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MEASURING SOLAR SPECTRAL AND ANGLE-OF-INCIDENCE EFFECTS ON
PHOTOVOLTAIC MODULES AND SOLAR IRRADIANCE SENSORS

David L. King, Jay A. Kratochvil, and William E. Boyson
Sandia National Laboratories, Albuguerque, NM

ABSTRACT

Historically, two time-of-day dependent factors have
complicated the characterization of photovoltaic module
and array performance; namely, changes in the solar
spectrum over the day and optical effects in the module
that vary with the solar angle-of-incidence. This paper
describes straightforward methods for directly measuring
the effects of these two factors. Measured results for
commercial modules, as well as for typical solar irradiance
sensors (pyranometers) are provided. The empirical
relationships obtained from the measurements can be
used to improve the methods used for system design,
verification of performance after installation, and
diagnostic monitoring of performance during operation.

INTRODUCTION

It is common knowledge to people familiar with
photovoltaic technology that the electrical current
generated by photovoltaic devices is influenced by the
spectral distribution (spectrum) of sunlight. It is also
commonly understood that the spectral distribution of
sunlight varies during the day, being “redder” at sunrise
and sunset and “bluer’ at noon. The magnitude of the
influence that the changing spectrum has on performance
can vary significantly, depending on the photovoltaic
technology being considered. In any case, spectral
variation introduces a systematic influence on
performance that is time-of-day dependent. The influence
of spectral variations on photovoltaic devices has been
documented by several authors [1, 2, 3, 4]. Similarly, the
optical characteristics of photovoltaic modules or
pyranometers can result in a systematic influence on their
performance related to the solar angle-of-incidence [5, 6).

This paper describes straightforward methods for
directly measuring the influences of variations in solar
spectral irradiance and solar angle-of-incidence as a
function of time-of-day. The empirical relationships that
result can be directly applied during outdoor performance
testing of modules or arrays or for system performance
predictions, as demonstrated elsewhere [7, 8, 9, 10].

Sandia is a multiprogram laboratory operated by Sandia
Corporation, a Lockheed Martin Company, for the United
States Department of Energy under Contract DE-ACO4-
94AL85000.

SOLAR SPECTRAL INFLUENCE O S’T s

Fig. 1 illustrates the spectral response of a typical
crystalline silicon (c-Si) photovoltaic module in
comparison with the solar spectral irradiance at three
different times of the day. As the solar spectrum changes
during the day, the short-circuit current (Isc) changes, as
does the relative performance of the modute. A
convenient method to account for this spectral influence
has evolved from our outdoor testing experience coupled
with standardized test methods.
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Fig. 1. Relative spectral response for a typical c-Si module
compared to total solar spectral irradiance at three times
of day in Sacramento, CA, 10/10/36.

ASTM has documented a standardized method for
compensating for the spectral sensitivity of photovoltaic
devices [11]. Egn. 1 describes this method, providing a
spectral mismatch parameter, M. The mismatch
parameter is used to correct measured values of short-
circuit current, obtained using an arbitrary test spectrum,
to the value appropriate for one of the standardized solar
spectral distributions [12, 13]. The ASTM method
provides the context for describing a generalized spectral
correction or “Air Mass Function” related to absolute air
mass, AM,, as the independent variable. Eqn. 2 gives the
AM. Function, fi(AM,), which can be thought of as a
continuous spectral mismatch parameter.

For the reader not familiar with the term, “air mass”
(AM) is used to describe the relative path length that the
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sun’'s rays traverse through the atmosphere before
reaching the ground. An AM=1 condition occurs when the
sun is direcily overhead at a sea-level site; air mass
values of 10 or greater occur near sunrise and sunset. Air
mass is calculated based on the zenith angle of the sun
[14]. The zenith angle can be accurately calculated given
site location, day of the year, and the time of day. To
compensate for sites at altitudes other than sea level, air
mass is “pressure corrected” and the term “absolute air
mass” (AM.) is used. Egns. (3-5) can be used to calculate
AM; as a function of the solar zenith angle, Zs, and h, the
site altitude in meters.
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Where:

