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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
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Introduction

This International Standard is consistent with the principles associated with photovoltaic solar cells
established by IEC/TC 82, Solar photovoltaic energy systems. It provides specific requirements and
procedures that apply to the use of solar photovoltaic cells in outer space. It introduces the principle of the air
mass zero cell, which serves as a standard reference for primary calibration purposes. All further calibration is
then compared to the results obtained with these cells

The galibration procedures for primary solar cells are established, as well as the correspending measuring
methpds for secondary cells. Calibration methods using extra-terrestrial and synthetic téchniques are given.
Comparative tests are in preparation.
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https://standardsiso.com/api/?name=c83256347d2954a123f0129f9bad3aab



https://standardsiso.com/api/?name=c83256347d2954a123f0129f9bad3aab

INTERNATIONAL STANDARD ISO 15387:2005(E)

Space systems — Single-junction solar cells — Measurement
and calibration procedures

1 cope
This International Standard specifies measurement and calibration procedures of singlefjunctiory space solar

cells jonly. The main body of this international standard specifies the requirements for\Air Masg Zero (AMO)
standard calibration and the relative measurement procedures are provided as annexes.

2 ormative references

The following referenced documents are indispensable for the application of this document. For dated
refergnces, only the edition cited applies. For undated referenCes; the latest edition of the¢ referenced
document (including any amendments) applies.

IEC 60891, Procedures for temperature and irradiance “eorrections to measured current-yoltage (I-V)
chargacteristics of crystalline silicon photovoltaic (PV) deviees

IEC §0904-1, Measurement of photovoltaic current-veltage (I-V) characteristics
IEC §0904-2, Requirements for reference solar cells

IEC §0904-3, Measurement principles far.terrestrial photovoltaic (PV) solar devices with refergnce spectral
irradipnce data

IEC §0904-7, Computation of spectral mismatch error introduced in the testing of a photovoltaic (PV) device
IEC §0904-8, Guidance for thesmeasurement of spectral response of a photovoltaic (PV) device
IEC §0904-9, Solar simulator performance requirements

IEC 61798, Linearity_measurement methods

3 Terms-and definitions

For the-purposes-of-this-document—thefollowinagterms-and-definitions-a I
Re-pHHp SHHHS-GocHReRGtHHe+oHOWRgteHRSaRaGeHRHHORS = T

3.1

air mass (AM)

length of path through the earth's atmosphere traversed by the direct solar beam, expressed as a multiple of
the path traversed to a point at sea level with the sun directly overhead

NOTE The value of air mass is 1 at sea level with a cloudless sky when the sun is directly overhead and the air
pressure P = 1,013 x 10° Pa.

At any point on the earth surface, the value of the air mass is given by:

AM = (PIP,) x (1/sin6)

© 1SO 2005 - All rights reserved 1
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P
Py
0

3.2
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= local air pressure in pascals;
=1,013 x 109, in pascals;

= solar elevation angle (degrees).

air mass zero

AMO
absence of a

3.3

AMO standa
calibrated so
zero (AMO) r

3.4
ambient ten
Tamb

temperature

sky and grou

3.5
angle of inc

d solar cell

lar cell used to measure irradiance or to set simulator irradiance levels in terms-of an air
pference solar spectral irradiance distribution

perature

of the air surrounding the solar cell as measured in a vented enclosure and shielded from

nd radiation

dence

angle betwegn the direct irradiant beam and the normal to the agtive’ surface

3.6

astronomical unit

AU
unit of length

NOTE 1

3.7
cell temper3
T;

defined as the semi major axis of earth(orbit

AU = 149 597 890 km + 500 km.

ture

cell temperafure as one of ambient.air in absence of cell illumination or under short duration light pulse (fl

NOTE T

3.8

current tem
o

change of th

s not very different)from the temperature of the cell exposed face.

berature-coefficient

e Short-circuit current of a solar cell as a function of the change of cell temperature

Imass

Solar,

ash)

NOTE

3.9

ais expressed in amperes per degree Celsius (A-°C™").

conversion efficiency
ratio of “maximum electrical power output” to the product of generator area and incident irradiance measured
under defined test conditions and expressed as a percentage

3.10

current-voltage characteristics
output current of a solar cell as a function of output voltage, at a particular temperature and irradiance

NOTE

=

(7).
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3.1

fill factor

FF

ratio of maximum power to the product of open circuit voltage and short-circuit current

NOTE  FF =P, /(Voo x Is)-

max/(
3.12

irradiance

radiant power incident upon unit area of surface

NOTE [Tis expressed In watls per square metre (W-m 2).

3.13
irradjation
integfation of irradiance over a specified period of time

NOTH It is expressed in megajoules per square metre (MJ-m~2) per hour, day, week, month or year.

3.14
linearity
performance of a solar cell with respect to:

— the variation of the slope of short-circuit current to irradiance;

— the variation of the slope of open circuit voltage to the logarithm of irradiance;
— the variation of the slope of short-circuit current and open-circuit voltage to cell temperature; and
— the variation of relative spectral response at-a specified voltage

3.15
load [current
I
current supplied by the solar cell at\a particular temperature and irradiance, into a load connected across its
terminals

3.16
load [voltage
"
voltage appearing(across the terminals of a load connected to the terminals of the solar cell at a particular
tempgrature and‘irradiance

3.17
load [power
P
power supplied to a load connected to the terminals of the solar cell at a particular temperature and irradiance;

NOTE P =V xL.

3.18
maximum power

Pmax
power at the point on the current-voltage characteristics where the product of current and voltage is a

maximum at a particular temperature and irradiance

NOTE P =V . xI

max max max

© 1SO 2005 - All rights reserved 3
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maximum power voltage

VPmax

voltage corresponding to maximum power at a particular temperature and irradiance

3.20

maximum power current

IPmax

current corresponding to maximum power at a particular temperature and irradiance

3.21
module
assembly of

3.22

nterconnected solar cells

open circuit| voltage

VOC

voltage acros

3.23

s a solar cell with no load at a particular temperature and irradiance

ozone contgnt
volume of ozpne at standard temperature and pressure in a vertical column of the’atmosphere

NOTE Ozone content is measured with a Dobson spectrophotometer.
3.24
pyranometefr

radiometer n

NOTE A
which in this ¢

3.25

brmally used to measure global sunlight irradiance on a horizontal plane

pyranometer can also be used at an angle to measure the total sunlight irradiance on an inclined
bse includes an element caused by radiation reflected from the foreground.

pyrheliometer

radiometer, @

NOTE

3.26

rated currert

assigned val

3.27

rated power

assigned val

3.28
rated voltag
assigned val

3.29

TH

omplete with a collimator, used to,measure direct sunlight irradiance

is instrument is sometimes called normal incidence pyrheliometer, or NIP.

e of current of a-solar cell at the rated voltage under specified operating conditions

le of power output of a solar cell at rated voltage under specified operating conditions

blane,

e
ue of voltage under specified operating conditions

relative spectral response

S(/l)rel

spectral response normalized to unity at wavelength of maximum response

NOTE

S(4)

rel = S(/?')/S()’)max
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3.30

short circuit current

Isc

ISO 15387:2005(E)

output current of a solar cell in the short-circuit condition at a particular temperature and irradiance

3.31
solar

basic photovoltaic device that generates electricity when exposed to sunlight

3.32

cell

solar constant

rate g

fintal anlar Anaran, la

astro
NOTEH

3.33
solarn
0
anglg

NOTE
3.34
spec]

B
irradi

NOTH

3.35
spec

Epy,
pﬁotc
NOTE

3.36
spec|
spec

NOTE
3.37

spec
S(4)

)

At all vaava
totaT SotTar Ty at o waveTro

homical unit in AMO conditions

The average of values is 1 367 W-m=2+7 W-m—=2,

elevation angle
between the direct solar beam and the horizontal plane

This angle is measured in radians.

tral irradiance
ance per unit bandwidth at a particular wavelength

The units are expressed as W-m=2.m9.

tral photon irradiance

n flux density at a particular wavelength

tral irradiance distribution
ral irradiance plofted as a function of wavelength

The units'are expressed as W-m=2-mS.

kral‘response

E,, =5,035 x 101 2. E-where 1 is expressed in micrometers.

e sun at one

short-circuit current density generated by unit irradiance at a particular wavelength as a function of wavelength

NOTE

3.38

The units is AW,

standard test conditions

STC

at cell temperature of 25 °C + 1 °C and at one solar constant AMO irradiance of 1 367 W-m~2 as measured
with an AMO standard solar cell using the AMO reference extraterrestrial solar spectral irradiance

NOTE

© IS0

Cell temperature of 28 °C only applies to 8.4.1.
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3.39
voltage temperature coefficient

change of the open circuit voltage of a solar cell as a function of the change of cell temperature

NOTE Lis expressed in volts per degree Celsius (V-°C™).

4 Symbols and abbreviated terms

AM air mass

AMO air mass zero

AU astronomical unit

a coefficient of current temperature

g coefficient of voltage temperature
CAST China Academy of Space Technology
CNES French National Space Research Center
ESA European Space Agency

E, spectral irradiance

Epy, photonic spectral irradiance

FF fill factor

GMT Greenwich mean time

GPS global positioning system

I load current

Ipmax maximum power current

ISC

INTA-Spasolpb Instituto Nacional de Techica Aerospacial - Spasolab

short circuit current

-V current-voltage

JPL Jet Propulsion.llaboratory

NASA-GRC National Aerenautics and Space Administration — Glenn Research Center
NASDA National.Space Development Agency of Japan

NIP normal incidence pyrheliometer

NSBF National Scientific Balloon Facility in Palestine, Texas
P load power

Pax maximum power

PTB Physikalisch-Technische Bundesanstalt

PV photovoltaic

RTD platinum resistance thermometers

S(A) spectral response

S(ADrel relative spectral response

STC standard test conditions

Tamb ambiant temperature

T cell temperature

6 © ISO 2005 — All rights reserved
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TC telecommand

™ telemetry

o solar elevation angle

1 load voltage

Voe open circuit voltage

Vemax maximum power voltage

WRC World Radiation Centre

WRR World Radiometric Reference

5 Measurement principles for space solar cells

5.1 | Measurement principles
In current practice, the photovoltaic performance of a solar cell is determihned by exposing if
tempgrature to stable sunlight or simulated light and tracing its current-voltage characteristic whi

the n

The

temp
pows

Sincd
spec

sun

agnitude of the incident irradiance.

measured performance is then corrected to STC or other) desired conditions of irr
erature. The corrected power output at the rated voltage and STC is commonly referred to
r.

a solar cell has a wavelength-dependent respanse; its performance is significantly aff
ral distribution of the incident radiation, which in\extraterrestrial sunlight varies with the Id
nd earth, season, time of year and time of daygand with a simulator varies with its type and

A
[«

at a known
€ measuring

hdiance and
as the rated

bcted by the
cation of the
conditions. If

the ifradiance is measured with a thermopile-type. radiometer that is not spectrally selective, the measured

conv

The

perfo
meas
respq
(AW

If the
or ar
perfo

5.2

See

Figun

prsion efficiencies can vary by several percent because of spectral distribution changes.

brinciples given in this International-'Standard are designed to reduce such discrepancies b
rmance rating to a reference extraterrestrial solar spectral irradiance distribution. This
uring the irradiance with an AMO standard solar cell that has essentially the same rel3
nse as the test specimen and-has been calibrated in terms of short-circuit current per unit
Tm=2) with the reference §pgctral distribution.

performance of a solar cell is related to a known spectral irradiance distribution, it is possi

ray designer, using‘the spectral response of the cells, to compute within a reasonable
rmance when.exposed to the light of any other known spectral irradiance distribution.

Current-yvoltage characteristics

Annex'A. One example of an /- curve measured at a fixed irradiance and temperature

y relating the

is done by
tive spectral
of irradiance

ple for a user
tolerance its

is shown in

e 1. The current is plotted along the ordinate, the voltage along the abscissa. T

he electrical

characteristics, which may be derived from the I-V curve are:

d)

short-circuit current (/;): Point A — the current value where the /-7 curve crosses the current

axisat '=0;

open-circuit voltage (V,.): Point B — the voltage value where the /-J curve crosses the voltage axis at

1=0;

maximum power (Pp,ax
and voltage is maximum;

load current (7} ): Point D — the measured current at a specified load voltage 7 .

© 1SO 2005 - All rights reserved
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Y
A
Isc D, P_
I
/ Cs Pmax
Pmax
B
| | | -
0 VL VPmax VOC X
X Voltage
Y Current
Irradiance| = £ (W-m~2)
Temperatpre = T (°C)
Figure 1 — Example of a current-voltage curve
6 Basic fequirements for AM0 standard solar cell
6.1 General

Clause 6 gives requirements for the classification, selection, packaging, marking, calibration and care of AMO
standard solar cells.

6.2 Classification

6.2.1 Extraterrestrial AM0 standard solar cell

This is a solar cell whose calibration is based on extraterrestrial AMO conditions using high altitude balloon or
aircraft.

8 © ISO 2005 — All rights reserved
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6.2.2 Synthetic AM0 standard solar cell

This is a solar cell whose calibration is based on synthetic AMO conditions using the solar simulator, global

sunli

6.3

ght, or direct normal sunlight.

Selection

Solar cells shall be irradiated with one solar constant (1 367 W-m~2 and AMO spectrum) for 48 h. The cells

shall

be kept at 25 °C + 5 °C during the test.

response of

test (under
Nn+1%. The

not change

accuracy of

cision, high-
b to its short-
ut resistance

C per unit of

described in
andard solar

d on a data

At least two solar cells shall be selected for calibration as AMO standard solar cells. The spectra
the gelected cells shall be such that errors in performance measurement of the intended
extraferrestrial sunlight or specific simulator) caused by spectral response mismatch are less.tha
specfral mismatch error shall be calculated by the method described in Annex B.

