 to g2 using the lgc translation equation.
b). Translate Voc1 to Vo2 using the Vo translation equation.

c). Translate each |-V current data point by multiplying by the lgeo / lg¢1 ratio.

d). Translate each |-V voltage data point by multiplying by the Vge2 /Voe1 ratio.

STEP 11: Translate Ppax using one of the two equations provided. One is a “stand-
alone” equation that does not require any lsc, Vo or [-V data pair translations. The
other equation is based on the Isc and Vg 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, some improvements to the equations themselves are possible.




APPENDIX A
COMPARATIVE VALUES FOR Isc, Voc, Puax
ACTUAL MEASUREMENTS VS ANALYTICAL PREDICTIONS

TABLES 1 -6







TABLE 1

ACTUAL MEASUREMENTS - MATRIX DATA SUMMARY - SINGLE CRYSTAL SILICON

NUMBER OF FILTERS—> [ 0 1 2 3 4 5 6 7 8 9 0
lsc @25°C Lo _[.578 | g |35 | Ldee | wmia |16 st | ez | e |aen ]
@35 og oo doasaleer Thusy a3 | .aes (.8 fags |as2 |3z |.us [Laa ]
@45 ° 93V .02 | 433 [.333 | .2¢4 |8 |85 |.isg |34 |.n7  |«938_
@55 °C Q38 | .599 | H34 |.336 .71 (L7 | o) 59 |a13¢e 19 | .938
@65 °C 942 |.6 [ M40 |,335 J.0 |.oay |85 |ase |03y |07 | .94
@75 °C 953 |, 606 .40 [.393 [.273 [224 [.(90 |.1er |wuge  |i1a2 |.955
t
Voe g_;‘%og 20,3} | 19:80 |(9.47 |19.02 {1873 11843 |\8\g (17,92 |17.69 | 74 |<e.2¢
@45C 19.69 119.19 | 18,77 IM§ (812 | \7.8% | 17,58 | 172,29 |.03 [l677 [l19.65
@B55°C R 18,63 |18 185 112,53 112,34 | 16,94 16720 fieY43 |69 119,07
@65°C 18.58 1804 12,63 117227 116,89 16,55 ] 16,28 [le.0o8 1578 | 1558 |18 H¢e
TE—oC 1814 {)7.63 | V.21 (16,83 | 1650 | 16.2) 15,89 {15,423 |15.36 | 151 18, ot
@ 17 (a7 1655 16,26 [15.879 [15.53 [15.25 [Wan 1970 [juys 7.9
Pmax @ 25 og 12,64 [ 7,03 [ 554 (408 | 325 |2.57 |209 |73 [t | lias |12co
e @35 ° (2,23 | 790 | 549 [Hoq |39¢ 252 |aea [hn [t 18 [}2.09
@45 °C a3 {258 fs.30 [3.93 | 3,04 [0y 199 (165 |0.36 [z Tuge
@55 °C U2 |22 [507 3.6 295 faa [Ls7 |us? w32 Jwiz |uas
. @865 °C 1,09 {707 {499 [3.69 |28 [232 [v84 [153 [1ae |vee |o,%
@75 °C 0,57 | 673 |4.75 |2.58 [27f l2ae (128 [LY47 |vax | Lo4 ]ie,49
Irradiance, W / m* joo0 [ 635 [H59 |346 [2g¢ 233 | 192 166 | \H6 [ 125 [)oo)




