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Standard Test Method for
Electrical Performance of Photovoltaic Cells Using
Reference Cells Under Simulated Sunlight *

This standard is issued under the fixed designation E 948; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope TABLE 1 Standard Reporting Conditions

1.1 This test method covers the determination of the elec- Note 1—The extraterrestrial solar constant and spectral irradiance
trical performance of a photovoltaic cell under simulatedcontained in Tables E 490 do not represent the latest measurements of
Sunllght by means of a Callbrated reference Ce” procedure these quantities. The World Radiation Ceﬁt&!commends a value of

. . _2 i i

1.2 Electrical performance measurements are reported wi 67 Wm < for the ;olar consta_nt al_ong with more reliable measurements
. o the extraterrestrial spectral irradiance.

respect to a select set of standard reporting conditions (SRQ&

(see Table 1) or to user-specified conditions. Reference Spectral Imadiance T"ta('v'\xgi'?”"e Temere
1.2.1 The SRC or user-specified conditions include the celi

temperature, the total irradiance, and the reference spectral — 1ooes & vos o -

irradiance distribution. Tables E 490 1353 25

1.3 This test method is applicable only to photovoltaic cells
with a linear response over the range of interest.

1.4 The cell parameters determined by this test method
apply only at the time of test, and imply no past or future
performance level.

1.5 There is no similar or equivalent ISO standard.

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

E 927 Specification for Solar Simulation for Terrestrial
Photovoltaic Testind

E 973 Test Method for Determination of the Spectral Mis-
match Parameter Between a Photovoltaic Device and a
Photovoltaic Reference C&ll

E 1021 Test Methods for Measuring Spectral Response of
Photovoltaic Cell$

E 1039 Test Method for Calibration of Silicon Non-
Concentrator Photovoltaic Primary Reference Cells Under
Global Irradiatiort

E 1040 Specification for Physical Characteristics of Non-
concentrator Terrestrial Photovoltaic Reference Cells

E 1125 Test Method for Calibration of Primary Non-
Concentrator Terrestrial Photovoltaic Reference Cells Us-
ing a Tabular Spectrufn

E 1328 Terminology Relating to Photovoltaic Solar Energy
Conversiofi

E 1362 Test Method for Calibration of Non-Concentrator
Photovoltaic Secondary Reference Cklls

2. Referenced Documents

2.1 ASTM Standards:

E 490 Solar Constant and Zero Air Mass Solar Spectral
Irradiance Tablées

E 491 Practice for Solar Simulation for Thermal Balance
Testing of Spacecraft

E 691 Practice for Conducting an Interlaboratory Study to
Determine the Precision of a Test MetRod

E 772 Terminology Relating to Solar Energy Conver$ion

E 891 Terrestrial Direct Normal Solar Spectral Irradiance
Tables for Air Mass 1.5 3. Terminology

E 892 Tables for Terrestrial Solar Spectral Irradiance at Air 3.1 Definitions—Definitions of terms in this test method

Mass 1.5 for a 37° Tilted Surfate may be found in Terminology E 772 and Terminology E 1328.
3.2 Definitions of Terms Specific to This Standard:
3.2.1 cell temperature, °Cn—the temperature of the semi-
* This test method is under the jurisdiction of ASTM Committee E44 on Solar, COﬂdUCtpl’ junCtIOI’l of a phOtOVOItaIC cell.
Geothermal, and Other Alternative Energy Sources and is the direct responsibility of 3.2.2 junction temperaturen—synonym forcell tempera-

Subcommittee E44.09 on Photovoltaic Electric Power Conversion. ture.
Current edition approved Oct. 10, 1995. Published March 1996.

2 Annual Book of ASTM Standardgol 15.03.
3 Annual Book of ASTM Standardgol 14.02.
4 Annual Book of ASTM Standardgol 12.02.

3.2.3 light source n—a source of radiant energy used for

cell performance measurements that simulates natural sunlight.