AMO [standard solar cells shall be stable devices, that is their photovoltaic characteristics sha
from the initial calibration to reevaluation by more than 1 %.

6.4 | Temperature measurement

Mears shall be provided for measuring the AMO standard solar cell’junction temperature to arn
+1°C.

6.5 | Electrical connections

Any measurement resistor incorporated into the AM@‘standard module shall be a high-prg
tempgrature stability resistor with a low value in orderto allow the cell to operate at a level clos
circuit current. On the other hand, the electrical confections to the AMO standard solar cell withg
shall lconsist of a four-wire contact system (Kelvinprobe).

6.6 | Calibration

Each[ AMO standard solar cell shall be calibrated in terms of its short-circuit current at 25 °C + 1
irradignce with the AMO reference Spectral irradiance (A-W~-1.m=2),

The $tandard methods of calibrating both AMO standard and secondary standard solar cells are
Clauges 8 and 9. The relative spectral response and the temperature coefficient of each AMO s
cell shall be measured in-accordance with Annexes C and D.

6.7 | Data sheet

Each| time_an~AMO standard solar cell is calibrated, the following information shall be recordg
sheef:

a) identification number

b) type (extraterrestrial AMO standard or synthetic AMO standard)

c) cell manufacturer

d) manufacturer complete reference of the cell

e) material type

f)  type of package

g) calibration organization

© 1SO 2005 - All rights reserved
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h) site and date of calibration

i)  method of calibration (refer to standard)
j)  radiometer or standard lamp characteristics (where applicable)
k) AMO standard solar cell identification (where applicable)
I)  simulator characteristics (where applicable)
m) type of temperature sensor (where applicable)
n) relative $pectral response (where applicable)
o) temperafure coefficient of short-circuit current

p) calibratipn value

q) claimedfaccuracy

6.8 Markihg

Each AMO standard solar cell shall carry a clear, indelible identificatiomyndmber for cross-reference t

relevant datg

6.9 Packs

6.9.1

The AMO std

the distribut
examples of

6.9.2 Meagurement under simulators

In some sim
test plane m

Therefore, ir

place, the A

specimens, {

standard so
designed to
temperature
use in extrat

10

Meagqurement in extraterrestrial sunlight

sheet.
ging
ndard solar cells used for measurements:in’ extraterrestrial sunlight shall respond to variatid

bn of the incident radiation in the same way as the test solar cells. Figures 2 and 3
suitable AMO standard single cell packages for high altitude balloon flight calibration.

llators, which allow multiple’reflections of light to and from the test specimen, the irradiance
y change depending.@n)whether or not the test specimen is present.

order to measure’/accurately the irradiance that will be present when the test specimen
M0 standard solar cells used in such simulators shall be packaged in the same way as th
uch that thé ehange in irradiance caused by the multiple reflections is the same for both the
br cell and)the specimen. AMO standard solar cells used for measurement in a simulatg
render insignificant any error from multi-reflected light may be in the unpackaged state

p the

ns in
show

n the

is in
b test
AMO
r are
on a

controlled block. Alternatively, the requirements given for AMO standard solar cells design
erréstrial sunlight may be followed.

Td for
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Dimensions in millimetres

< 48 >
1
A
O ek HeY O
F D
2
C
0 ® |A
B
S .
@| JQ G E

Item List

Item number Description

1 Cudrrent terminal (negative)

Potential terminal (negative)

Potential terminal (positive)

Jumper wire

Qi |lw DN

Current terminal (positive) (0,1 A rating)

Figure 2 — JPL balloon flight module

© IS0 2005 — All rights reserved 1
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LX)

o
Annnn annnn

o
o
=]
=11
+
=]
=]
=]
=]
=10
w
o
+

Vo Vr Voc Ve

Item List

Item number Description

1 Solar cell

2 Printed circuit
3 Resistor

4 Connectors

5 Si solar cell

6

GaAs solar cell

Figure 3 — CNES balloon flight module
6.9.3 Single cell package

If a single cell package is used, the following recommendations apply.

a) The field of view should be_at least 160°.

b) All surfages in the package within the cell's field of view should be non-reflective, with an absorption of at
least 0,95 in the Cell's wavelength response band.

c) The materiahused for bonding the cell to the holder should not be degraded electrically and optically. Its
physical|characteristics should remain stable over the entire period of intended use.

d) A protective window should be used. If the cell is to be calibrated or used in total sunlight, the space
between the window and the cell should be filled with a stable, transparent encapsulant. The reflectance
of the encapsulant shall be similar (within 10 %) to that of the window to minimize errors caused by the
internal reflection of light at high angles of incidence. The transparency, continuity and adhesion of the
encapsulant should not be adversely affected by ultraviolet light and operation temperature.

6.10 Care of AMO standard solar cells

All standard solar cells shall be kept at temperatures below 50 °C during operation and storage. The standard
cells should be kept in the dark during extended storage periods.
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The window of a packaged AMO standard solar cell shall be kept clean and scratch free. Unpackaged AMO
standard solar cells shall be preserved from damage, contamination and degradation. The calibration of AMO
standard solar cells in frequent use shall be cross-checked at intervals of no more than one month by
comparing their short-circuit currents under the same irradiance. If there is any change in the current ratios
beyond + 1 %, the cells should be recalibrated. All AMO standard solar cells shall be reevaluated periodically
to check for degradation.

6.11

Calibration of AMO standard solar cells

The calibration methods of AMO standard solar cells should be in accordance with Clause 8. The calibration
methods and their execution shall have an uncertainty within +1 %. The method for determining the

unce

7 Requirements for AMO solar spectral irradiance

7.1 | General

This |nternational Standard specifies the AMO reference extraterrestrial solarspectral irradiance.
7.2 | AMO solar spectral irradiance

The AMO reference solar spectral irradiance for the purpose.of ‘this International Standard is
Figure 4. The data from which this curve is drawn are¢presented in Annex F. This is t
corresponding to an irradiance of 1367 W-m=2 (solar censtant) at AMO, on a plane surface
incidgnce.

8 Calibration for AMO0 standard solar,cells

8.1 | General

This document describes the calibration methods of AMO standard solar cells. The existing p

which these methods are based/are claimed by the originators to give results repeatable to with

devig

The ¢

tainty is given in Annex E.

tion of + 1 %, if carried ot by a competent agency, with no change of equipment.

alibration methods.fa? AMO standard solar cell are as follows (see Figure 5).

illustrated in
ptal sunlight,
under zero

ocedures on
n a standard

© IS0
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Figure 4 — AMO solar spectral irradiance (a part of distribution)
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Extraterrestrial sunlight Ground level sunlight Indoor
| Y | | | |
. Diff tial
High altitude | High altitude Global Direct normal Solar 'Speercet':;f
balloon aircraft sunlight sunlight simulator response

A J

Extraterrestrial AMO standard

Synthetic AMO standard solar cell
solar cell

 J
| Solar simulator calibration (steady-state type and pulsetype) |

Y
| Space solar cell measurement |

Figure 5 — Calibration methods for (primary) AMO standard cell

8.2

Extraterrestrial AMO standard solar cell

a) High altitude balloon flight calibration method

b) High altitude aircraft calibration method

8.3

a)

Synthetic AM0 standard solar.cell

Slobal sunlight calibration method

b) [DPirect normal sunlight galibration method

c) $olar simulator calibration method

d) I
8.4

8.4.1

Differential spectral response calibration method (if applicable)

Calibration methods of extraterrestrial AMO standard solar cell

High altitude ball flight calit . hod (JPL)

8.4.11 Description

The purpose of the high altitude solar cell calibration program is to produce an extraterrestrial AMO standard
solar cell that can be used for accurately setting solar simulator intensities. The concept is to fly solar cells on
a high altitude balloon, to measure their output at altitudes at or above 36 km, to recover the cells and to use
them as reference standards. The calibrated standard solar cell is placed in the solar simulator beam, and the
beam intensity is adjusted until the standard solar cell reads the same as it read on the balloon. As long as the
reference cell has the same spectral response as the cells or panels to be measured, this is a very accurate
method of setting the intensity, even though the irradiance of the solar simulator is not an exact match to that
of the sun. But as solar cell technology changes, the spectral response of the solar cells changes also, and
reference standards that use the new technology must be built and calibrated.
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JPL has been flying calibration standards on high altitude balloons since 1963 and continues to organize a
calibration balloon flight at least once a year. Up to 39 solar cells can be accommodated on each flight. Full
current-voltage curves may be measured on 19 cells, and 30 cells with fixed loads may be measured. The
data is corrected to 28 °C and 1 AU (1,496 x 108 km). The calibrated cells are returned to the participants for
use as reference standards.

NOTE Cell temperature of 28 °C only applies to 8.4.1.

8.4.1.2 Principle

The basic prlnC|pIe of the cahbratlon is to measure the short—cwcwt current (Igg) of each flight cell smce Iy

directly propes v Ioad
resistor which establishes an operating point near 7. In addltlon the load resistors are chosen so tha their
output voltage will be less than 100 mV during the fI|ght The resistors used for loading the cells"are highly
stable wire Wound precision resistors with temperature coefficients of 2.10-2.°C~1. The cells conneected fpr full
current-voltage curve measurement do not have load resistors. The cells are exposed to direct extraterrgstrial
sunlight whil¢ they are carried on the high altitude balloon. A solar tracker is used to constantly align the|solar
cells normalfto the sun. The tracker assembly is mounted on the apex of the balloen-in order to pvoid
reflections and/or shadowing from the balloon or from any part of the structure hanging below the ballgon. If
the sun poinfing is precise, there are only two corrections that must be made to convert the on-board vqltage
measuremerjts to the standard condition. One correction is for the earth-sun distance at the time of the flight,
and the othef is a temperature correction to the standard temperature of 28 °C,

8.41.3 Apparatus

See Figure 6. The main components of the balloon flight system are.the following.

a) The apgx-mounted hoop assembly that contains the experimental package, the data encodef, the
recovery system and the camera.

b) The ballpon.
c) The lowgr payload that contains the telemetry,(command receiver, and power systems.
The following apparatus is required:

a) Main balloon. This balloon is made of polyethylene film 20 ym thick, has a volume of 98 000 my and
weighs 319 kg.

b) Small bglloon. This balloon+thas a volume of 82 m3 and weighs 4,3 kg.

c) Top pay|oad. The following top payload is mounted to the aluminum hoop assembly.

1) Solar tracker

2) Sur| angle/sensor

3) Volt ge reference (r\gllhrqhnn) box

4) Data acquisition system

5) Single-frame movie camera

6) Clock

7) Descent parachute

8) Battery power supply for the tracker and data acquisition system

9) Tracking beacon
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d) Bottom payload. The bottom payload is furnished by the National Scientific Balloon Facility (NSBF) and
consists of the following.

1)
2)

3)

Battery power supply
Ballast module for balloon altitude control
An electronics module known as the Consolidated Instrument Package (CIP)

GPS receivers

T !
Tarispuriuci

Descent parachute

e) $olar cell modules mounted on the tracker solar panel.

f)  Ground support equipment is furnished by the NSBF and consists of the following.

P

iR
~

%)

Telemetry receiving and recording system

GPS receiver

Computer systems for monitoring balloon position, altitude and status
Launch vehicles

Chase and recovery vehicles

Airplane for tracking, chase and recovery

© 1SO 2005 - All rights reserved
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1 2
S — 3
L

\ /

Item List
Iterh number Description
1 Solar panel
2 Solar tracker
3 Hoop assembly and parachute
4 Balloons
5 Bottom parachute
6 Instrument package

Figure 6 — JPL high altitude balloon flight calibration
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8.4.1.4 Environmental conditions

The National Scientific Balloon Facility (NSBF) was established in 1963 at Palestine, Texas. The Physical
Science Laboratory (PSL) of New Mexico State University operates this facility under the sponsorship of the
National Aeronautics and Space Administration (NASA). This location was chosen because it has favourable
weather conditions for balloon launching and a large number of clear days with light surface winds. The high
altitude winds in this part of the country take the balloons over sparsely populated areas so the descending
payloads are unlikely to cause damage to people or property.

The JPL calibration flights have been flown from the Palestine facility since 1973. The flights are scheduled to
fly in the June-to-September time period since the sun is high in the sky at that time of year and the sunlight

ik nha afora ¢ alarecall paadia arder

pass .IQ thluugh =) Ill:n:mulll d\lHLll Uf utlllus'.ll I\.rl\.r UL’IUIU ICUUhII Iu Lh\r S\Jlul A"A>21) IIIUUMI\J\J III Jrueotd O maintain a
minimum amount of atmosphere between the sun and the solar cells, the calibrations aré earried out at
altituge higher than 35 km.
8.4.1|5 Test procedure

Before the flight, the data acquisition system is calibrated by placing a sequence of input voltages into the

apprd
word).
ampl
used
volta

The

priate input terminals of the DAQ and measuring the corresponding output (in both volta
A least-squares fit to the measurements is calculated to establish”the gain and offset
fier. This procedure is performed separately for (1) the fixed-load cell amplifier, (2) the volt
in measuring current-voltage characteristics and (3) the currentcamplifier used in measuring
e characteristics.

ell temperatures during the flight are measured by reading-the resistance of several platinu

thernpjometers (RTDs) embedded in several of the light cell modules. A calibration of the ampl

meag

The

is m¢g

An e
flight

ure these RTDs is also performed before the flight.

talibrations described above are performed at room temperature. The temperature stability
asured before flight by placing the DAQs in a-temperature controlled oven.

hvironmental test of the entire solar céll-tracking and data acquisition system is performed
In this test, the solar panel is fully:populated with modules for the flight. The system ig

thermal vacuum chamber and powered-on. The chamber is evacuated to a pressure correspq

expe

mon

cted float altitude of the flight'(at 36,6 km the air pressure is 500 Pa). The operation of
ifored at temperatures between — 50 °C and + 50 °C. During this time, the operation of t

ge and data
of the DAQ
nge amplifier
the current-

m resistance
fiers used to

of the DAQs

before each
placed in a
nding to the
the DAQs is
he tracker is

monifored to assure that it is not,adversely affected by temperature.