TABLE 2

ACTUAL MEASUREMENTS - MATRIX DATA SUMMARY - POLYCRYSTALLINE SILICON

NUMBER OF FILTERS —» 0 1 2 3 4 5 6 7 - 8 9 0
1 Jsc @25 :C +319 V205 | .8 ' H2 09} 1.073 , 061 (050 | .oyz | +037 |.318 -
. @35 OC 323 |.208 |52 | one |eoq) f.om fioea |.osa [ 042 |.034 _|.222
@45 oc T T e e T e T o e e o - 2
@ 55 c>C 2323 |.210 j1sa |ont .09 .07 [Leex |, 052 |, 044 f.e32 |.33Y
| @85 °C 327 | .20 loasy |16 |.082 l.o75 |.059 l.053 liods l.ozr l.324 |
. @75 °C 33V p.a5 las7 |ovg j.085 o726 |.0b2 1,653 |i045  |,029 |, 33) .
ﬂ VOO g——%: og 2046 \q'qo 1941 18,98 | 18.¢5 18,29 17,96 1760 17,90 ’équ 20,45
@45 °C 19.25 19,1y [18:69 (18,25 {1086 |12.50 |17.06 |16 E3 [lk50 116,19 [1%70
@ 55T 19,07 |1eH8 117097 112,53 |12 [ 1625 (16,39 [1607 [ 15,81 (15,45 | 699
@65 °C 1§.323 112,77 !7,31 16,22 {1647 |16.06 |15.70 |15,33 |15.00 |14.70 1830
=5 50 1227 {1214 [16.58 {16,105 [\522 [15:32 |mge (425 |37 |M.od [17.63
@ 17,07 11e.8Y 1592 15,45 [15.03 lid. 64 14,23 13.95 {132,55 |13, 2) 17,62
Pmax @ 25 °C hs4 a8 {190 [1.382 {107 | o83 | ie7 [i53 [ouy | .30 |45
L. @35 °C 4,35 [2.69 1,87 }1.35 .ox | .79 (3 , 51 42 .3y 1,32
_ @45 °C N9 2.6t 1,75 j1:m le.97 | .25 [0 |49 [.45 .32 [W.5
. @55 °C 501|246 170 | 1ng l0:63 |22 .57 .45 .38 |,2) 20
.. @65 °C 3.8% 2,36 Leo 116|088 A + 50 e ki v 36 , 30 -2195—"“
@75 °C 270 1227 (1572 (112 (0,5 .66 |50 [43 |,33 .29 3.2 |
| irradiance; WH-m? 000 [¢H3 [Hed [35) [agg [2a9 [1a1 [i57 [135 [le [997




TABLE 3

ACTUAL MEASUREMENTS - MATRIX DATA SUMMARY - AMORPHOUS THIN-FILM SILICON

NUMBER OF FILTERS —> 0 1 2 3 4 5 6 7 8 - 9 0
lsc @25 :C M {.290 | M19) s 143 Rl 1090 |04 |06l | .051 | (042 |.H28
@ig og oy aed | g7 2 |oua [weay [07¢ |.os2 050 |.ouz [.Hae
@45 ° 427 1272 {19t jeMy w3 .09\ o973 [i063 [.e52 |.ouy |,ya9
@55 OC »H32) 1267 +190 « 43 113 1090 1O 062 Ly} oMY - 1,431
@65 °C 25 Lo |.190 Loy |enz |ooqy | w025 |62 |.05a | i0M4 |.yyo
@75 & 38 +274 2191 . N5 113 209 1098 |, 06M ., 05 yvouw |iyz9
“Vgc_%zg o; R0 {2662 | 2,24 {20,494 | 2068 AH3 | 20,24 Qﬂ.oq '%@5 ‘Qt68 22,09
-@35°C 255 | Mo |20,65 120,34 {2007 {1985 119,63 119,42 | \% {19,063 | )48
@55°C A0.98 26,48 20,09 j19908 195 119,26 {19,062 |1& B2 | 1863 |18, Y42 120,95
@65 °C 2048 119.93 | 1954 [19.2) [1g.92 |1& 68 |(&Y3 (1620 | 1799 (17,80 .| 20,39
@ 75T 19,95 [19.4) 18,99 |18 68 [1838 | )g12 [12,90 |\, 65 | 12283 1 V7,24 |\9.89 | 0
42 1887 [18ve 11812 | p.go (17,54 | 29 | 17,09 |16, 82 |60 [19.34
Pmax @ 25 °C .28 | 399 | 279 |05 | 159 [hi2¢ Lo | .63 v6? | 456 | 6,28
@35 °C 620 | 3.83 12,68 | 1,99 |1.52 |1.23 [099 | g2 | 66 |,54 |6:10 )
@45 °C 6 1386 12er | 1,97 VW51 [L2e |log (.79 .65 |.53 6.0}
@55 °C 6:02 {369 [2.¢0 | Loy [ty {116 10,93 |5 |2 (.51 | 6.0\ ]
@65 °C 590 [ 365 |la.5) [ues Ly (i [p9) (74 .60 [, 50 |596
@75 °C 577 1 2,58 A4 119 W32 11,08 (0,872 (w22 (.58 (.48 15074
j0oo |6Hl |45 |3Ho A4 1196 |45 [(2y 102 [10)6

