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Introduction
Solar simulators used in the production 
testing of PV modules must exhibit several 
basic, but important properties:
•  They must accommodate the most 

common modules being tested, be easy 
to use and maintain, and be sufficiently 
rugged and reliable for daily use in a 
manufacturing environment.

•  The y must  f i t  conveniently  into 
high volume production and factory 
automation.

•  Thei r  output  sp e c tr u m must  b e 
sufficiently close to that produced 
by natural sunlight to give accurate 
performance results.

•  Variations in optical output (irradiance), 
both spatially over the area of the test 
plane and temporally during a given test 
and from test-to-test, must be sufficiently 
small to not impact the test results.

•  They should be traceable to known and 
accepted standards.
Most  solar  s imulators  use d for 

large-area PV module testing possess 
two common characteristics. First , 
they generally employ one or more 
appropriately filtered xenon-filled gas 
discharge lamps as their light source. 
Second, they are usually operated in 
a pulsed optical mode (as opposed to 
continuous or cw mode) to minimize 
electrical power consumption, minimize 
module heating during test, and maximize 
the time between required lamp changes. 

The two basic types of large-area 
simulators that Spire currently provides  
are (short) multi-pulse and single long  
pulse (SLP). The company also currently  
offers two different test plane sizes; the 
smaller model, Spi-Sun SimulatorTM 3500, 
is 102cm x 162cm (40” x 64”) and the 
larger model, Spi-Sun SimulatorTM 4600, is 
137cm x 200cm (54” x 79”). On the multi-
pulse machines, a single data point of the  
I-V curve is obtained during each pulse, 
typically ~1 ms in duration. A full I-V 
curve typically requires 100 data points 

and, hence, 100 flashes. With the SLP 
machines that generate light pulses 
~50-100ms long, the entire I-V curve is 
obtained in a single pulse. The industry 
trend is moving toward SLP rather  
than multipulse for several reasons, 
i nclud i ng f a ster  test  t i me,  higher 
throughput, the use of very high efficiency 
Si solar cells, and reduced sensitivity to 
various solar cell physical phenomena that 
are most common in thin-film cells such as 
a-Si, CdTe, or CIGS.

Spectral performance 
standardization
The need to standardize the three most 
critical parameters related to the optical 
output (irradiance) of large-area solar 
simulators used to test PV modules 
ha s  b e en long re co g ni ze d by  two 
leading standards organizations, ASTM 
International and the International 
Electrotechnical Commission (IEC). To 
address this important need, each agency 
has issued standards over the past several 
years that define the spectral output, 
the spatial uniformity, and the temporal 
(time) stability of solar simulators that 
are used to test terrestrial PV modules. 
Specifically, ASTM’s version is defined in 
their E927-05 standard [1] and IEC’s in 
their 60904-9 standard [2]. While there 
are some subtle differences between these 
two standards, they are essentially similar. 
Both standards specifically address what 
the spectrum of the light emitted from 
the simulator must be, how the intensity 
of this light can vary spatially over the test 
area, and how the intensity can vary with 
time during both an individual pulse and 
from pulse-to-pulse.

Of these three parameters, the one 
that has traditionally been the hardest to 
address, both in terms of ability to achieve 
and ability to measure, is the irradiance 
spectrum. Nearly all PV modules are 
designed to work best under solar 
illumination conditions that correspond 
to sunlight impinging at an angle above 
the horizon (the elevation) that results 

in the light rays effectively going through 
1.5 atmospheres and having both direct 
and diffuse (scattered) components. 
This illumination is commonly referred 
to as AM1.5 Global (or AM1.5G) and 
is described in more detail in ASTM 
Standard G-173. 

“The industry trend is 
moving toward SLP rather 
than multipulse for several 

reasons, including faster test 
time, higher throughput, the 

use of very high efficiency 
Si solar cells, and reduced 

sensitivity to various solar cell  
physical phenomena.”

Realizing that precise simulation of an 
AM1.5G spectrum using artificial light 
could be extremely difficult, both ASTM 
and IEC set up three classifications for the 
spectral accuracy of large-area simulators. 
These  cl a ss i f ic at ions  def i ne  what 
fraction of the total spectral irradiance 
should lie within six distinct wavelength 
ranges (Table 1). For a spectral Class A 
designation, the irradiance fraction must 
be within +/-25% of AM1.5G for each 
wavelength interval or bin; for Class B, it 
must be within +/-40%; and for Class C,  
w i t h i n  + 1 0 0  t o  – 6 0 %  ( Fi g u r e  1 
shows regions and classif ications). 
Fo r  a  s i m u l ato r  to  b e  c l a s s i f i e d 
a s  C l a s s  A  ( s p e c t r a l l y ) ,  i t s  
measure d output p oint s  must  all  
f a l l  w i t h i n  t h e  g r e e n  r e g i o n . 
Similarly,  Class B must fall  within 
the yellow region and Class C must 
f a l l  w i th  th e  b ro w n  re g i o n .  Th e  
worst data point defines the classification; 
e.g., if all the data points from a single 
measurement are green but one is brown, 
then the classification must be Class C. 