During the flight, the data-is telemetered to the ground station at the NSBF. The solar cell calibfation data is
sent fo a computer dedicated to the real-time display and storage of the solar cell data. Data is [accumulated
for affleast 30 m within’1 h of local solar noon.

At the end of(the flight, the solar tracker assembly is separated from the balloon system and allowed to
descend by parachute.

Computer analysis of the stored data is performed after the flight. The analysis program correg¢ts the fixed-

load Celrdata for temperature and sun-earth distance according to the jollowing formula:
Vog 1 = V1 R(R?) — A-T(T - 28)
where
V1R s the measured module output voltage at temperature 7 and distance R;
R is the sun-earth distance (AU);
A is the module output temperature coefficient; and
T is the module temperature (°C).
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A slightly different procedure is used for the cells producing current-voltage curves. The correction shown
above is made for all measured cell current values, using temperature coefficients (4) appropriate for I .. The
voltages are corrected, utilizing temperature coefficients appropriate for V.. This correction used the above
formula also, but the factor for sun-earth distance is not used. The voltage correction is applied to all

measured cell voltage values.

8.4.2 High altitude balloon flight calibration method (CNES method)

8.4.2.1

Description

Since 1975, CNES (French National Space Research Centre) has been involved in the calibration of space

solar cells by producing AMO standard solar cells. Calibrations are performed on board stratospheric bal
flying at high altitudes (36 £ 2 km) where the solar spectral irradiance is very close to AMO,.The
calibrated in this way can subsequently be used as standard solar cell in various laboratory tasksfor’solz
ion by sun simulators. A standard solar cell must be used to adjust and measuré\the simy

characteriza
illumination ¢
be measureq

above the atmosphere, with a flight planned every year.

Size increas
carrying out

bs, changes in solar cell technology (GaAs/Ge, tandem, tri-junction,etc:) and the impossibi

nergy. The spectral response of this cell shall be as close as possible to that of the specim
using the simulator. CNES is the only laboratory in Europe carrying out calibration of this

tests on the ground led to modification of the electronics of th€)1996 flight, thus prep

oons
cells
r cell
lated

en to

type

ity of
aring

tomorrow's t¢chnologies. This now allows measurement with high accuracy.thé I = f(V) curves for 28 modlules,

at temperatu

es between —20 °C and 30 °C and with a programmed temperature step (1 °C to 10 °C).

8.4.2.2 Piinciple
An electroni¢s payload is carried on-board the balloon's gondola, allowing the characteristic current-vgltage
relationship 1= f(¥) to be recorded as a function of temperature, under real illumination AMO, with corregtions
made for the|following:

K, Redidual atmosphere at the balloon's altitude (see 8.4.2.8),

K¢ Varlation of illumination caused by the\varying earth-sun distance over the year (see 8.4.2.8).
Two supply Joltages are connected to the)cell during the measurements. One is negative and fixed, the [other
is positive and can be programmed from 0 to 5V with a resolution of 1,22 mV. The direct characterigtic is
obtained by polarizing the cell with(a)programmed supply voltage. The cell voltage decreases from V. {open
circuit voltage) to 0 while 7, (cell‘etrrent) increases from 0 to 7 (short-circuit current). /7, and 7 (cell voltage)
are measurefl after each programmed supply voltage. Up to 92 values of I, and ¥ can be measured for|each
curve. Each ¢ell may be represented by the equivalent diagram shown in Figure 7, with the following notgtion:

Vea Backward.feed voltage

R, Loadresistance

Vo Polarization voltage

V. Resistance voltage

V.  Cell voltage

The solar cell unit contains a high precision (0,1 %), high temperature stability (2 x 10-9) resistor, with a low
resistance in order to allow the cell to operate at close to its short-circuit current. The in-flight measurement is
written:

Vo=Ve=Veo+ Veq (see 8.4.2.8).

20 © ISO 2005 — All rights reserved


https://standardsiso.com/api/?name=c83256347d2954a123f0129f9bad3aab

ISO 15387:2005(E)

T v

Vea l - Re Vi

Figure 7 — Electrical diagram

8.4.2|3 Test procedure

8.4.213.1 Ground measurements

a) alidation of electrical parameters under permanent simulator or flasherillumination
b) Calibration of thermocouple and other detectors with respect to tempeérature

c) laboratory determination of V., and V, = f (T) by using the flight-electronics system
d) [Determination of the spectral response of the cells

8.4.2|13.2 Flight measurements

The ¢haracteristic curves are obtained by (see Figure 8):

a) Determining V0 = Vg — Vo

b) Determining Vs = Veg + Vi max

Vot = Voo

c) Calculating the voltage step’of the variable power supply: step = o2

d) Determining the characteristic curve by varying the voltage between Vot and ) in 92 points.

e) Measuring the-initial and final temperatures:

wherg

V.n~__is the initial polarization voltage;

Vot is the final polarization voltage; and

VOC

is the open circuit voltage.

All measurements are recorded in E2EPROM memory. Flight data storage is also available. CNES can
provide either unprocessed or mathematically processed data. All processing is carried out at the CNES
computing centre in Toulouse, France.

NOTE V.

r max IS Set to 2 volts; it depends on the measuring resistance and on the characteristic / = f(V') of the solar
cell.
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Figure 8

8.4.24 Ac
The charactd
After calibrat

The measurd

8.4.2.5

Each calibrated cell consistsof-a casing fitted with a five-pin connector and is supplied with the following:

a spectr.

a curve

)
0 \ 100

Sypply

700
V, mV

200 300 400

4

pf
olar cell Si BSR 2 x 4 cm? at three temperatures: — 10 °C, + 10 G, + 30 °C

— Example of current-voltage curve relative to payload solar cell at three temperature

fcuracy
ristic I = f(¥) curve is measured to within< 0,5 %.
ng the measurement system, the temperature measurements are accurate to within + 0,5 °Q.

ment accuracy of the spectral response (1,7) is TBD.

| response curve;

piving\the variation of the calibration value with temperature;

NOTE Th

iscurve ||e||n|ly npprnyimnfne a ergighf line overthe fnmpnr:\hlrn range in r_!lllneﬁnn

the curve I = f(V) for three temperatures including 7 = 25 °C;

— values for V,, V., dV,/dT and dV,./dT; and

22

flight date, altitude and flight time.
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8.42.6 Apparatus

See Figure 9. The on-board system for the stratospheric balloon flight is made up of three parts:
— a scientific gondola

— atelemetry and telecommand unit

— atracking gondola

The following apparatus is required:

— llaunch center: Aire-sur-I'Adour and Gap, France

— Carrier balloon: 100 000 m3

— Auxiliary balloon

— [Recovery parachute

— Two wire link cable

— Tracking gondola

— $econd two wire link long enough to avoid shadows on the’scientific gondola
— $cientific gondola carrying telemetry and telecommand unit

— $olar cell module with resistor

8.4.2|7 Environmental conditions

The ¢alibration shall be carried out at.an-altitude of 36 km + 2 km and the balloon altitude shall be maintained
within the operational limits required\by the test apparatus.

The CNES calibration flights have flown from Aire-sur-I'Adour or Gap (in France) facilities singe 1975. The

flight$ are scheduled between June and September, since the sun is high in the sky at this time of year so that
the spinlight passes through a minimal thickness of the atmosphere before reaching the solar modules.

8.4.2|8 Mathematical processing

8.4.218.1 Determination of altitude % versus pressure.

() =a+b-Inp+c(np)2+d(np)

where
a,b,c,andd are constants;

P is the ambient pressure.
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Dimensions in metres

1
2
A
3
X A
% 5
o
O
~N
Y
Item List
Itefm Number |[Description Item Number |Description
1
T Balloon 7a Viotor
2 Pyrotechnic separator 7b Structure
3 Parachute 7c Sun sensor motor
4 Localization gondola 7d Solar cells
5 Beacon Te TM/TC gondola
6 Radar reflector 7f Shock absorber
7 Scientific and TM/TC gondola

24

Figure 9 — CNES high altitude balloon calibration
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8.4.2.8.2 AT(r) is the time equation approximated by the seventh order expression:
AT(?) = by + byt + byt? + ... + byt

where
bg, b4, etc. are constants,

t is the day of the year;

AT(¢) is given in decimal minutes.

8.4.218.3  Determination of true solar time (7,/) from the following equation:

4L
oy =T + AT + —
SV ] 60

wher

1%

1 is the longitude counted positively eastwards;

Ty isthe universal time

8.4.2|18.4  Variation in solar declination during the year 3(¢); a satisfactory approximation is olptained using
the ekpression:

(#) = —23,45 cos[360/365(¢ —9,25)]
wherg
1 is the day of the year;

() isin decimal degrees.

8.4.218.5 Calculation of the sun's,zénith distance by using:
cos ¥ = sin /- sin[ §(r) | - ces-/— cos| 3(t) | - cos(15 Tgy)
wherg
7 is the angle(between the vertical and the sun's direction and

] is the latitude.

8.4.218.6, \»Solar spectral irradiance outside the atmosphere S (1):

_2
LA BLLLENSE

£ alat Tl 1 4 - 4. 2307 \AJ
See ATITICTA T TUT TITULT Sodl y Udld. TTIC oSUldl LUTISIalrit 1o 1 T

8.4.2.8.7 Determination of the solar spectral irradiance S(1) at the balloon's altitude at the time of
measurement:

1
cos ¥

S(A) = So(4) x exp [CAR(, 4) x ]

where CAR(#, 1) is the coefficient of residual atmospheric absorption.

NOTE Values are given in the Handbook of Geophysics for 22 wavelengths and 51 altitudes. Values are read off
against flight altitude by using linear interpolation.
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8.4.2.8.8

K (1)

Determination of the correction factor for each solar cell:

[ 4 Rsn(2)xSo(2)d2

where

t

I:RSn(ﬂ)xS(ﬂ)dl

is the day of the year

Rg(4)
So(4)
()

n

8.4.2.8.9
function of th

8.4.2.8.10
function of itg

Iy =a,
where a,,, ¢,

This function
measuremer

8.4.2.8.11
the year and

y

(=1
where ¢ is thd

8.4.2.8.12
illumination g

Vr,n(i) =

s the spectral response of solar cell n (MA/mW-cm?2)
s the solar spectral irradiance AMO (W/m2-um)

s the solar spectral irradiance at the balloon altitude (W/m2-um)
s the number of solar cells to be calibrated, n = 1 to 28

Determination of K,, which is the correction factor to be applied toythe voltage measuren
e temperature of the on-board measurement amplifier.

L aboratory determination before the flight of the temperature of each of the solar cells
open circuit voltage:

2
'oc +CnVoc

-d n
and d,, are constants.

is determined in the laboratory for each. solar cell by measuring V. (amplified by the on-
t system) for different temperatures:

Ks(#) is the illumination correctign ‘factor allowing for the variation in the earth-sun distance
is given by:

0017 -0,338 cos (t 7
day of the year.

Determinatign.for each solar cell of the calibration value V, corresponding to a constant
t a température:

Ks(t) ' Kn(t) X KA X Vn(i)

ents,

as

poard

over

solar

where

v,

nn

(i)

Vr,n =K

is the voltage measured at the terminals of a load resistor for the characteristic 7 =f(}) cu
varying over 92 measuring points

><Kn><KA>< Vn

where ¥, is the measured voltage (voltage across built-in resistor) for cell n.

rve, i

After the frames have all been processed, the program plots the curves of V. oo =f(7), Is; = f(T) et V. =f(7)

and calculates dV.

26

/dT and dV, /dT for T = 25 °C.

r,sc
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8.4.3 High altitude aircraft calibration method (NASA-GRC)

8.4.3.1 Principle

The short-circuit current (/) is obtained by exposing the solar cells directly to the sun at high altitude. Data is
obtained over a range of altitudes. I is plotted versus AM, then the I, at AMO is obtained.

The solar elevation angle is held constant by conducting the measurements at solar noon over a small period
of time. The ambient pressure changes with altitude.

8.4.3.2 Apparatus

The following apparatus is required.
a) n aircraft capable of flight to 15,4 km altitude and descent controlled in roll, pitch ahd.yaw axes to 1°.

b) 5:1 or better collimating tube mounted in the aircraft with an external shutterto protect the cells during
keoff, landing and low altitude flight.

c) computer system for control and data storage.
d) calibrated, high-sensitivity absolute-pressure transducer.
e) calibrated, cockpit-mounted sunlight.

f) n absolute cavity radiometer, calibrated to a primary standard conforming to World Radjation Centre
tandards

8.4.3|3 Environmental conditions

The ¢alibration must be carried out in the region’of the atmosphere designated as the stratosphgre. The time
of yepr that will provide the largest possible'sun elevation angle shall be selected. Cell temperdture shall be
25 °¢ °+ 1 °C during calibration.