- Fractiance; W-m>

204




TABLE 4

ANALYTICAL PREDICTIONS - MATRIX DATA SUMMARY - SINGLE CRYSTAL SILICON

NUMBER OF FILTERS —> 0 1 2 3 4 5 6 7 8 - 9 0

s %ﬁog 2310 [¢578 | MIB {315 [.2¢0 |,202 |6 | oVS) 1,433 |04 |, 9))
& 45C v 419 1i5gY | H22 g 163 paid 178 1,15 ], 134 A5 ). 930
@55°C 1928 1,589 |.H426 .3 2265 |, Q6 {79 154 [«136 [«17 |.939

@65 C a37 [,595 {420 .34 .67 | g ey |.155 (o137 {17 4, 938 ]

=55G GHG6 ot | H35 [4327 [v270 |\ 220 |\83 |15 (138 [ 119 947
@ G55 [ 607 | 439 |.233) 1,273 |.222 |.185 |.i58 | 40 |, j20 |.456
] !

Voc—%ig - 20.31 [19.56 | 19,05 [ 18,63 | 18.36 [ 18,07 [17.82 [ 17.¢2 [17.4¢ [17.2¢ [ 20,3]
@R G 19,70 1 \8.97 [ \%H8 118,07 IV | 1252 (172,28 | 12.09 116,94 11675 {19720
@E6C 19,02 [ 18 [ 1433 [ 17,54 {1238 [17.0) [ 16,78 | 16,59 [ 16,44 [16.25 [19.12
© 857G 18,58 [12.89 | \243 [ 179,04 {1ngo |16 53 [ |b3o | 1e, 111595 (1579 |16.5%

EC 18,07 | \2WHO | 16,95 16,58 | 16434 [16:08 [ 1585 [15:68 V5,53 115,36 18,07
@ \7,5% | 16,93 [16.4a [ 16113 [15,89 [15.64 | 15,4 {15, 25 |15, 1) [14,94 (17,58

Pma*@§: 2 1264 [ 7,72 [5.H6 |9.01 [3.26¢ (2.6 [2.04 [\.8a [ V.54 [1.35 [13,65
@45 = 12,24 | 749 15,27 | 3.89 |3.0¢ | 259 | D08 {L.76 [ 1.5 |30 [12.95
@ = ”|90 '70?5 5:\] 3\77 3o06 30"{‘ 2.0' l“?' : \qu \.36 Ho?ﬂ
@55 °C NS0 7.0234.95 | 3,65 [2.97 [237 [1.95 [vee [\.H4 192 1], 5]
@65 °C .17 16,88 [H.%) [355 | 2,89 [2.32 | 1,96 | 1.6 [ 140 | 119 |1 \&
@75 °C 10.85 [ 6,64 |9,67 | 345 | 3,90 [2.25 [1.84 |56 | 136 {116 [i0.&0

Lirradianee WH-m? 1000 | 635 [ 459 | 346 | 286 233 [193 [166 [ \46 | 125 [leo|




TABLE §

ANALYTICAL PREDICTIONS - MATRIX DATA SUMMARY - POLYCRYSTALLINE SILICON

285

NUMBER OF FILTERS — 0 1 2 3 4 5 6 7 8 - 9 - 0
Isc %;?:t 319 205 | 148 2 1.09) |.,073 }.,06) |.050 |,043 |,037 |.318
@4?0(; 1322 207 . Pj‘q vV 3 092 |, 0 106 s 050 . 043 037 321
@55 ~°C :32'5 « 209 1 15') » \1Y . 093 L 074 , 0L 05 , O4Y 038 , 724
: @%5°C 2328 1,0 15X {WWE |.094 [.095 |.063  |.05] oqq | ,038- |, 327
~——@75~C 0321 1o13 184 | M6 [0 076 |.063 [.052 |.045 |,038 [.330
»334Y |v2\§ |.155 « 1172 095 |,076 |.0¢M 052 |, 045 |, 039 |.333
~|Voe @25°C
| °°—%35% 20.M6 | 1951 | 18,87 | (8,35 {17,98 | \7.6) [17.3) |V1.00 16,77 16,54 |20.45 .
. __@7;5_03____43&7 18,7 | 18,34 | 17,64 |17, 28 [16.93 |16, 64 [16.34 [1e012 [15.90 (19,66
@55C 18,94 | 18106 J 1\ 746 | 16,98 |16.64 [16.30 16,02 (15,74 [15.52 [15.31 [)18, 9y
@65—~C 16,37 {1749 | 16,85 [16.38 [16,05 [\5.72 [15.4¢ [vsig [1Mha7 |77 |18, 20
WC___J_’L&L 168211627 115,82 [15.50 [\5\1\8 |W.92 |66 [MHe [,26 [17,63
17.05]16.26 | 15.12.].15,39 M98 |M,67 | M2 [Wa1[13.27 13,78 [17,04
Pmaxgg‘;o‘é 4,54 1278 11,94 L Lys |1y 1089 093 [0.59 [0.50 |0.H3 |u.5a
G 45T .34 12:66 11,85 |1,32 |09 |0.85 |0.90 [0.5¢ [o.48 le.H1  [1.32
@TS SC 4,15 2,54 L7 \\3) .04 0.91 0&7 0:54 10,46 O\3q H.13
G65C .98 | 2,84 [ 1,90 | .25 .00 (0,78 |0.64 o522 [o.H44 (0,38 [|3.9¢
@75°C 3'.89. 2,34 |63 {120 096 10,75 {061 |0.50 |0.92 |0.36 | 3,80
3.69 12,95 | 157 |\d4 1092 o2 |0.59 (o8 |04y |0:35 | 3,00
L
-lirradiance; W--m? 1000 | 643 [ 4eY | 35) 229 191 \g7 (135 [e [997