3.3 Symbols:Symbols:

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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3.3.1 The following symbols and units are used in this tessuch as different manufacturers’ products. Repeated measure-

method: ments of the same cell may be used to study changes in device
A—cell area, M performance.
a,—temperature coefficient of reference cell,**C 5.3 This test method determines the electrical performance
C—calibration constant of reference cell, A of a cell based upon the output power at a single instant of
E—irradiance, Wrm? time. It does not provide for integrating the output power over
E,—standard reporting irradiance, W a given period of time and conditions to predict an energy
n—efficiency, % output.
FF—ill factor, % 5.4 This test method requires a reference cell calibrated with
|—current, A respect to an appropriate reference spectral irradiance distribu-
| —current with respect to SRC, A tion, such as Tables E 490, E 891, or E 892. It is the respon-
|,—reference cell short-circuit current, A sibility of the user to determine which reference spectral
| c—short-circuit current, A irradiance distribution is appropriate for a particular applica-
M—spectral mismatch parameter tion.
P, —maximum power, W
Rs—series resistancé) 6. Apparatus
T—temperature,® C 6.1 Photovoltaic Reference CelA calibrated reference
T,—standard reporting temperature,® C cell is used to determine the total irradiance during the
T—temperature of reference cell,” C electrical performance measurement.
V—voltage, V. 6.1.1 Reference cells may be calibrated in accordance with
Vs—Voltage with respect to SRC, V Test Methods E 1039, E 1125, or E 1362, as is appropriate for
Voc—open-circuit voltage, V a particular application.

4. Summary of Test Method Note 1—No reference cell calibration standards presently exist for

. . space applications, although procedures such as high-altitude balloon and
4.1 The performance test of a photovoltaic cell consists Ofgw-earth orbit flights are being used to calibrate such reference cells.

measuring the electrical current versus voltage (I-V) charac- .
g ge (I-V) 6.1.2 A current measurement instrument (see 6.3) shall be

teristic of the cell while illuminated by a suitable light source. : :
4.2 A calibrated photovoltaic reference cell (see 6.1) is useb'gi(rjcéo determine thig; of the reference cell under the light

to determine the total irradiance during the test and to accourtt .
! : ! urng u 6.2 Test Fixture— Both the cell to be tested and the

for the spectral distribution of the light source. . . .
4.3 Simulated sunlight is used as the light source for théeference cell are mounted in a fixture that meets the following
hequirements.

electrical performance measurement, and solar simulatio . .
P | 6.2.1 The test fixture shall ensure a uniform lateral tempera-

requirements are defined in Specification E 927 (terrestri T o s )
applications) and Practice E 491 (space applications). ature distribution to within+0.5°C during the performance
feasurement.

4.4 The data from the measurements are corrected to stal 622 The test fixt hall includ ision f intai
dard reporting conditions, or to optional user-specified report: ~* te ?S Illxture S at 'anu iatﬁrt?]wsmfn ormain Ifljun-d
ing conditions. The standard reporting conditions are defined i g a constant cell temperature for bo € relerence cefl an
Table 15 the cell to be tested (see 7.6.1).

4.4.1 Measurement error caused by deviations of the irradi- Note 2—When using pulsed or shuttered light sources, it is possible
ance conditions from the SRC is corrected using the totalhat the cell temperature will increase upon initial illumination, even when
irradiance measured with the reference cell and the spectrle cell temperature is controlled.
mismatch parameteM, which is determined in accordance 6.2.3 The test fixture, when placed in the simulated sunlight,
with Test Method E 973. shall ensure that the field-of-view of both the reference cell and

4.4.2 Measurement error caused by deviation of the celjhe cell to be tested are identical.
temperature from the SRC is minimized by maintaining the cell

temperature close to the required value (see 7.6.1). Note 3—Some solar simulators may have significant amounts of

irradiation from oblique or non-perpendicular angles to the test plane. In
L these cases, it is important that the cell to be tested and the reference cell
5. Significance and Use have similar reflectance and cosine-response characteristics.