8.4.3]14 Test procedure

a) ount the test cells on the-temperature controlled plate which acts as the end cap of the collimating tube.
nsure proper ohmic-centacts with a transistor curve tracer.

b) $elect the proper\load resistor for each cell. The resistor shall be sized so that the voltagg drop across
e cell at one sun illumination (AMO) shall be less than or equal to 20 mV. A wire-wound, low inductance
recision resistor with an accuracy rating of at worst + 0,1 % shall be used.

c) etermine whether the proper atmospheric conditions have been met for the flight] The upper
tmOsphere data must be that obtained at 12:00 GMT on the day of the calibration flight from at least
ree relevant locations. Check with aircraft operations as to the suitability of surface weathler conditions

for safe flight operations.

d) Calculate proper tube angle setting of the data from the current Astronomical Almanac.

e) Input cell identification data, load resistor values, sun and tube angle data, true geocentric distance value
and temperature control data into the control computer software.

f)  Adjust the collimating tube and pilot sunlight to their proper angles.
g) Mount the test plate to the end of the collimating tube in the aircraft. Change load resistors, if necessary.
Update software in the on-board computer. Test entire aircraft system, including computer software and

hardware, the data acquisition system, external shutter, temperature control, pilot interface and pressure
transducer.
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h)

computer. Visually inspect all aircraft calibration equipment.

Plot the

logarithm of I

absorption, and extrapolate plot to air mass value of zero to obtain the cell calibration value.

8.5 Calibration methods of synthetic AMO standard solar cell

8.5.1

Global sunlight calibration method (INTA-Spasolab)

After the flight, remove the cell mounting plate from the collimating tube and the calibration data from the

versus the air mass number. Correct for the geocentric distance and ozone

8.5.1.1 Desecription
Two different methods are commonly used for primary standard calibration: the "direct" method~anfd the
"global" method. In the direct method, a normal incidence pyrheliometer and the solar cell,, placed at the
bottom of a g¢ollimator tube, are kept pointing at the sun while measurements of short-circuit eurrent and|solar
irradiation are made. In the global method, the cell (uncollimated), and pyranometer are placed on a horizontal
surface, and|simultaneous readings of irradiance and short-circuit current are taken in global sunlight.
It is claimed|that because some of the shorter wavelengths lost in atmospheric s€attering are recoverg¢d as
diffuse blue fadiation from the sky (M.W. Walkden, 1967), the global spectral distribution is closer to AM( than
the direct onie. Besides, the global method requiring neither collimation nor,aceurate orientation is easjer to
implement. Tlhe global method involves the following steps.
a) Measurg the relative spectral response of the cell to be calibrated.
b) Mount the cell on a temperature controlled block coplanar-~with a horizontal pyranometer, allowing an
unobstrycted view over a solid angle of 2r steradians.
c) Measurg the short circuit current of the cell in global snlight.
d) Measurg the global irradiance at the same time.as the short-circuit current.
e) Measurg the relative spectral irradiance distribution on the global sunlight at the same time as the |other
measurgments.
f)  Compute the calibration value.
g) Take the average of at leastdhree calibrations on three different days.
8.5.1.2 Method of computation
The method pf computation is:
Ig = J‘*WXES?»d/l (1)
Igg = jstgxd/z (2)
1
Egbb-IEgkdl-Zanggngdi
or
1 Eglob
Isg:K_J.SXKZEQKd;L:—XJ‘SXKZEgld/l (3)
2 .[Kzngdﬂ
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Dividing Equation (1) by Equation (3) results in:

J‘Kzngd/t ) jstsxd;t

I =1g
9 Eglob J.S}szEg;\’dﬂ

Because S, appears in both numerator and denominator, relative values of spectral response embodying the
same constant may be used. Thus,

j KoEgdA j (K185, )Eg.dA
cr = 1o X
Eglob J(K1Sx)(K2ng )di

The galibration value may be computed from the tabulated values of £, and measured values of Iy, K4S,
KyEgL, and Egjop,.
8.5.113  Environmental conditions

The global method is simple and free from collimator alignment and field of.view errors, but it requires a good
test dite since the main requirements of the calibration site are:

a) Calibration site located to give an unobstructed view of the sky)over a full hemisphere, wgll away from
any large buildings and free of atmospheric pollution.

b) Global irradiance on a horizontal plane not be less than,800 W-m~2.

c) Diffuse irradiance less than 25 % of global irradiance.

d) $Polar elevation not be less than 54° in order to minimize the cosine law errors on the specfroradiometer
nd pyranometer.

e) $olar radiation sufficiently stable torallow the spectral irradiance distribution to be measured.

f) revailing good weather so thatimeasurements can be taken on three suitable days without yndue delay.

8.5.114 Equipment necessary to carry out the calibration

a) $pectroradiometer-te“measure the relative spectral irradiance at wavelength 4 of the glpbal sunlight
2Eg,). It shall be able to measure inside of the wavelength range from 200 nm to 2 500 nm

b) Pyranometerito measure the irradiance of the global sunlight (£, )-

c) $tandard holder unit on temperature controlled block placed coplanar with a horizontal pyrgnometer and
e’spectroradiometer allowing the cell an unobstructed view over a solid angle of 2xn steradians. The cell
electrical connections should be done using a four-point solar cell load circuit.

d) Data acquisition system consisting of a voltmeter, ammeter, and thermometer to record current, voltage,
and temperature.

8.5.2 Direct sunlight calibration method (CAST)

8.5.21 Description

In this method, only the direct normal component of the ground sunlight is used. The restrictions on the
location and weather condition are greatly reduced.
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8.5.22 Pr

inciple

The AMO short-circuit current of the reference solar cell can be obtained from the following equation:

I f E;dA j ERy.Sp.dA
Tose =
EjExsmd/z
where
Iysc is the short circuit current of the reference solar cell in AMO standard sunlight;
Iy, is|the short circuit current output of the cell in direct normal terrestrial sunlight;
E, is|the relative spectral irradiance at wavelength 1 of the direct sunlight in which the .short
cyrrent was measured;
E is|the measured total irradiance of direct sunlight;
ER, is|the absolute spectral irradiance at wavelength | of AMO standard sunlight;
S, isfthe relative spectral response of the reference cell at wavelengthy 1.
8.5.2.3 Environmental conditions

The calibratipn shall be carried out in natural sunlight under the following conditions:

a) Clear, b
b) Irradiang
c)

are less
d) The rati
8.5.2.4
a) At the ¢
b) Ensure
c) Verify th
d) Ensure
e)
f)
9)
h)
i)
30

ue sky, sky with no observable cloud formation within a 15° half-angle cone surrounding the

e more than 800 W-m~2 as measured with a-pyrheliometer.

ircuit

sun.

Atmosplheric condition sufficiently stable so that-the variations in the reference cell short-circuit clirrent

less tham 20 %).

coIIimat]r tube.

Tast procedure

than + 0,5 % during any 30-second.-measurement period.

b of uncollimated to collimatedwshort-circuit current of less than 0,2 (e.g. ratio of diffuse to

alibration site, meunt the reference cell on its holder, which is mounted on a tracker \

hat the reference cell temperature is 25 °C £+ 1 °C.

At the'\collimation ratio is less than 1,2.

Hirect

ith a

hat the nvrhaliometer- and all the collimator tubhaes for reference-—cell and -snectroradiomet
Adt—Re—pyRedHometer—ahRa—ah—th HAatotHoDes+1oeisreh H—aHG—SPecHoraaiomet

r are

parallel to the direct sunlight beam in 0,2° solid angle.

Measure the direct irradiance with a pyrheliometer.

Simultaneously record the relative spectral irradiance with a spectroradiometer and the short-circuit
current of the reference cell.

Measure the relative spectral response of the reference cell in laboratory.

Compute the calibration value according to Equation (4).

Take the average of at least three calibrations on three different days.
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8.5.2.5 Equipment

The equipment necessary to carry out the calibration is as follows:

a) Spectroradiometer to measure the relative spectral irradiance of the direct terrestrial sunlight. It must be
able to measure inside of wavelength range from 300 nm to 2 500 nm.

b) Pyrheliometer to measure the absolute irradiance of the direct terrestrial sunlight.

c) Collimator tubes for the reference cell and spectroradiometer, which have the same field of view as that of
the pyrheliometer.

8.5.3| Solar simulator calibration method (NASDA)

8.5.3|1 General

This galibration method applies to the single junction solar cells only.

8.56.3]2  Principle

The ¢alibration value is calculated from

a) The relative spectral response of the solar cell,

b) The short-circuit current of the solar cell under simulated sunlight,
c) The spectral irradiance of the solar simulator, and

d) The AMO solar spectral irradiance.

8.5.3|13  Apparatus (see Figure 10)

See Figure 10.The following apparatus is\required.

a) $olar simulator with the following characteristics:

— stable steady-state operation,

— stabilized power,supply, regulated by a feed-back circuit with a light monitor,
+ irradiance control system which changes the irradiance widely,

+ temperature-controlled sample table which always mounts the AMO standard solar cellg at the same
position’ by two knock pins corresponding to the encapsulated standard module or the cqll holder,

+ _“irradiance non-uniformity checker,

— intensity variation checker which compensates the fluctuation of Isc of solar cells,
— temperature-control equipment for solar cells, and
— computer system for data acquisition and data processing (I-V curve).
b) Spectroradiometer with the following characteristics:
— high-resolution spectroradiometer with a double monochromator covering a wide wavelength,
— fully computer-aided measurement and data processing,

— standard halogen lamp (traceable to national standard),
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c)

32

temperature controllers for detectors,

computer system for measurement and data processing,

regulated power supply for the standard lamp, and

digital voltmeter for setting and monitoring the standard lamp voltage.

Spectral response measuring equipment with the following characteristics:

constant-energy monochromatic light controlled at each wavelength with an automatic scanned
monochromator,

cappble of both ac and dc measurements,

whife bias light which can be superimposed on mechanically chopped monochromatic.'light v

locK-in amplifier,

temperature-control equipment for solar cell, and

computer system for data processing.

6
vy Yy
3 eele I — 7
25 °C 25 °C
¢ (l ) /scm ¢ m (j’ )
\ Yy v ¢ s (1)
9 -
/sc cal
Item List
Item Number |Description Item Number |Description
1 AMO white bias light source 6 Spectroradiometer
2 Monochromatic light source 7 Standard lamp
3 Pyroelectric radiometer 8 AMO extraterrestrial reference
4 Solar cell spectral irradiance
5 Solar simulator 9 Computer system

Figure 10 — Solar simulation calibration

ith a

© ISO 2005 — All rights reserved


https://standardsiso.com/api/?name=c83256347d2954a123f0129f9bad3aab

ISO 15387:2005(E)

8.5.3.4 Environmental conditions

The calibration shall be carried out in a laboratory whose temperature and humidity are maintained within the
operational limits required by the test apparatus.

8.5.3.5 Test procedure

The solar simulator calibration method of an AMO standard solar cell shall consist of measuring the short-
circuit current of the cell under a solar simulator with an irradiance similar to the AMO sunlight and correcting
the measured short-circuit current against the AMO sunlight using a spectroradiometer which had been
previously calibrated by a standard lamp (traceable to national standard). The spectral irradiance accuracy
calibfated by a standard Tamp has been proved to be within £ T %. This calibration can be carri¢d out at any
time [if a suitable measuring apparatus is prepared (Figure 11) and AMO reference extratertestrial sunlight
irradipnce is provided.

The [calibration value of the short-circuit current under 1 367 W-m=2 irradiance,©of the ANIO reference
extraferrestrial sunlight is calculated by using:

f¢stxdi

Csc cal = Lscm (5)
J.@mekd;t

The fpllowing is a summary of the calibration procedure:

a) The relative spectral response of the cell is measured\at least three times with a white|bias light of
approximately 1367 W-m~2 (adjusted by a previously calibrated cell or a suitable detector) at a
temperature of 25 °C + 1 °C. Data without a white bias light may be used if the cell does not have the bias
llght effect. The data [0, ] is stored in a computer;

b) The irradiance in the test plane of the solar@imulator is set at approximately 1 367 W-m~2, by a previously
¢alibrated cell or a suitable detector.

c) Keeping the same irradiance, thée spectral irradiance in the test plane is measdred by the
$pectroradiometer critically calibrated in a nonreflective place by a standard lamp (traceable to national
gtandard). The data [Q,,;] is-stored in the computer.

d) The cell is positioned in-the test plane of the solar simulator. While the cell temperature is maintained at
25 °C £ 1 °C, the shert-eircuit current of the cell is measured before and after a measurement of spectral
irradiance describedin procedure c). The averaged data [/g,,] is stored in the computer.
e) The calibrateddg for the solar cell is computed from the data by procedures a), ¢) and e).
f)  Procedures’b) to e) are repeated at least three times.

g) The-mean value of Ig is fixed as the definitive calibration value.

c cal

8.5.4 Differential spectral response calibration method (PTB)

8.5.4.1 General

The calibration value is calculated from the measured absolute spectral response of the reference cell and the
reference solar spectral irradiance distribution. The spectral response calibration is transferred from the
standard detector irradiance level to the solar irradiance level over many orders of magnitude with no
restrictions to the solar cell concerning linearity or spectral match.
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8.5.4.2 Apparatus

The following apparatus is required (see Figures 11 and 12).

a) Intensity of monochromatic light of at least 1 mW-m~2 within the required wavelength range.

b) Lamp(s) with lens or mirror entrance optics (quartz-halogen lamp above 800 nm, Xenon arc source being
better below 400 nm, and spectral lamp for wavelength recalibration).

c) Bias light source (an array or quartz halogen lamps with integrated parabolic dichroic mirrors
recommended), where conformity to the spectral requirements of at most a Class C simulator (as defined

in Anne

d) Choppe
(with qu
20 nm (
imaging

GJ.

| quasi-monochromatic beam for the absolute calibration at one or more discrete-wavel
brtz-halogen lamp, chopper, 1 to 3 blocked narrow-band filters, having bandwidths of less
entered at different wavelength between 500 nm and 900 nm, plane 45° mirror, i.e. w
optics).

e) Large-aijea monitor photodiode (or small-area photodiode with quartz lens; Si below 1 200 nm; In

above 1
f)  Radiatio

NOTE 1 Cr
Radiometric R

NOTE 2 Th
linearity, unifo

g) Two bes

h) Adjustah

i) Means (
j)  Means f
cell with
current ¢

k) Comput

100 nm).
h detector(s) with temperature control calibrated by an accredited.calibration laboratory.

yogenic radiometers are the recommended primary standards;{which conform to the current
eference.

mity and stability.

m choppers with the same frequency.

le aperture (imaged onto the solar cell),

emperature-controlled table) for mainhtaining the reference cell at 25 °C + 1 °C.

br measuring the AC (including lock-in amplifiers) and DC short-circuit currents of the refe
a non-linearity of < 0,1 %;,the same AC amplifiers are used for measuring the AC short-

f the standard detector(s).

br system for contfel'and data processing.