ABSTRACT
The importance of rapid and accurate measurement of the electrical power output and related characteristics of 
photovoltaic (PV) modules or panels concluding the manufacturing process cannot be overemphasized. Even though 
these modules will likely be deployed under a variety of outdoor solar illumination conditions, they must be tested 
under a set of standard conditions to assure consistency of results demanded by both the manufacturer and the 
customer. The ability to provide a measurement tool for this critical manufacturing step that possesses the proper 
specifications and qualities, ranging from spectral accuracy to ease-of-use, is imperative. 
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Instrumentation development
For many years, the National Renewable 
Energy Laboratory (NREL) in Golden, 
Colorado, USA has recognized the need 
for accurate measurement of the spectral 
irradiance from solar simulators. Over the 
years they have developed a sophisticated 
instrument, the PASS (Pulse Analysis 
Spectroradiometer System), which is 
able to give accurate and repeatable, 
NIST-traceable measurements of pulsed 
solar simulator output spectra [3,4]. 
Their system consists of an integrating 
sphere attached to a single stepping 
monochromator, appropriate optical 
detectors, switchable gratings and filters, 
and control and data analysis hardware 
a n d  s o f t w a re .  Tr a c e ab l e  to  N I S T 
calibrations, the system measures the 400 
to 1100nm spectrum in 5nm increments, 
with a single optical pulse required for 
the measurement of a single wavelength 
increment. This requires a minimum of 
140 pulses; consequently, measurement 
of an SLP simulator having typical cycle 
times of 15 to 30 seconds can take up 
to an hour or more. Measurement of 
multiple points on a single simulator 
can thus be ver y impractical.  Since 
it  is  also a relatively sophisticate d 
instrument, it requires a highly-trained 
and knowledgeable individual to use  
it properly.

Despite the shortcomings of the NREL 
PASS, Spire realized the benefits that 
ownership of such an instrument would 
have. Contracting with NREL, Spire 
procured the only copy of their instrument 
with software that exists outside of NREL 
in February 2008. A photograph showing 
this instrument in use at Spire is shown in 
Figure 2. Despite the relative complexity 
of its operation, we utilize it to measure 
selected simulators and to periodically 
verify the calibration of a simpler, easier-
to-use, Spire-developed dual-spectrometer 
spectral analyzer (described below).

Based on several of the key features of 
the NREL PASS, Spire undertook a task 
to develop an easier-to-use instrument to 
perform routine spectral measurements 
of our simulators at the conclusion of the 
manufacturing cycle. Figure 3 shows a 
block diagram of the dual-spectrometer 
instrument, while Figure 4 shows the 
instrument itself, which affords much 
faster spectral measurement than the 
PASS – an important consideration when 
performing multiple measurements on 
the same simulator. Using the same type 
of optical collector on the test plane as the 
PASS, fiber optics are used to distribute 
the optical signal to two separate grating 
spectrometers. Gratings and filters in 
each of the spectrometers are chosen 
to optimize the performance of each 
within its respective wavelength band. 
Both utilize TE-cooled Si detectors to 
assure optimum sensitivity over their 
entire wavelength ranges.  Response 
of the two units overlaps in the 800 to 

 Figure 1. Graphical representation of the three ASTM and IEC spectral classification 
definitions. The wavelength region of interest, 400 to 1100nm, is divided into six 
wavelength intervals or bins of either 100 or 200nm width. For Class A, all irradiance 
values must fall in the green region; Class B corresponds to the yellow region, and 
Class C to the brown region. Outside of the brown region, the simulator is considered 
unclassified. A simulator’s classification is based on its worst bin.

 Figure 2. The NREL-designed and built Pulse Analysis Spectroradiometer System 
(PASS). This critical instrument exists only at Spire and NREL. 

   Irradiance Fraction

Wavelength AM1.5G         Class A         Class B        Class C

Range (nm) Standard Min Max Min Max Min Max

400-500 0.184 0.138 0.230 0.110 0.258 0.074 0.368
500-600 0.199 0.149 0.249 0.119 0.279 0.080 0.398
600-700 0.184 0.138 0.230 0.110 0.258 0.074 0.368
700-800 0.149 0.112 0.186 0.089 0.209 0.060 0.298
800-900 0.125 0.094 0.156 0.075 0.175 0.050 0.250
900-1100 0.159 0.119 0.199 0.095 0.223 0.064 0.318
Total 1.000 – – – – – –

Table 1. ASTM and IEC definition of spectral classification by assigning specific 
irradiance fractions to the six most important wavelength ranges from 400 to 1100nm.
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900nm interval; since the outputs of the 
two must obviously agree in this region, 
this feature is used as a double-check of 
proper operation and calibration during 
each use (Figure 5 illustrates the level of 
agreement between measurements taken 
with this dual spectrometer system and 
the two PASS units).