5.1 Itis the intent of this test method to provide a recog- g2 4 A four-terminal connection (also known as a Kelvin
nized method for testing and reporting the electrical perfor¢onnection, see Fig. 1) from the cell to be tested to the I-V
mance of photovoltaic cells. measurement instrumentation (see 6.3-6.5) shall be used.

5.2 The test results may be used for comparison of cells g 3 current Measurement EquipmeatThe instrument or
among a group of similar cells or to compare diverse designsnstruments used to measure the cell current and e the

reference cell shall have a resolution of at least 0.02 % of the
maximum current encountered, and shall have a total error of

0 .
SWehrli, C., Extraterrestrial Solar Spectrum, Publ. No. 615, Physikalisch—less than 0.1 % of the maximum current encountered.

Meteorologisches Observatorium and World Radiation Center, Davos Switzerland, 6.4 VOItage Measurement EqumeHThe instrument or
1985. instruments used to measure the cell voltage shall have a
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= == — Four-terminal connection 7.1.1 If the total irradiance during the performance mea-
surement as measured by the reference cell is witt#r?o of

— the standard reporting total irradiance, the series resistance is
Ccll current, 1 not needed.

7.2 Measure the cell are4, using the definition in Termi-
nology E 1328.
Coll Current G() 7.3 Determine the spectral mismatch parametérusing

Test Method E 973.

+@) 7.4 Mount the cell to be tested and the reference cell in the

v

Z

Cell
\ Under
\ Test

Cell Voltage .
Measurement test fixture.

/ Note 5—Any nonuniformity of irradiance (see Specification E 927)
/ Variable between the locations of the reference cell and the cell to be tested will
/] Load introduce a bias error in the measured cell performance.

7.4.1 If a pulsed or shuttered light source is used, expose the
test fixture to the source illumination.
FIG. 11V Measurement Schematic 7.5 Measure the temperature of the reference @ell,
7.5.1 If the temporal instability of the light source (as
resolution of at least 0.02 % of the maximum voltage encoungeﬁn-ecj In Specification E-927) is less than 0.1 %, the'total
: irradiance may be determined with the reference cell prior to

0,
tered, and shall have a total error of less than 0.1 % of th(?he performance measurement. In this case, use the following

maximum voltage encountered. - ;
. . . steps to measure the total irradiance.
6.5 Variable Load— An electronic load, such as a variable 7.5.1.1 Measure the short-circuit current of the reference

resistor or a programmable power supply, used to operate trkee” |
cell to be tested at different points along its I-V characteristic.” ",
6.5.1 The variable load shall be capable of operating the cell
to be tested at an |-V point where the voltage is within 1 % of
V. in the power-producing quadrant. 7.6.1 The measured temperature of the cell under test shall

6.5.2 The variable load shall be capable of operating the ceﬁ’e within £1°C of the applicable .SRC'
to be tested at an I-V point where the current is within 1 % of 7.7 Measure the |-V characteristic of the cell under test by
I, in the power-producing quadrant changing the operating point with the variable load so that the
sc -

6.5.3 The variable load must allow an output power (theprovisions of 6.5.1-6.5.3 are met. At each operating point on
product of cell current and cell voltage) resolution of at least!€ "V characteristic, measure the cell voltage, cell current,
0.2 % of the maximum power. and thel of the reference cell. N

6.5.4 The electrical response time of the variable load must /-7-1 If the provision of 7.7 is met, it is not necessary to
be fast enough to sweep the range of I-V operating point§€asure theé,, of the reference cell at the same time that the

during the measurement period. I-V characteristic is measured. _
7.8 Measure the temperature of the cell under test to verify
Note 4—It is possible that the response time of cell to be tested maythat the provision in 7.6.1 is met.
limit how fast the range of |-V operating points can be swept, especially
when pulsed solar simulators are used. For these cases, it may %e .
necessary to measure smaller ranges of the |-V curve using multiple" Calculation

measurements to obtain the entire range required. 8.1 Obtain the temperature coefficient of the reference cell