8.5.4.3 Environmental.conditions

The calibrati
the operatior

bn shall\be carried out in a laboratory where the temperature and humidity are maintained
al limits required by the apparatus.

bngth
than
thout

5aAs

\World

ese detectors should be high quality Si, or InGaAs abaye“ 100 nm, photodiodes with the best available

fence
ircuit

ithin
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9
8
AE (1)
5 pp—
2
b 9
1 8
v Alse
3 0 o7
I
9
Isc (E})
10
S (%, Ey)
Item List
Item Number |Description Item Number |Description
1 Monochromator 6 Beam splitter
2 Optical chopper 7 Current-voltage converter
3 Light source 8 Lock-in amplifier
4 Shutter 9 Digital voltmeter
5 Monitor photo-diode 10 Digital Volt Multi Meter
Figure 11 — Block diagram of differential spectral response calibration
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Item-List

Item Nunmber

Description

Item Number

Description

1 Monochromator with triple grating turret 7 Narrowband Filter Set

2 Lamps 8 Lamp A

3 Chopper 9 Narrowband filter set

4 Aperture 10 Bias lamps with dichroic mirrors
5 Shutter 11 45° mirror

6 Beam splitter 12 Solar cell

Figure:12 — Optical arrangement of differential spectral response calibration

8.5.44 Test procedure

8.5.4.41 Set and maintain the temperature of the reference cell to 25 °C + 1 °C.

8.5.4.4.2 Adjust the aperture until its image coincides with the active area of the reference cell £ 1 mm.

8.5.4.4.3 Calibrate the spectroradiometer (without bias radiation) with respect to its relative spectral
response by using its chopped monochromatic radiation and determining the ratio of the short-circuit currents
of monitor photodiode (Al,4,ca) @nd standard detector (Aly) measured simultaneously (using two lock-in
amplifiers with identical time constants) at standard detectors is in a position close to the focus of the

monochromatic beam collecting the whole radiation power.

36
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8.5.4.44 Set the white bias irradiance E, to the desired operational level, between 1 mW-m=2 and
2 000 W-m~2, and measure the corresponding DC short circuit current 7, = I (Ey).

8.5.4.4.5 Measure the relative spectral response of the reference cell by using the chopped
monochromatic radiation produced by the monochromator and determining the ratio of the short-circuit current
of reference cell (A/,) and monitor photodiode (A/,,,,,,) according to step (8.5.4.4.3) and calculate the relative
differential spectral responsivity s(4,/,,),¢ Of the reference cell under bias irradiance Ej,.

Al ot y Al'mon cal
AImon AIst

S(/le)rel = Sst(ﬂ’)

8.5.4/4.6 Repeat 8.54.4.4 and 8.5.4.4.5 at five or more different bias levels covering at legst the range
between 10 W-m—2 et 1 500 W-m~2, thus including a linearity test.

8.5.4{4.7  With the white bias irradiance set as in 8.5.4.4.4 to one of the low levels E;> 10 W-m~2 avec
Iy = Ik.(Ep), measure the absolute spectral response of the reference cell at,the three |wavelengths
represented by the narrowband filter set. This is done by using the chopped, and’ filtered m¢nochromatic
radiation from the stabilized lamp A without imaging optics producing a uniform irradiance within the working
plang of the reference cell. The absolute differential spectral response s(4, ;. fg) with i =1, 2, 3 ip determined
by the ratio of short circuit current to irradiance, as measured by a standarddetector in the workirlg plane, with
eachffilter in turn.

8.5.4/4.8 Take the mean value k; of the ratio (relative spectral\response/absolute spectral fesponse) as
determined in each of the three wavelengths under the £ irradiation.

8.5.4/4.9 Compute the absolute differential spectral responses:

(4, 1g) = (11k) x s(4, Ip)rel

8.5.4/4.10 Compute the differential response Sayo(/,) under irradiation with AMO reference golar spectral
distribution at the five or more levels determined by /,:

J.S(/Ub )E amo 2. (4)d 2

5 amo (Ip) = Faro

with
Fstc= J.EAMO A (A)dD=1367 W .m 2
wherg
1b = Isc(Eb)

Koy, (4)  is the air mass zero reference solar spectral irradiance distribution.

8.5.4.4.11 If the reference solar cell is linear, the variation of Spy,o(f,) over 5 or more successive sets of
measurements shall be less than + 0,5 % (typical repeatability is better than £ 0,1 %). Take the mean of
Samo(Zp) as the definitive spectral response under STC (Standard Test Conditions) Sayo = Istc/Este-

NOTE If the reference cell is slightly nonlinear, the short-circuit current ISTC under STC is obtained by the following
integration:
Istc Istc
Estc= [ AEIAly-dly= [ 1/Samo-dlp
0 0

where the upper integration limit /51 is obtained by iterative approximation.
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8.5.4.4.12 |If it is desired to calibrate a nonlinear reference cell for more than one operational level of
irradiance, repeat 8.5.4.4.3 and 8.5.4.4.9 for each of the desired levels.

9 Calibration of secondary AMO standard solar cell

9.1 General

Secondary AMO standard solar cells shall be calibrated in simulated sunlight against an AMO standard
(extraterrestrial AMO standard and synthetic AMO standard) solar cell.

The spectral
shall be such
determined b

9.2 Solar

If simulated s

9.3 Ground level sunlight (if needed)

Calibration in

a) Clear wgather, sunny weather, with the diffuse irradiance not greater than 25 % of the global irradian

b) No obse
c) Total irm
standarg

d) Air mass

e) Radiatio
than £ 0
9.4 Calibn
a) Beforet
current
b) Mount th
the sam

cell tem
from the

response match between the AMO standard solar cells and secondary AMO standard solar
that the spectral mismatch error under the illumination used for calibration is less than 1
y the procedure given in Annex B.

simulator

unlight is used, the solar simulator shall be of Class A in accordance with Annex G.

ground level sunlight shall be carried out under the following-conditions:

rvable cloud formations within a 30° half-angle cone surrounding the sun;

adiance (sun + sky + ground reflection) not \léss than 800 W-m=2, as measured by the
solar cell;

between AM1 and AM2; and

h sufficiently stable so that the variation in AMO standard solar cell short-circuit current is
5 % over the time taken for.a\measurement.

ation procedure

ne calibration, méasure the relative spectral response and temperature coefficient of short-
f the secondary AMO standard solar cell, using the procedures specified in Annexes C and [

e AMO standard and the secondary AMO standard solar cells coplanar and in close proxim
e mount:-Connect to the current and temperature measuring instruments. If possible, contr
perature at 25 °C £ 1 °C. If it is not practicable to control the temperature of the cells, shade

cells
% as

AMO

less

ircuit
D.

ty on
Dl the
them

light except when current measurements are taken. (Shading is not necessary with

pulse

simulato

rs.)

c) Adjust the mount so that the solar beam or centerline of the simulator beam is normal to the cell surfaces
within + 5°.

d) Record simultaneous readings of the short-circuit currents and temperature of both standard solar cells.

e) Repeat step d) until five successive sets of readings are obtained in which the ratios of the short-circuit

currents

, corrected to 25 °C, do not vary by more than + 1 %.

f)  When calibrating in natural sunlight, repeat the steps b) through e); a minimum of five times on at least
three separate days.

38
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g) From the acceptable data, calculate the mean ratio:

Short-circuit current of secondary reference cell at 25 °C
Short-circuit current of primary reference cell at 25 °C

h) Multiply the calibration value of the AMO standard solar cell by the calculated mean ratio to obtain the
calibration value of the secondary AMO standard solar cell.
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Annex A
(normative)

Measurement of current-voltage characteristics

A.1 General

This InterneJtionaI Standard describes measurement procedures for current-voltage characteristi
crystalline silicon solar cells in natural or simulated sunlight. These procedures are applicable ¢ora s
junction solar cell.

NOTE THese procedures are limited to linear solar cells.

A.2 General measurement requirements

i)

40

The irrgdiance measurements shall be made with a calibrated reference solar cell as specifi
Clause

The refdrence solar cell shall have essentially < 0,5 % spectral response variation over the spectral
of the tept cell specimen and shall be selected and calibrated in, accordance with Clause 8.

The temlperature of the reference solar cell and specimen\shall be measured to an accuracy of + 1
the temperature of the reference solar cell differs by méfe than 2 °C from the temperature at which i
calibratgd, the calibration value shall be adjusted to the measured temperature.

The active surface of the specimen shall be goplanar within + 1° for cells and within + 5° for arra
module |with the active surface of the reference solar cell. No collimators shall be used on thg
specimen.

Test corjnections are shown in Figure)A.1.

Voltageg and currents shall be.measured to an accuracy of + 0,5 % by using independent leads fro
terminalp of the specimen,

Short-cifcuit currents¢shall be measured at zero voltage, using a variable bias (preferably electron
offset thie voltage drep across the external series resistance. Alternatively, they may be determin
measuripg the voltage drop across a precision four-terminal fixed resistor (precision resistor of ki
value within £.0;1 % and ~10-5/°C drift) provided that a measurement is made at a voltage not H
of\the cell opencircuit voltage, within the range where there is a linear relationship bet

s of
ingle

Bd in

ange

°C. If
L was

ys by
test

m the

ic) to
ed by
hown
igher
ween

current andvoltage, and the curve is extrapolated to zero voltage.

Voltmeters shall have an internal resistance of at least 1 MQ-V-1.

The calibration of all instruments shall be certified to be within the required accuracy at the time of

measurement as specified by manufacturer.

The accuracy of the correction procedures for irradiance and temperature shall be verified periodica
measuring the performance of a specimen at selected levels and comparing the results
corresponding extrapolated data.

lly by
with

© ISO 2005 — All rights reserved


https://standardsiso.com/api/?name=c83256347d2954a123f0129f9bad3aab

ISO 15387:2005(E)

5
1
6
< |
2
7
8
8
Item List
Item Number |Description Item Number |Description
1 Specimen 5 Current
2 Temperature sensor 6 Precision resistor
3 Variable load 7 Voltage
4 Electronic measurement equipment 8 Temperature monitor

A3

Meag
more
cond

a) |

Figure A.1 — Test connections

Measurements dnnatural sunlight

r||ormal to the direct solar beam within £ 10°.

urements in natural sunlight shall be made only when the total irradiance (sun+sky) is not 1
than + 1 %.ddring a measurement. When the measurements are intended for reference to
tions thedrradiance shall be at least 800 W-m~2.The test procedure is as follows.

luctuating by
standard test

Mount\the reference solar cell as near as possible to, and coplanar with, the specimen. Both shall be

b) Record the current-voltage characteristic and temperature of the specimen concurrently with recording
the short-circuit current and temperature of the reference solar cell. If it is not practical to control the
temperature, shade the specimen and/or solar cell from the sun and wind until its temperature is uniform
with the ambient air temperature. Make the measurements immediately after removing the shade.

NOTE

In most cases, the thermal inertia of the specimen or solar cell will limit the temperature rise during the first
few seconds to less than 2 °C and its temperature will remain reasonably uniform.

c) Correct the measured current-voltage characteristic to the desired irradiance and temperature conditions
in accordance with 5.1.
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A.4 Measurement in steady-state simulated sunlight

Steady-state sunlight simulation for solar cell performance measurements shall meet the requirements of
Annex F. The test procedure is as follows:

a) Mount the reference solar cell with its active surface in the test plane so that the normal of the solar cell is
parallel within + 5 % to the center line of the beam.

b) Set the irradiance at the test plane so that the reference solar cell produces its calibrated short-circuit
current at the desired level.

¢) Removethe reference solar cell and mount the specimen as desired in a).
NOTE If fhe beam is sufficiently wide and uniform the specimen can be mounted beside the reference selan cell

d) Without [changing the simulator setting, record the current-voltage characteristic and temperature ¢f the
specimen. Where it is not practical to control the temperature, shade the specimen and/or the solgr cell
from thelsimulator beam until the solar cell temperature is uniform within + 2 °C at ambient air temperature.
Make the measurement immediately after removing the shade [see applicable note in A.3 b)].

e) If the temperature of the specimen is not the desired temperature, correct the measured current-vqgltage
charactgristic to this desired temperature using the procedure in accordafce with Annex D.