Data acquisition triggering is provided 
by a trigger signal from the simulator to 

the two spectrometers. Unlike the PASS, 
the entire spectrum can be obtained 
from a single optical pulse (although 
multiple pulses – typically ~30-50 – are 
preferred when measuring a multipulse 
simulator to give better statistics). 
Finally, calibration of the unit is checked 
daily using a cw calibration lamp that 
is periodically checked against a NIST-
traceable lamp.

Measurement of simulator 
spectra
Using the dual-wavelength spectral 
analyzer, we have studied the irradiance 
s p e c t r a  o f  n u m e ro u s  s i m u l ato r s , 
both multi-pulse and long pulse. As 
discussed earlier, a major benefit of our  
dual-wavelength analyzer is the rapid 
measurement time that allows relatively 
easy mapping of spectra with spatial 
position. Figure 6 shows results of one such  
study, in which a total of eleven points 
distributed over the full test plane of a Spi-
Sun Simulator 3500SLP were examined. It 
is apparent that all eleven points are Class 
A. This performance actually exceeds 
that required by both the ASTM and IEC 
standards; these two standards require that 
the spectrum meet the given classification 
only at a single point in the test plane.

In simulator utilization, the stability 
and lifetime of the xenon flash lamps and 
other optical components that affect or 
contribute to the irradiance spectrum 
and total intensity are also important. 
With use, there is the possibility of lamp 
failure, change in output spectrum as 
the lamp ages, and change in optical 
characteristics of all the internal reflecting 
and transmitting surfaces. With this in 
mind, we undertook a study of simulator 
output as a function of cumulative 
flashes, the results of which are shown in 
Figure 7. During the course of the study, 
which lasted over 100,000 flashes – the 
expected lamp lifetime under long-pulse 
conditions – we monitored the short-
circuit current of a 75W PV module and 
two portions of the irradiance spectrum. 
The shortest wavelength region was from 
400 to 500nm, and the longest from 900 
to 1100nm. During this study, no changes 
or adjustments were made to any of the 
simulator settings. Figure 7 demonstrates 
the long-term stability of the lamp and of 
all other components in terms of both total 
output, as exemplified by the flat Isc curve 
for the module, and of the spectrum, as 
indicated by the lack of changes in either 
the long or short wavelength portions of  
the spectrum.

Summary and conclusions
As solar simulators find increasing use in 
the PV module manufacturing industry, 
the need for spectral accurac y has 
become more apparent. Realizing this, 
Spire undertook a major effort to develop 
its own spectral measurement capability 
rather than to constantly rely on outside 
services. Using this capability, we now 
routinely measure every simulator that we 
manufacture. Through careful design and 
manufacturing control, our simulators have 
been demonstrated to routinely produce 
Class A spectra both at system installation 
and after 100,000 pulses of use. We plan 
to continue using this unique capability 
in the design and manufacture of future, 
even larger-area and more versatile solar 
simulators.

Figure 3. Block diagram of the dual-spectrometer, pulsed solar simulator spectral 
analyzer. The intensity calibration lamp used to check the system prior to each use 
is not shown.

Figure 4. Spire-designed dual-spectrometer spectral analyzer measuring a Spi-Sun 
Simulator 4600. The sphere sits on the simulator test plane and is connected by a 
fiber optic cable. The principal spectrometer components are on the shelf below  
the laptop computer.
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Figure 5. Spectral measurement results taken at the same single point on a Spi-Sun 
Simulator 4600 using NREL’s PASS, Spire’s PASS, and Spire’s dual-spectrometer 
analyzer (each data point set is intentionally spread out horizontally to facilitate 
viewing). In contrast with Figure 1, the upper and lower boundaries only for 
the Class A region are shown. The agreement between the three instruments is 
apparent.

Figure 6. Spectral measurement results taken with Spire’s dual-spectrometer analyzer at 
eleven different test points distributed over the entire test plane of a Spi-Sun Simulator 
3500SLP. The spatial uniformity of the Class A spectrum is apparent.

Figure 7. Long-term stability of a long-pulse Spi-Sun Simulator 3500SLP. Each 
lamp pulse was approximately 100ms in duration and pulse repetition rate was 
approximately 2/min. Shown is the short-circuit current for a 75W test module 
placed on the simulator and the fractional amounts of irradiance in the 400-500 
and 900-1100nm wavelength intervals (bins). No significant changes in any of the 
parameters occurred during the rated 100,000 flash lifetime of the xenon lamp.