6.6 Light Source— Requirements of the solar simulation from the calibration report. o _
used to illuminate the cell to be tested are defined in Specifi- 8.2 Correct each |-V data pair using the following equa-
cation E 927 (terrestrial applications) and Practice E 491ions:

7.5.1.2 Replace the reference cell with the cell to be tested.
7.6 Measure the temperature of the cell under test.

(space applications). IE,.C
6.7 Temperature Measurement Equipmetithe instrument lo = M1 —a,(T,— T,)] @)
or instruments used to measure the cell temperature of both the v _
. Vo=V —=Rsl,=1 2
reference cell and the cell to be tested shall have a resolution
of at least 0.1°C, and shall have a total error of less thahC Note 6—If the provision of 7.1.1 is met, it is not necessary to correct
of reading the cell voltage using the series resistance.

6.7.1 Sensors used for the temperature measurement(s)8.3 Determine the short-circuit current using one of the
must be located in a position that minimizes any temperaturéoliowing procedures:
gradients between the sensor and the photovoltaic device 8.3.1 If an I,-V , data pair exists wher&, is within

junction. +0.005/,,, |, from this pair may be considered to be the
short-circuit current.
7. Procedure 8.3.2 If the condition in 8.3.1 is not met, calculate the

7.1 Determine the series resistanég, of the cell to be short-circuit current from the twb, — V, data pairs wher¥/,
measured. An acceptable method is described in Annex Al.is closest to zero using linear interpolation.



Ay E 948

8.4 Determine the open-circuit voltage using one of the 9.3.3 Calibration laboratory,

following procedures: 9.3.4 Calibration procedure (see 6.1.1),
8.4.1 If anl,—-V , data pair exists wheré, is within 9.3.5 Date of calibration,
+0.001,, V, from this pair may be considered to be the 9.3.6 Reference spectral irradiance distribution (see 4.4),
open-circuit voltage. 9.3.7 Spectral response, in plotted or tabular form, as
8.4.2 If the condition in 8.4.1 is not met, calculate therequired for Test Method E 973, and
open-circuit voltage from the twb, - V, data pairs wheré, 9.3.8 Calibration constang.
is closest to zero using linear interpolation. 9.4 Test Conditions

8.5 Calculate the cell output poweifor each data pair from 9.4.1 Description and classification of light source,
the product ofl , andV,, and determine the maximum power 9.4.2 Standard reporting conditions (see Table 1) or user-
point P, along with the corresponding,,, from the P vs.V,  specified conditions,
table. Because of random fluctuations and the probability that 9.4.3 Date and time of test,
one point in the tabular I-V data will not be exactly on the 9.4.4 Spectral mismatch parameter (see 7.3),
maximum power point, it is recommended that the following 9.4.5 Reference cell short-circuit currehyt, and
procedure be used to calculate the maximum power point, 9.4.6 Measured cell temperature.
especially for devices with fill factors greater than 80 %. 9.5 Test Results

8.5.1 Perform a fourth-order polynomial least-squares fit to 9.5.1 Short-circuit current, o,
the P vs. V, data that are within the following limits. These  9.5.2 Open-circuit voltageV .,
limits are guidelines that have been found to be useful for this 9.5.3 Maximum powerP,,
procedure and need not be followed precisely. This results in a 9.5.4 \oltage aP,,

polynomial representation & as a function oi/,, 9.5.5 Fill factor,FF,
0.79,<1,=1.13, (3) 9.5.6 EfﬁCiency,T], and
075, =V, = 115V, @) 9.5.71,-V , characteristic, in plotted or tabular form.
8.5.2 Calculate the derivative polynomial of the polynomial 10. Precision and Bias
obtained from 8.5.1. 10.1 Interlaboratory Test Program-An interlaboratory