TABLE 6

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

NUMBER OF FILTERS = 0 1 2 3 4 5 6 7 8 9 0
ISC % ;; :t 0”2\ 0;70 i ‘Q| 143 q n\ 090 , 074 1006 | , 05 ) 00‘-]3 ‘L{Qa
@45~C 423 |99y |ve0 |3 [y [e096 (i feoel [+05) 1043 |43 B
@55 °C Mad |72 {192 Jeid |aila o9y 1,075 |hoel [W 051 [1Q43 | 43) .
~@65°C 2H26 |, 23 193 v HE‘ P 102 1091 028 1,062 |,052 1,043 |'H37 .
- @75 S5C Han + 2AH 94 LY N3 091 + 075 062 1,052 |,o4d 434
oH29 p,ms 1395 jede i3 1,092 1075 |, 062 |.0852 | 044 |,H36
e %’?’P; Q% 20,52 | 2007 {2007 |0 12006 | 19,94 |19.92 | 19,52 |19.34 | 22,14
@a45—C 21,92 |20.94 | 20,50 {20.15 |19:85 |19.6) [19M0 119,19 [12.99 [IF. g2 [\, 5Y
@55—C 20,95 [20.38 (19,96 |19.62 [19.33 [|9.10 | 18.8¢ [18.68 [1%,49 |1¥.22 [20.97
@65C 20,4 [19,86 [\9,44 |1q9.11 18,83 |\8. 60 | 1846 |18.20 | 18,00 17,84 [al,43
@75 C 19.%a [14.35 | 1§.95 {i8.62 |18.35 |\%, 13 [}7.93 |17.23 | 7,55 [)7.32 1\, 4)
19.40 ($:87 { 18,48 | 181" )7\?0 7,68 1 \.N9 (130 17,12 [1©.96 1942
Pmax @@2355 °CL (.28 | 3,92 | 272 | 2.00 |1.53 | L2z | 1,00 [0.8) [0.67 |0,56 |6.39
@45 °C 66 {2.84 | 2,66 11,9 (1,50 }120 |098 |o.80 | 0.66 . {0,55 16,26
G 55T @04 3,77 [ 26) [1\92 149 | 1,18 |06 (078 {0.64 0,54 |64
@65 °C 9% | 3.69 | 2.5¢ \ugg LM L5 094 i0.77 10.63 ]o, 53 (.02
5 5.%)1 | 362 | 5 | 185 J 1M 1,13 10,92 (075 0,62 10,52 |59
@ SN 135 M2 [h,82 1139 (L [0t joM (0.61 (0.5 |58
|leradiance, W/ m* 1000 | (HY [U5Y | 340 |64 (14 |176 |45 [ 1) Jje2 [10)6




APPENDIX B
A COMPARISON OF ANALYTICAL |-V CURVE

TRANSLATIONS VS ACTUAL |-V CHARACTERISTICS







I-V TRANSLATION EQUATION CHECK FOR

SINGLE CRYSTAL SILICON MODULE
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APPENDIX C
COMPARATIVE |-V DATA POINT PAIRS FOR THE
NEW EQUATIONS VS ASTM E1036 EQUATIONS

VS ACTUAL [-V CURVE CHARACTERISTICS
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