E(A) = solar spectral irradiance present during test,

Eo(A) = reference solar spectral irradiance at prevailing
AM.=1.5 condition,

Ri«(A) = spectral response of test module at reference
temperature,
R(A) = spectral
pyranometer,

a,b = integration limits defined by test device,

¢,d = integration limits defined by reference pyranometer,
E, = total irradiance from thermopile pyranometer for
normal incidence, AM.=1.5 condition,

E = total irradiance from thermopile pyranometer for test
spectrum, normal incidence,

Iscic = short-circuit current from test module at reference
temperature, normal incidence, AMa=1.5 condition,

Isct = measured short-circuit current from test module at
reference temperature, normal incidence, and prevailing
test spectrum.

response of reference thermopile
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Description of Measurement Procedure

During the test to measure the AM, Function, the
module and the thermopile pyranometer must be mounted
on a solar tracker to eliminate the influence of solar angle-
of-incidence. The spectral response of a typical
thermopile pyranometer (Eppley PSP) can be considered
to be essentially constant over its spectral response range
(300 to 3000 nm). In this case, Eqn. 1 reduces to the

simpler expression given in Eqn. 2. The four variables in

Eqn. 2 are all directly measured parameters. Thus, the
spectral mismatch parameter can be determined on a
continuous basis by simply measuring the short-circuit
current from the module and the irradiance indicated by
the thermopile pyranometer, from sunrise to sunset.

The solar spectrum chosen as the reference for the
test was the prevailing spectrum at the time of day when
AM,=1.5. Therefore, E; and Isci, were the values
measured during this reference condition. In order to
make the results independent of the day of the year, the
spectral correction parameter was described as a function
of AMa. The resulting empirical relationship, fi(AM.), was
called the “AMa. Function.” Thus, analogous to the
spectral mismatch parameter, M, the AM, Function can be
used to relate short-circuit current measured at different
times of the day to a reference solar spectral condition.

Fig. 2 illustrates the AM. Functions measured for a
variety of photovoltaic devices, including commercial
crystalline, multicrystalline, and amorphous silicon
modules, a Silicon-Film™ module, and a silicon-
photodiode pyranometer. The magnitude of the AM,
Function depends on the spectral response
characteristics of the photovoltaic module. In particular,
the relative spectral response at long (red) wavelengths
versus short (blue) wavelengths dictates the shape of the
curve. [f the blue response is low and the red high, then
higher relative response at large AM, results. Amorphous
silicon modules show decreasing response as air mass
increases because their spectral response is limited to
wavelengths less than about 900 nm.
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Fig. 2. Relative short-circuit current versus AM, for a
variety of photovoltaic modules and a silicon-photodiode
pyranometer.

For general applicability, the empirically determined
AM, Function needs to be repeatable from day to day,
and ideally from site to site. In order to evaluate
repeatability, the AM, Function for a crystalline silicon
reference cell has been measured many times during the
last two years. Fig. 3 illustrates eleven different
measurements made in different months of the year under




nominally clear sky conditions. The results were quite
repeatable and illustrate the benefit of relating the spectral
effect to AM, as the independent variable. In addition, the
AMa Function for modules under clear sky conditions has
been found to be relatively consistent from day to day,
season to season, and even site to site.
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Fig. 3. AMa Functions measured over a two year period
for a c-Si reference cell (MK-22).

Direct and Diffuse Irradiance Components

The total solar irradiance, E;, can be considered to be
composed of two components, a direct beam component
and a diffuse component.  The direct component is
typically defined as the direct normal irradiance, Eani, the
irradiance within a 5.7° view angle with the sun at the
center. The irradiance outside that view angle is
considered diffuse, Eqi. This distinction is necessary in
order to correctly measure the influence of solar angle-of-
incidence on module performance.

Most procedures currently used for measuring the
performance of modules or arrays do not attempt to
distinguish between the direct and the diffuse components
of the total solar irradiance. Rather, outdoor performance
testing is typically conducted during clear sky conditions
when the total irradiance is primarily (~90%) direct
irradiance. Calibration of solar irradiance sensors
(pyranometers) is also typically conducted during clear
conditions. However, in actual operation, both
photovoltaic systems and pyranometers are used in clear
and in overcast conditions. Therefore, it is desirable to be
able to distinguish relative performance under direct
versus diffuse irradiance.