A.5 Measurement in pulsed simulated sunlight

Pulsed sunlight simulation for solar cell performance measurements shall meet the requirements of Annex F.
The test progedure is as follows:

a) Mount the specimen as near as possible to the reference solar cell with the active surfaces in the¢ test
plane. The normal of the specimen and the reference solar cell shall be parallel within + 5° to the genter
at the dgsired level.

b) Set the jrradiance at the test plane so that the reference solar cell produces its calibrated short-gircuit
current at the desired level.

NOTE In]some pulse simulators, the‘pulse is triggered by a separate solar cell when the irradiance reaches a level
which has begn previously set with a_reference solar cell.

c) Record the current-voltagé-characteristic and temperature of the specimen (or ambient temperaturg, if it
is the same). The timevinterval between the data points shall be sufficiently long to ensure th3gt the
responseg time of thé test specimen and the rate of data collection will not introduce errors.

d) Correct the measured current-voltage characteristic to both the desired temperature and irradiarice in
accordapce’ with Annex D.

A.6 Test report
When a test report is required, it shall contain the following data:
— A description and identification of the specimen (solar cell, subassembly of solar cells or module),

— Test environment (natural or simulated sunlight and, in the latter case, brief description and class of
simulator),

— lrradiance level,
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— Temperature of the specimen and reference solar cell,

— Description and identification of primary and/or secondary reference solar cell (cell or module),
— Calibration data (where and when calibrated, calibration value),

— Deviations from standard test procedures, and

— Test results.
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Annex B
(normative)

Computation of spectral mismatch error

B.1 General

This annex ¢
by the interg
solar cell, an
only to linear

Cell mismatg
varying inten

B.2 Descr

The error is

cell and the fest specimen and the relative spectral irradiance of the simulator and the reference solar sp

irradiance dis
Thus if

J4

o

AT
Ky Sy,

J3

escribes the procedure for determining the error introduced in the testing of a solar cell\cg
ction of the mismatch between the spectral responses of the test specimen and the refe

solar cells.

h error should be kept to a minimum, linear implies that the cell 7y, varies directly (linearly
Bity (fixed spectral illumination). That is X suns x I, (1 sun).

iption of method
computed from the integrated products of the relative spectfal responses of the reference

tribution as defined in Clause 5.

s the short-circuit current density of the reference cell in solar radiation having an irradian
1 367 W-m~2 and the reference spectral irfadiance (A-m=2)

s the short-circuit current density~of the reference cell, as measured in extraterrestr|
simulated sunlight (A-m=2)

s the absolute spectral response of the reference cell, at wavelength 1 (A-W-1)
s the relative spectralresponse of the reference cell at wavelength 1

s the short-circuit_current density of the test specimen in solar radiation having an irradian
1 367 W-m~2 and)the reference spectral irradiance (A-m=2)

s the shortécircuit current density of the test specimen, as measured in the extraterre
naturalsunlight or simulated solar radiation (A-m=2)

sthé absolute spectral response of the test specimen at wavelength A (A-W-1)

used
ence

d the mismatch between the test spectrum and the reference spectrum. The procedure applies

with

solar
bctral

ce of

al or

ce of

Strial,

44

is the relative spectral response of the test specimen at wavelength 1

is the absolute spectral irradiance at wavelength A of the reference spectral irradiance (W-m=2

um-1)

is the relative spectral irradiance at wavelength 4 of the reference spectral irradiance

is the absolute spectral irradiance at wavelength A of the extraterrestrial, natural or simulated

solar radiation (W-m~2.um-1)

is the relative spectral irradiance at wavelength 1 of the extraterrestrial, natural or simulated
radiation

solar
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Then

J1 :I51x Gy d4
J2 ZJ.Su Gy, d4
Js =[Sz Gg d2

/4 :stm Gy_dA

Integration of the products of the measured relative spectral responses and the relative Spectfal irradiance
yields the following parameters:

A1 =J.K1 S1p K3 Gg dA= K4 K3 J4
A2 =.[K1 S1p Kg Gy dh= K4 K4 J3
45 =j1<2 Soy K3 Gy, dh= Ko K3 J3
A4 =.|.K2 Son K4 Gy dh=Kp K4 Jy

Asc corr = Isc meas * (A3 x A)/(A4 x Ay)

Isc colr 18 the corrected short-circuit current of theitest specimen for the reference spectrum. I} .5 is the
meagured short-circuit current of the test specimen under the extraterrestrial, natural or simulated spectrum.
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Annex C
(normative)

Measurement methods of the spectral response

C.1 General

This annex ¢
solar cells.

NOTE In

C.2 Relat

The relative
light source
current dens

NOTE In
ultraviolet and

The light soy
current dens
wavelength.

monochromg
density readi

The irradiand

ives guidance for the measurement of the relative spectral response of both linear and non

this International Standard the word monochromatic is used to mean narrow bandwidth.

ve spectral response measurement

spectral response of a solar cell is measured by irradiating it by means of a narrow-band
bt a series of different wavelengths covering its response range; .and measuring the short-
ty and irradiance at each of these wavelengths.

this International Standard, the words sunlight and light arge_used in their broader sense to inclug
the infrared as well as the visible spectrum.

rce should irradiate the cell uniformly and the temperature of the cell should be controlled
ties are then divided by the irradiances or a préportional parameter and plotted as a funct
Alternatively, the irradiance may be kept-gonstant (for instance, by varying the width

hgs. Spectral irradiance shall be measured according to Annex H.

e monitor may be a vacuum thermacouple, a pyroelectric radiometer or other suitable det

Another altefnative is a previously calibrated reference solar cell whose relative spectral response cove

required ran
completed ag

koS2) 3

where

k1S,

pe. In this case, k,S,;, the-relative spectral response of the test specimen at wavelengh
follows:

Jmtr

mri

k1S,

s thetrelative spectral response of the solar cell at wavelength A;

J,

inear

width
ircuit

e the

The
on of
of a

tor exit slit), in which case the relative spectral response is obtained directly from the cdirrent

bctor.
s the
Ais

ha cama vavn lanath 9

nnnnnnnnnn reut e .
e Samrcvwa veTICTgtr7o;

o tthoa m H ol
ot TTCo oSt oTTor o oot ourt

mth

J,

mri

is the measured short-circuit current density of the reference solar cell at the same wavelength A.

In assembling the test setup and performing the measurements, special attention should be given to the

following:

NOTE

46

uniformity of irradiance at the test plane;

filter transmission curves

Uniform irradiance is very important when test specimen and reference solar cells are of different dimensions.
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illumination levels and all wavelengths.
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The curves should be checked periodically to detect any sideband transmission.

load resistor value, calibration and contact resistance

Annex | provides requirements for measurement of linearity.

The load resistor should be kept to a minimum practical value in order to remain as close as possible to true
short-circuit conditions.

linearity of response of the short-circuit current of the solar cell versus the light intensity at all

Figures C.1 and C.2 show two examples of test arrangements, the first embodying a
chromator and the second a filter wheel as the monochromatic source.

mond

In bo
temp
temp
same
simu

th cases, the light source is a 1 000-W tungsten halogen lamp operated from a stable supp
erature of 3 200 K. The test cell and the irradiance monitor are mounted on opposite sides
brature-controlled block, so that either may be presented to the monochromatic beam in
place. Alternatively, they may be mounted on a slide with suitable positioning stops d
taneously by means of a beam splitter.

uartz prism

y at a colour
pf a rotatable
precisely the
r illuminated

1 -
A S
L
. 6
10 2 = E
1
Item List
Item Number |Description Item Number |Description

1 Solar simulator 6 Rotatable temperature-controlled mount
2 Bias light 7 Radiometer or reference cell

3 Monochromator 8 Light source

4 Chopper 9 Plane mirror

5 Test specimen 10 Concave mirror

Figure C.1 — Spectral response measurement using a monochromator
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pos
—
t
Al
-~
"

Item List
Item Number |Description Item Number |Description
L Solar simulator 5 Chopper
P Bias light 6 Test specimen
3 Light source 7 Rotatable temperature- controlled mount
a Filter wheel 8 Radiometer or reference cell

Figure C.2 — Spectral response measurement using a filter wheel

The filter wheel should contain a-sufficient number of narrow-band filters to cover the response range ¢f the
cell in wavelpngth steps not exegeding 50 nm. The filters are arranged so that each can be indexed i turn
between thellight source and-the test cell or irradiance monitor. It is important that the filters have negligible
(<2 %) sidepands. The monochromator is normally used with fixed slits and manually set to the pame
wavelength dteps.

With crystalline sjlicon and other cells where the response has been shown to change linearly with irradignce,
the short-cirquit’current of the cells (voltage drop across a standard four-terminal fixed resistor) and the ppen-
circuit voltage“ef the vacuum thermocouple or radiometer may be measured directly with a DC dligital
voltmeter or potentiometer. The requirements for instrumentation accuracy and the measurement of short-
circuit currents are given in Annex A. If the DC method is used, the exit beam, test specimen and irradiance
monitor should be completely enclosed in an antireflective light-tight box and meticulous precautions should
be taken to avoid thermal and other random electromagnetic fields which would cause errors. Alternatively,
the exit beam may be chopped at a low frequency and the output voltage amplified and rectified. In this case,
it is important to ensure that the amplifiers are linear and drift free.

With nonlinear solar cells it is necessary to use a chopped monochromatic beam and to increase the
irradiance to the desired operational level (e.g. 1 367 W-m~2) by using unmodulated bias light from a suitable
steady-state simulator as shown in Figures C.1 and C.2. For linear solar cells the bias light is also necessary
unless there is proof that the obtained spectral response will not change significantly when the bias light is not
used.
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Another way to obtain illumination intensity sufficiently high to operate the solar cell in the linear response
domain after the light beam has gone through the monochromatic filters is to use a flash as a light source. The
energy pulse being short does not heat up the filters. This method is illustrated by Figure C.3. In addition to
the customary filter wheel, light-tight box, sample holder and reference solar cells as previously described, the
test setup comprises:

— a photoflash lamp that provides high intensity light pulses,
— a light pulse intensity monitor, and

— an electronic peak detector.

Therthore, apart from the change of light source, the measurement method remains the samé,’based on the
comparison of the short-circuit currents generated respectively by the cell to be measured| and by the
spectrally calibrated cell. This comparison and the correction for the pulse-to-pulse slight’ varigtions of light
intengity are done by the computer.

The |pulsed spectral response method requires the same precautions as the continuous|or chopped
illumination ones; namely

— Uniformity of irradiance at the test plane,
— periodic checking of filter transmission curves, contact resistaneg)and load calibration,
— @peration of cells near short-circuit and

— lnearity of short-circuit current versus light intensity at all wavelengths. Concerning tHis last item,
¢ombination with bias-light illumination is also possible.

NOTE The critical cell characteristic for this method is response time. Although most crystalline Si apd GaAs solar
cells have a response fast enough in short-circuit mode, this has to be verified before the measurement on both test and
AMO $tandard solar cells by using a memory oscillescope, for example.
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10

3 "
L 5 1
6 12
Item List
Item Number |Description Item Number |Description
Interference filter 7 Shutter
2 Filter wheel 8 Light box
K Power supply 9 Lid
4 Flash lamp 10 Rotating sample holder
§ Light pulse intensity mionitor 11 Electronic load
(i Computer 12 Peak detector

1 |

igure C.3 — Experimental test setup for pulsed spectral response measurement
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Annex D
(normative)

Procedures for temperature and irradiance corrections

General

annex describes the procedures for temperature and irradiance corrections to the meas

NOTH 1 These procedures are limited to linear solar cells.

ired current-

je characteristics of crystalline silicon solar cells. It includes procedures for the“detgrmination of
brature coefficients, internal series resistance and curve correction factor. These prqcedures are
cable over an irradiance range of £ 30 % of the level at which the measurementswere made

NOTB 2  The solar cells include a single solar cell, a sub-assembly of solar cellsy;-or-an array. A different set of values

applig

cells)
corre

tion factor should be separately measured for a module or sub-assembly of cells.

NOTH 3  The term “test specimens” is used to denote any of these cells.

D.2

Correction procedures

s for each type of solar cell. Although the determination of temperature coefficients for a module (or syb-assembly of
may be calculated from single cell measurements, it should be noted that-the internal series resistahce and curve

The measured current-voltage characteristic shall-bé corrected to standard test conditions or other selected

temp

wher

erature and irradiance value by applying the following equations:

I
o =11+ 1 (Isr —1J+a(T2 - Ty)

mr
Vo =Vi+ Rs(Ip —11) = K- Jo{Ty = T1) + (T — T4)
4, V1 are the coordinates of points on the measured characteristics;

L, V> are thgcoordinates of the corresponding points on the corrected characteristic;

L. is\the measured short-circuit current of the test specimen;

y - is the measured short-circuit current of the reference solar cell corrected, as necgssary, to the
temperature of the reference solar cell during the measurement of /yg;

Iy, is the measured short-circuit current of the reference solar cell at the standard or other desired
irradiance;

Ty is the standard or other desired temperature;

P is the measured temperature of the test specimen;

a, S are the current and voltage temperature coefficients of the test specimen in the stan

desired irradiance and within the temperature range of interest (f is negative);

Ry is the internal series resistance of the test specimen;
K is the curve correction factor.
© 1SO 2005 - All rights reserved
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D.3 Determination of temperature coefficients

The temperature coefficients of current (&) and voltage (/) vary with irradiance and to a lesser extent, with
temperature. The procedure is as follows:

a)
+0,5°C.

b)

c) Mount th
plane. T
of the bg

d) Set the
calibratg

e) With the
current

NOTE At

the test cell anpd reference solar cell. This precaution could be accomplished by passing dry nitrogen gas over the
surfaces or by

f)

i)

where ny ist

Attach a temperature sensor to the test cell so that the temperature can be measured to an accuracy of

Mount the test cell with good thermal contact to a temperature-controlled block, and use the attached
sensor to provide the control signal.