8.5.3 Find the root of the derivative polynomial obtainedstudy of cell performance measurements was conducted be-
from 8.6.2 usingV,, as an initial guess. An appropriate tween 1992 and 1994. Six laboratories performed three repeti-
procedure is the Newton-Horner method with deflafidfhis  tions on each of ten cells circulated among the participants. The

root now becomey,,, design of the experiment, similar to that of Practice E 691, and
8.5.4 CalculateP,, by substituting the newv,, into the a within-between analysis of the data are given in ASTM
original polynomial from 8.5.1. Research Report No. RR:E44 —1002.
8.6 Calculate the efficiency using the following equation: 10.2 Test Result- Because |-V measurements produce a
P, table of current vs. voltage points rather than a single numeric
n = 100x zg () result, the precision analysis was performed on the maximum

power point data submitted by the participants. The precision

8.7 Calculate the fill factoFF using the following equation: information given below is in percentage points of the maxi-
mum power in watts.

P, ..
FF = 100X - (6) 10.3 Precision
oc’sc
95 % repeatability limit (within-laboratory) 15%
9. Report 95 % reproducibility limit (between-laboratory) 71%

9.1 The end user ultimately determines the amount of 10.4 Bias—The contribution of bias to the total error will
information to be reported. Listed in 9.2-9.5.7 are the mini-depend upon the bias of each individual parameter used for the

mum, mandatory reporting requirements. determination of the cell performance. However, it has been
9.2 Test Cell Description shown that the total bias is dominated by three sources: the
9.2.1 Identification, reference cell calibration, spatial uniformity of the light source,
9.2.2 Physical description, and the total area measureménRias contributions from
9.2.3 Area, as determined in 7.2, instrumentation tend to be, at most, a few tenths of a percent,
9.2.4 Series resistance, if used (see 7.1), and while the bias from the three sources listed here can be as much

9.2.5 Spectral response in plotted or tabular form, as dete@s ten times greater if the bias is not minimized.
mined for spectral mismatch parameter calculation (see 7.3)

9.3 Reference Cell Description 11. Keywords ) )
9.3.1 Identification, 11.1 cell; performance; photovoltaic; testing

9.3.2 Physical description,

“Emery, K. A., Osterwald, C. R., and Wells, C. V., “Uncertainty Analysis of
Photovoltaic Efficiency Measurements,” Proceedings of the 19th IEEE Photovolta-
8Burden, R. L., and Faires, J. INumerical Analysis3rd. ed., Prindle, Weber ics Specialists Conference—1987, Institute of Electrical and Electronics Engineers,
& Schmidt, Boston, MA, 1985, p. 42 ff. New York, NY, pp. 153-159.
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ANNEX
(Mandatory Information)

Al. METHOD OF DETERMINING THE SERIES RESISTANCE OF A PHOTOVOLTAIC DEVICE

Al.1 The series resistané® is determined from measure- Al.2 At the two irradiance level&, andE,, the following
ments of the |-V curve data at two different values of thevalues are extracted from the two I-V curves, as shown in Fig.
effective irradiance while the temperature of the device is kepfl.1:

constant at approximately 25°C. Obtain two sets of |-V dataVvalues at irradiances E, E,
from the device at two different levels of irradiance, for 32::;;2";“'/‘ C_L‘g‘;“; (;cl Iscz
exampleE; =800 Wni?andE, = 1200 Wn1? (these values  voltage at 1, = 0.9 /s ! v,

are given only as an example and need not be established
exactly). Temperature variations during the I-V curve measure-
ments must be less thanl°C. Ro= (V2= Vil = 1)

Al.3 From these datd&ds calculated as follows:
(AL.1)
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I-V curve under £
Isc
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Voltage —
FIG. Al.1 Series Resistance Measurement
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