The spectral distribution of diffuse solar irradiance
behaves differently from the distribution of direct solar
irradiance. Fig. 4 illustrates measurements of the direct
and diffuse spectral irradiance at two different times of the
day, solar noon and late afternoon. From Fig. 4, it can be
seen that the spectral distribution of Egn changes
significantly over the day, while the spectral distribution of
Edqs remains nominally the same. Thus, the AM,
Functions previously shown were influenced primarily by

changes in the direct normal spectrum. For completely
diffuse irradiance, module performance does not depend
on solar angle-of-incidence; for instance, under very
overcast conditions, |lsc doesn’t change as the module is
pointed in different directions.
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Fig. 4. Direct and diffuse solar spectral irradiance at solar
noon and at high AMa, Sacramento, CA, 8/11/97.

The same test sequence used to measure the AM,
Function also provided data for determining separate
“calibration constants,” C1 and C», for direct and diffuse
irradiance, respectively. Using the same data, the
constants C1 and Cz can be determined using multilinear
regression and the model in Eqn. 6. On the left side of
the equation, the measured |, was adjusted to a
reference temperature, T, using a temperature
coefficient, . The Isc was also adjusted to the reference
solar spectrum using the AM. Function previously
determined. The reference irradiance level, E,; was
assumed to be 1000 W/m®. During the test, the direct
normal irradiance, Eqni, was measured using a thermopile
pyrheliometer (Eppley NIP). The diffuse irradiance, Egit,
was calculated as in Eqn. 7. The diffuse calibration
constant, C», is needed to measure the influence of solar
angle-of-incidence.
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SOLAR ANGLE-OF-INCIDENCE

The influence of a module’s optical characteristics on
its performance can also be measured under outdoor test
conditions in a straightforward manner. The
measurement procedure developed provided a second
empirical function, f2(AOl)}, called the “AOI Function” which
related the module’s lsc to the solar angle-of-incidence
(AQIl). The AOI Function addresses effects that are
beyond the typical geometric “cosine” losses.

To perform the measurement, a computer-controlled
two-axis solar tracker was required. A thermopile

pyranometer (Eppley PSP) and the test module were




mounted on the tracker. A thermopile pyrheliometer
(Eppley NIP) was mounted on a separate solar tracker.
The NIP provided a measurement of Egn and the
combination of the NIP and PSP provided the diffuse
irradiance, Eqi, as in Eqn. 7. The test module was moved
through a programmed sequence of azimuth offset angles
in order to vary the AOI from -90 to +90 degrees, while
maintaining other variables such as irradiance level, solar
spectrum, and ambient temperature nominally constant.
The method used for calculating angle-of-incidence is
given by Eqgn. 8.

(8)

AOT — cos-t l:cos(Tm)cos(Z:) + ]

sin(T,,)sin(Z )cos(AZ, — AZ,)
Where:
AOQI = solar angle-of-incidence (deg)
Tm = tilt angle of module (deg, 0° is horizontal)
Zs = zenith angle of the sun (deg)
AZn = azimuth angle of module (0°=North, 90°=East)
AZs = azimuth angle of sun (deg)
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Fig. 5. Relative response versus AOI for a typical flat-
plate modules and two pyranometers. Results for the
pyranometers are shown as lines.

During analysis, the measured lsc was translated to a
reference solar spectrum using a previously determined
AM, Function, and to a reference temperature, T, using a
temperature coefficient. Then, Eqn. 9 gives the model
used to calculate the AOI Function. Note that after
subtracting the response due to the diffuse irradiance in
the numerator, the AOI Function is influenced by only the
direct component of solar irradiance. Fig. 5 shows the
measured AOl Functions for a typical flat-plate
photovoitaic modules with a glass front surfaces, a silicon-
photodiode pyranometer, and a typical Eppley PSP
pyranometer. More comprehensive documentation of the
behavior of silicon-photodiode pyranometers is given
elsewhere [15].

I.(AM, =15T=T)-C Eay
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CONCLUSIONS

Straightforward methods for measuring the systematic
influence of solar spectrum and solar angle-of-incidence
on photovoltaic system performance have been
developed and demonstrated. The resulting empirical
corrections provide a practical means for improving the
accuracy of system designs, array performance ratings,
and diagnostic performance monitoring.
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