Stabilizg

Voo me;tsurements. Repeat this procedure at approximately 10 °C increments up to the max

temper
Repeat {

Plot the
each se

From th

Foram
a=npog

B=ngf

he normal of the test cell and the reference solar cell shall be parallel within + 5° to the Cent

d short-circuit current at the desired level.

;) and open-circuit voltage (V).

values of I, and V. as a function of temperature and construct a least-squares fit curve th

p slopes of the current and the\voltage curves and at a point midway between the minimun
maximuim temperature of interest, calculate o, and £, the temperature coefficients for single cells.

pdule or other subassembly of cells, calculate the temperature coefficients as follows:

e test cell as near as possible to a suitable reference solar cell with the active surfaces in thg test

am.

irradiance at the test plane so that the reference solar cell (at 25 °C + 55C) procedu

test cell stabilized at or near the minimum temperature of interest,-measure its short-

Briine

re is

ircuit

subambient temperature, precautions may be necessary to prevent coriddensation on the active surfafes of

enclosing the cells in a vacuum chamber.

active

the test cell at a temperature approximately 10 °C above the previous level and repeat I} and

ure of interest.

he steps a) to f) on each of the other test cells.

of data.

ne riumber of cells in parallel and ng is the number of series.

D.4 Determination of internal series resistance

mum

ough

N and

R; may be determined in simulated sunlight by the following procedure (see Figure D.1) where series
resistance is dependent on intensity and should be noted as such:

a)

b)

52

Trace the current-voltage characteristic of the test specimen at room temperature and at two different
irradiances (magnitudes need not be known). During the two measurements the cell temperature shall not

differ by

more than 2 °C.

Choose a point P on the higher characteristic, at a voltage slightly higher than Vp ... Measure A/, the
difference between the current at this point and /44
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c) Determine the point Q on the lower curve at which the current is equal to 7y, — AL
d) Measure the voltage displacement AV between points P and Q.

e) Calculate Rg4 from

AV

Rs1 =
[sc1 _1302

where I .4 et I ., are the two short-circuit currents.

f) Repeat c) to e), using a characteristic taken at a third irradiance level and the same cell te||nperature, in

¢ombination with each of the first two curves to determine value of the R, and Rgs.

g) R, is the mean of the three calculated values: Rgq, Rg5 €t Rgs.

Y
lsa I SR
S
Y P
o %
S
Y aQ

L

Figure D.1 — Determination of internal series resistance
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D.5 Determination of curve correction factor

K may be determined in simulated sunlight by the following procedure:

a) Trace the current-voltage characteristic of the test specimen irradiance within + 30 % of the selected level
and at three different temperatures (75, T, and T5) over an interest range of at least 30 °C.

NOTE

When measuring the characteristics of a module, precautions should be taken (for instance by enclosing the

module in a temperature controlled chamber with a transparent window) to ensure uniformity of the cell temperature within
+ 2 °C of the intended level.

b)

Using a
transpog
equatior

[4 =

V4 B

where

c)

d)

54

I3, ]
Iy ]

If the tr|
obtained

1 assumed value of K (say 1,25 x 10 ° OQ-C~ T which 1S typical Tor a crystalline silicon cell)

e the characteristic measured at temperature T3 to temperature T, by applying thecfoll
s:

Vs —Kly (Ty— Ts) + B(Ty - T3)

3 are coordinates of points on the T; temperature characteristic;
, are coordinates of the corresponding points on the T stemperature characteristic.

ansposed T, temperature characteristic does nofcoincide with the desired accuracy tg
by measurement, repeat step in b) by inserting, different values for K until the transpos

temperafure characteristic and the measured characteristic coincide.

When th
match th
do not c
determir

Use the

wing

that
pd Ty

e proper value of K has been determined;.transpose the 75 and T, characteristics sequentiIIIy to

e characteristic at temperature T5. If the-transposed and corresponding measured charact
bincide, repeat the transposition with a slightly different value of K until the value for a correc
ed in each case.

mean of the three values of Kjthus determined.

ristic
t fit is

© ISO 2005 — All rights reserved


https://standardsiso.com/api/?name=c83256347d2954a123f0129f9bad3aab

Uncertainty analysis of AMO0 standard solar cell calibration

E.1 Typical error sources

ISO 15387:2005(E)

Annex E
(normative)

The tlypical error sources relevant for AMO standard solar cell calibration are as follows.

d) Electrical

) Optical set-up

¢) Spectrakresponse of

Voltmeter(s)

Instrumentation shunt resistor
Thermovoltages

Temperature of all instruments
Temperature fluctuations of shunt
Internal heating of shunt by load
Linearity of current converter
Noise of equipment in case of outdoor mV measurement
Temperature measurement
Beam divergence

Non-normal incidence

Multiple reflections

Stray light

Shadowing by probes
Non-uniformity of light

Pointing error towards sun

Light fluctuations

Temporal stability

Linearity of lock-in amplifier (LIA)
Test cell

Linearity of current converters

Temperature coefficient of shunt, LIA and LIA output

d) Spectrum

© 1SO 2005 - All rights reserved

Calibration error of reference

Wavelength error

Change of band edge of cell by temperature error
Suppression of higher orders

Linearity of test cell

Calibration error of spectroradiometer measurement
Field of view in comparison to reference and test cell

Temperature of spectroradiometer
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Wavelength error

Light fluctuations during scan time

e) Test cell Intrinsic non-uniformity of cell
Non-ideal cosine response
Linearity
Difference in time constant between reference and test cell
Field of view
Temporal stability
f) Reference element Uncertainty of pyranometer
Absolute cavity radiometer
Degradation of calibration
Variation of spectral properties (degradation of black paints)
Non-ideal cosine response
Time constant
Field of view
Cosine response
E.2 Uncertainty analysis
The typical uncertainty analysis for the each AMO standard solar cell calibration method is as follows.
NOTE The proposed uncertainty analysis data for each, ofithe seven calibration methods are shown below.
Table E.1 — Uncertainty summary-of balloon flight calibration method (JPL)
Error source Error contribution
mV %
Vel Amplifier calibration 0,0153 0,022 6
Vap A/D dither 0,025 1 0,037 0
R Earth-sun angle 0,002 7 0,040
— Off-normal angle 0,023 6 0,034 8
Teo Temperature coefficient 0,132 0,0195 2
T Cell temperature 0,104 6 0,010 46
NOTE 1 See 8.4.1.
NOTE 2 The square root of the sums of the error contributions squared gives an overall standard deviation of 0,25 %.

56
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Table E.2 — Uncertainty summary of balloon flight calibration method (CNES)

Source of error Typical value

Errors caused by pointing imprecision +0,3°

Errors linked to correction factors
1. Residual absorption? 2%

2. Variation of sun-earth distanceP 3,5%

Errors linked to numeric analogic conversion

The digital to analogic converter is given with an accuracy of +25x%x 104

Errors linked to the measurement system:

1. Resistor (/) 1x1078
2. On the temperature N '%
3. On the amplifier gain AG/G >'10-3

NOTE 1 See 8.4.2.

NOTE 2 The arithmetical sum of these errors leads to a calibration error of 0,5 %o 0,7 %.

@8  This overestimation coefficient is calculated from the values of the spéctral response of each solar|cell.
However, its very weak value caused an error on current measurement les§.han 5 x 1074,

b This coefficient is estimated within 1% and induces a calibration efforess than 5 x 1074,

Table E.3 — Uncertainty summary of aircraft calibration method (NASA-GRC)

Source of error Effec: onfsc
%o

Non-normal incidence to sun 0,011
Non-simultaneous pressare and current readings 0,15
Cell temperature uncertainty 0,08
Voltmeter one year accuracy 0,004 1
Fluctuations-in.the ozone correction 0,082 8
Data interpretation uncertainty 0,15
Un€ertainty within a laboratory (GaAs cell) 0,574 5
Wncertainty within a laboratory (silicon cell) 0,511
Systematic error between laboratories (GaAs) 0,741
Systematic error between laboratories (silicon) 0,93
Total-systematic-uncertainty{GaAs—<elh 0,9+
Total systematic uncertainty (silicon cell) 1,09
Total random error 0,042 6
NOTE See 8.4.3.
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Table E.4 — Uncertainty summary of global sunlight calibration method (INTA-Spasolab)

Source of error Typic;! value

Short-circuit current +0,05
Global irradiance +1,30
Spectral global sunlight irradiance measurement + 0,09
Spectral response system and AMO values + 0,08
Spectral response system and spectral global sunlight irradiance +0,50
Caljbration short-circuit current +0,40
NOTE See 8.5.1.

Tablje E.5 — Uncertainty summary of direct normal sunlight calibration method (CAST)

Source of error Biaso/error Randoo;n error

o o
I, measurement 0,02 0,02
I time constants 0,00 0,20
Absolute cavity radiometer 0,37 0,13
Spectral correction factor 0,00 0,20
Temperature correction factor 0;00 0,05
Thermal offset voltages 0,05 0,05
Total 0,37 0,32
NOTE See 8.5.2.

Tilable E.6 — Uncertainty summary of solar simulator calibration method (NASDA)

Source of error Typic(g/!)value
Uncertainty of he'standard lamp <3,5
Uncertainty due to spectroradiometer <0,02
Uncertainty due to measurement repeatability. <0,94
Combined expand uncertainty (Ugs) < 3,63
NOTE See 8.5.3.
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Table E.7 — Uncertainty summary of differential spectral response calibration method (PTB)

Source of error Typical vOaAzue (k=2)
Uncertainty of the standard detector(s) <05
Uncertainty due to nonlinear or narrow-band cells <0,1
Uncertainty due to unstable cell temperature (+ 1K) <0,1
Transfer uncertainties due to —
relative spectral response 0,1
| absolute spectral response at discrete wavelength(s) 0,1
| spectral mismatch between bias radiation and reference solar 0,5
| Combined expanded uncertainty: <1
| spectrum; non-uniformity of bias radiation —
non-uniformity of monochromatic radiation —
mismatch of cell area and irradiated area (image of the diaphragm) —
spectral bandwidth (< 20 nm) of the monochromatic radiation —
non-linearity of the amplifiers —
NOTE 1 See 8.5.4.
NOTE 2 In this table, typical values on the uncertainty components resulting in a combined expanded uncerfainty of
Ugs < 1 %, with coverage factor k = 2, are summarized. It is notrequired that the reference cell be linear, and ttlere are
no restrictions on the shape of the spectral response curve of'the cell; however, temperature control of the cejl within
+ 1 K'is recommended.
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Annex F
(informative)

AMO solar spectral irradiance

Wavelength Irradiance Wavelength Irradiance Wavelength Irradiance
Mm W.m2 Mm W-m—2 MM W.m2
0,199 5 o 0,255 5 40 0,267 5 270
0,200 5 7 0,234 5 39 0,268 5 260
0,201 5 7 0,2355 57 0,269 5 252
0,202 5 8 0,236 5 49 0,270 5 293
0,203 5 9 0,237 5 53 0,27115 232
0,204 5 9 0,238 5 42 0,272 5 215
0,205 5 10 0,239 5 46 0,273 5 204
0,206 5 10 0,240 5 43 0,274 5 137
0,207 5 11 0,2415 52 0,2755 200
0,208 5 15 0,242 5 72 0,276 5 258
0,209 5 24 0,243 5 65 0,277 5 240
0,2105 28 0,244 5 62 0,278 5 166
0,2115 34 0,2455 51 0,2795 89
0,2125 30 0,246 5 51 0,280 5 112
0,2135 32 0,247 5 57 0,2815 231
0,214 5 41 0,248'5 45 0,2825 307
0,2155 37 0,249 5 58 0,283 5 330
0,216 5 34 0,250 5 59 0,284 5 244
0,217 5 36 0,251 5 47 0,2855 141
0,218 5 45 0,252 5 44 0,286 5 320
0,2195 48 0,253 5 55 0,287 5 371
0,220 5 48 0,254 5 61 0,288 5 307
0,2215 39 0,255 5 89 0,2895 456
0,2225 51 0,256 5 107 0,290 5 623
0,223 5 66 0,257 5 129 0,291 5 600
0,224 5 58 0,258 5 134 0,292 5 545
0,225 5 54 0,259 5 108 0,293 5 545
0,226 5 41 0,260 5 102 0,294 5 509
0,227 5 41 0,261 5 103 0,295 5 548
0,228 5 54 0,262 5 121 0,296 5 492
0,2295 48 0,263 5 175 0,297 5 531
0,2305 56 0,264 5 274 0,298 5 413
0,2315 50 0,265 5 280 0,299 5 485
0,2325 55 0,266 5 260 0,300 5 403
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Wavelength Irradiance Wavelength Irradiance Wavelength Irradiance
um W-m~2 um W-m=2 Hm W-m—2
0,3015 445 0,322 4 773 0,3495 865
0,3025 484 0,322 8 758 0,350 5 1119
0,303 5 631 0,323 2 646 0,3515 993
0,304 5 610 0,323 6 603 0,352 5 871
0,305 5 580 0,324 604 0,353 5 1115
0,306 5 575 0,324 4 618 0,354 5 1133
0,307 5 645 0.32478 654 0,3555 1058
0,308 5 613 0,325 2 646 0,356 5 938
0,3095 484 0,325 6 682 0,357 5 891
0,31 495 0,326 852 0,358 5 627
0,310 4 507 0,326 4 1049 0,359 5 1136
0,310 8 588 0,326 8 1111 0,360 5 979
0,3112 707 0,327 2 1108 0,3615 894
0,3116 747 0,327 6 1050 0,3625 1175
0,312 707 0,328 965 0,363 5 958
0,312 4 644 0,328 4 914 0,364 5 1015
0,3128 663 0,328 8 913 0,365 5 1263
0,313 2 710 0,329 2 952 0,366 5 1249
0,313 6 691 0,329 6 1043 0,367 5 1214
0,314 689 0,33 1144 0,368 5 1088
0,314 4 722 0,330 4 1137 0,369 5 1331
0,314 8 673 0,330 5 1006 0,3705 1075
0,3152 695 0,3315 968 0,3715 1307
0,315 6 765 0,3325 921 0,3725 1065
0,316 675 0,333 5 905 0,3735 838
0,316 4 569 0,334 5 940 0,374 5 878
0,316 8 623 0,3355 982 0,3755 1141
0,317 2 749 0,336 5 765 0,376 5 1101
0,317 6 830 0,337 5 866 0,377 5 1291
0,318 813 0,338 5 916 0,378 5 1 341
0,318 4 673 0,3395 937 0,3795 1 000
0,318 8 642 0,340 5 992 0,380 5 1289
0,3192 768 0,3415 936 0,3815 1 096
0,3196 759 0,342 5 995 0,3825 733
0,32 712 0,343 5 985 0,383 5 684
0,320 4 778 0,344 5 719 0,384 5 1027
0,320 8 844 0,345 5 967 0,3855 954
0,3212 847 0,346 5 919 0,386 5 1071
0,321 6 736 0,347 5 902 0,387 5 966
0,322 695 0,348 5 948 0,388 5 912
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0,3895 1227 0,429 5 1477 0,469 5 1992
0,390 5 1223 0,430 5 1136 0,4705 1879
0,3915 1398 0,4315 1688 0,4715 2020
0,3925 955 0,432 5 1648 0,4725 2043
0,393 5 489 0,433 5 1733 0,473 5 1993
0,3945 1101 0,434 5 1672 0,474 5 2 053
0,395 5 378 0,4355 725 04755 2018
0,396 5 650 0,436 5 1931 0,476 5 1958
0,397 5 1040 0,437 5 1808 0,477 5 2077
0,398 5 1538 0,438 5 1569 0,478 5 2011
0,399 5 1655 0,439 5 1827 0,47915 2078
0,400 5 1649 0,440 5 1715 0,480 5 2037
0,4015 1796 0,441 5 1933 0,4815 2092
0,4025 1803 0,442 5 1982 0,4825 2025
0,403 5 1658 0,443 5 1911 0,483 5 2021
0,404 5 1602 0,444 5 1975 0,484 5 1971
0,405 5 1672 0,445 5 1823 0,4855 1832
0,406 5 1624 0,446 5 1893 0,486 5 1627
0,407 5 1545 0,447 5 2079 0,487 5 1832
0,408 5 1824 0,448 5 1975 0,488 5 1916
0,409 5 1706 0,449 5 2029 0,4895 1962
0,4105 1502 0,450'5 2 146 0,490 5 2009
0,4115 1819 0,4515 2111 0,491 5 1898
0,4125 1791 0,452 5 1943 0,492 5 1898
0,4135 1758 0,453 5 1972 0,493 5 1890
0,414 5 1739 0,454 5 1981 0,494 5 2060
0,4155 1736 0,455 5 2036 0,495 5 1928
0,416 5 1844 0,456 5 2079 0,496 5 2019
0,417 5 1%667 0,457 5 2102 0,497 5 2020
0,4185 1 686 0,458 5 1973 0,498 5 1868
0,4195 1703 0,459 5 2011 0,499 5 1972
0,420 5 1760 0,460 5 2042 0,500 5 1859
0,4215 1799 0,461 5 2 057 0,5015 1814
0,4225 1584 0,462 5 2 106 0,502 5 1 896
0,423 5 1713 0,463 5 2042 0,503 5 1936
0,424 5 1770 0,464 5 1978 0,504 5 1871
0,4255 1697 0,465 5 2 044 0,505 5 1995
0,426 5 1700 0,466 5 1923 0,506 5 1963
0,427 5 1571 0,467 5 2017 0,507 5 1908
0,428 5 1589 0,468 5 1996 0,508 5 1921
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Wavelength Irradiance Wavelength Irradiance Wavelength Irradiance
um W-m~2 um W-m=2 Hm W-m—2
0,509 5 1918 0,549 5 1897 0,589 5 1614
0,5105 1949 0,550 5 1864 0,590 5 1815
0,5115 1999 0,551 5 1873 0,5915 1789
0,5125 1869 0,552 5 1848 0,592 5 1810
0,5135 1863 0,553 5 1884 0,593 5 1798
0,514 5 1876 0,554 5 1900 0,594 5 1776
05155 902 0.5555 899 0,595 5 1785
0,516 5 1671 0,556 5 1823 0,596 5 1807
0,517 5 1728 0,557 5 1848 0,597 5 1783
0,518 5 1 656 0,558 5 1789 0,598 5 1760
0,5195 1830 0,559 5 1810 0,599 5 1777
0,520 5 1833 0,560 5 1845 0,600 5 1748
0,5215 1908 0,561 5 1826 0,6015 1753
0,5225 1825 0,562 5 1852 0,602 5 1721
0,523 5 1 896 0,563 5 1863 0,603 5 1789
0,524 5 1960 0,564 5 1 856 0,604 5 1779
0,5255 1932 0,565 5 4, 800 0,605 5 1766
0,526 5 1676 0,566 5 1831 0,606 5 1762
0,527 5 1830 0,567 5 1889 0,607 5 1760
0,528 5 1899 0,568 5 1812 0,608 5 1745
0,529 5 1920 0,569 5 1862 0,609 5 1746
0,5305 1954 0,570 5 1772 0,6105 1705
0,5315 1965 0,571 5 1825 0,6115 1748
0,5325 1773 0,572 5 1894 0,6125 1707
0,5335 1925 0,573 5 1878 0,6135 1685
0,534 5 1 860 0,574 5 1869 0,614 5 1715
0,5355 1-992 0,575 5 1832 0,6155 1715
0,536 5 1873 0,576 5 1848 0,616 5 1611
0,537 5 1884 0,577 5 1859 0,617 5 1709
0,5385 1906 0,578 5 1786 0,618 5 1726
0,589 5 1834 0,579 5 1830 0,6195 1709
0,540 5 1772 0,580 5 1840 0,620 5 1736
0,5415 1883 0,581 5 1855 0,6215 1692
0,542 5 1827 0,582 5 1875 0,6225 1715
0,543 5 1881 0,583 5 1859 0,623 5 1668
0,544 5 1881 0,584 5 1862 0,624 5 1658
0,545 5 1903 0,585 5 1786 0,6255 1634
0,546 5 1 881 0,586 5 1832 0,626 5 1699
0,547 5 1835 0,587 5 1850 0,627 5 1699
0,548 5 1865 0,588 5 1752 0,628 5 1699
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Wavelength Irradiance Wavelength Irradiance Wavelength Irradiance
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0,629 5 1679 0,709 1386 0,789 1175
0,631 1641 0,711 1387 0,791 1159
0,633 1653 0,713 1375 0,793 1144
0,635 1658 0,715 1368 0,795 1135
0,637 1656 0,717 1355 0,797 1153
0,639 1653 0,719 1329 0,799 1136
0,641 616 0,721 332 0,801 143
0,643 1623 0,723 1349 0,803 1130
0,645 1629 0,725 1351 0,805 1116
0,647 1605 0,727 1347 0,807 1121
0,649 1560 0,729 1320 0,809 1 096
0,651 1608 0,731 1327 0,811 1115
0,653 1601 0,733 1319 0,813 1116
0,655 1534 0,735 1310 0,815 1108
0,657 1386 0,737 1308 0,817 1105
0,659 1 551 0,739 1279 0,819 1065
0,661 1573 0,741 1259 0,821 1081
0,663 1557 0,743 1287 0,823 1074
0,665 1562 0,745 1280 0,825 1076
0,667 1537 0,747 1284 0,827 1077
0,669 1548 0,749 1271 0,829 1073
0,671 1518 0,751 1263 0,831 1069
0,673 1523 0,753 1260 0,833 1034
0,675 1512 0,755 1256 0,835 1053
0,677 1510 0,757 1249 0,837 1052
0,679 1500 0,759 1241 0,839 1042
0,681 1494 0,761 1238 0,841 1045
0,683 1481 0,763 1242 0,843 1028
0,685 1457 0,765 1222 0,845 1033
0,687 1469 0,767 1186 0,847 1025
0,689 1463 0,769 1204 0,849 971
0,691 1450 0,771 1205 0,851 1003
0,693 1450 0,773 1209 0,853 973
0,695 1438 0,775 1189 0,855 877
0,697 1418 0,777 1197 0,857 1011
0,699 1427 0,779 1188 0,859 997
0,701 1388 0,781 1188 0,861 997
0,703 1390 0,783 1177 0,863 999
0,705 1417 0,785 1181 0,865 970
0,707 1402 0,787 1178 0,867 880
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um W-m~2 um W-m=2 Hm W-m—2
0,869 967 0,949 777 1,0725 638
0,871 986 0,951 778 1,077 5 630
0,873 978 0,953 771 1,082 5 620
0,875 981 0,955 760 1,087 5 614
0,877 984 0,957 774 1,092 5 612
0,879 959 0,959 771 1,097 5 599
0,881 960 0,961 767 1025 608
0,883 948 0,963 767 1,107 5 601
0,885 963 0,965 764 1,1125 603
0,887 947 0,967 757 KLH7 5 589
0,889 949 0,969 776 1,122 5 579
0,891 944 0,971 763 1,127 5 569
0,893 934 0,973 764 1,1325 566
0,895 936 0,975 750 1,137 5 563
0,897 939 0,977 768 1,142 5 557
0,899 912 0,979 768 1,147 5 556
0,901 905 0,981 762 1,152 5 545
0,903 905 0,983 766 1,157 5 554
0,905 893 0,985 771 1,162 5 540
0,907 891 0,987 756 1,167 5 530
0,909 861 0,989 767 1,1725 533
0,911 870 0,991 764 1,177 5 525
0,913 876 0,993 755 1,182 5 514
0,915 866 0,995 756 1,187 5 512
0,917 859 0,997 743 1,192 5 511
0,919 858 0,999 743 1,197 5 502
0,921 830 1,002 5 745 1,202 5 496
0,923 821 1,007 5 737 1,207 5 494
0,925 825 1,0125 734 1,2125 489
0,927 828 1,017 5 721 1,217 5 500
0,929 833 1,022 5 704 1,222 5 481
0,931 826 1,027 5 708 1,227 5 481
0,933 832 1,0325 688 1,2325 484
0,935 818 1,037 5 692 1,237 5 477
0,937 802 1,042 5 681 1,242 5 477
0,939 808 1,047 5 685 1,247 5 466
0,941 800 1,052 5 661 1,252 5 474
0,943 784 1,057 5 650 1,257 5 463
0,945 799 1,062 5 642 1,262 5 444
0,947 793 1,067 5 643 1,267 5 438
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1,2725 439 1,472 5 311 1,6725 228
1,277 5 453 1,477 5 307 1,6775 220
1,2825 435 1,482 5 303 1,682 5 221
1,287 5 437 1,487 5 298 1,687 5 219
1,292 5 442 1,492 5 303 1,692 5 219
1,297 5 438 1,497 5 300 1,697 5 214
1,302 5 438 175025 296 77025 217
1,307 5 429 1,507 5 295 1,707 5 212
1,3125 419 1,512 5 290 1,7125 203
1,317 5 416 1,517 5 290 1,717 5 212
1,322 5 416 1,522 5 286 1,722)5 205
1,327 5 411 1,527 5 290 1,727 5 196
1,3325 405 1,632 5 282 17325 190
1,337 5 400 1,637 5 274 1,737 5 189
1,342 5 398 1,542 5 275 1,742 5 191
1,347 5 394 1,547 5 274 1,747 5 185
1,352 5 387 1,652 5 273 1,752 5 187
1,357 5 382 1,557 5 272 1,757 5 189
1,362 5 378 1,562 5 269 1,762 5 184
1,367 5 370 1,567 5 263 1,767 5 182
1,3725 369 1,572 5 260 1,772 5 177
1,377 5 368 1,5775 259 1,777 5 173
1,382 5 364 1,682 5 255 1,782 5 171
1,387 5 364 1,587 5 252 1,787 5 170
1,392 5 358 1,592 5 246 1,792 5 169
1,397 5 357 1,597 5 246 1,797 5 173
1,402 5 353 1,602 5 247 1,802 5 169
1,407 5 350 1,607 5 242 1,807 5 168
14125 346 1,6125 244 1,8125 160
1,417 5 344 1,617 5 243 1,817 5 160
1,422 5 343 1,622 5 240 1,8225 159
1,427 5 348 1,627 5 244 1,827 5 156
1,4325 337 1,6325 241 1,8325 156
1,437 5 331 1,637 5 237 1,837 5 150
1,442 5 327 1,642 5 234 1,842 5 153
1,447 5 318 1,647 5 235 1,847 5 151
1,452 5 323 1,652 5 234 1,852 5 148
1,457 5 307 1,657 5 234 1,857 5 145
1,462 5 317 1,662 5 233 1,862 5 143
1,467 5 311 1,667 5 229 1,867 5 143
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