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ABSTRACT

In this paper we present a method to investigate the
impact of the solar spectrum on the output parameters of
a CPV module equipped with triple-junction solar cells.
The changes of the sun’s spectrum were monitored by
using calibrated isotype solar cells. A correlation of the
CPV module outdoor performance to changes in the sun
spectrum has been determined. Experimental results of
the spectral impact on the current of a Daido Steel CPV
module are presented. Finally, a correction method is
applied in order to derive the module’s current under
reference spectral conditions.

INTRODUCTION

Many of today's CPV modules are equipped with
triple-junction solar cells made of Ill-V materials. These
solar cells are usually optimized to be current matched for
one reference spectrum. Under AM1.5d low AOD
reference spectrum triple-junction solar cells achieve
efficiencies >40 % [1]. However, if one considers changes
in the spectrum, the currents of the subcells can change
and the triple-junction solar cell's current can become
mismatched [2-5]. Thus, the performance of CPV modules
using triple-junction solar cells depends not only on the
direct normal irradiance (DNI in [W/m?2]) value but also on
the spectrum of the direct sunlight [6-8].

Some years ago a measurement set-up was installed
at the roof of the Fraunhofer ISE for measuring the IV
curves of CPV modules and meteorological data
(irradiance, temperature, humidity...) [7, 9]. From long
term measurements the relative efficiency variations of
CPV modules using multi-junction solar cells were found in
general to be about +15 %. The observed variations of the
open circuit voltages of the modules can be explained by
taking into account the solar intensity and the ambient
temperature [10]. However, the variations of the short
circuit currents (Isc) of the modules cannot be explained
sufficiently without considering the influence of the solar
spectrum.

In order to monitor changes in the direct sun
spectrum the measurement set-up was upgraded in
October 2007. We mounted calibrated isotype cells which
are sensitive for different bands of the solar spectrum.
Isotype cells have the same internal structure as multi-
junction solar cells, however, only one sub cell is

electrically active. Changes in the solar spectrum can be
quantified by comparing the measured Isc of the isotype
cells. Finally the changes in the solar spectrum were
correlated to the performance of CPV modules.

EXPERIMENTAL

In order to monitor changes in the solar spectrum
isotype cells were mounted at the outdoor CPV
measurement set-up at the Fraunhofer ISE (Freiburg,
Germany, 48.01° northern latitude; 7.83° eastern
longitude). The isotype cells were encapsulated and
mounted on the tracking system beneath collimator pipes
with an opening angle of about +2.5°. Consequently they
receive only direct normal irradiation (DNI). A picture of
the outdoor measurement set-up is shown in Fig. 1.

Fig. 1. Photograph of the CPV outdoor test set-up at the
Fraunhofer ISE. The position of the three collimator pipes
with underneath mounted isotype cells is marked with a
circle.

The isotype cells have been calibrated at ISE
CalLab. Therefore AM1.5d low AOD (G = 1000 W/m?) [11]
was used as reference spectrum. The measured quantum
efficiencies of a GagsglngsoP top isotype cell and a
Gaggslng17As middle isotype cell are shown in Fig. 2.
Please note that both isotype cells have practically the
same internal structure as state of the art triple-junction
solar cells. For the spectral monitoring this combination of
isotype cells was chosen because of availability reasons.
For the application of spectral monitoring we benefit from
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the fact that the spectral responses of the two isotype cells
have almost no overlap (see Fig. 2).
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Fig. 2. Top: Measured External Quantum

Efficiency (EQE) of the encapsulated Ga0.50In0.50P
top isotype cell. Bottom: Measured EQE of the
encapsulated Ga0.83In0.17As middle isotype cell.

The top isotype cell is sensitive for wavelengths
>300 nm and <700 nm and the middle isotype cell is
sensitive for wavelengths > 700 nm and < 1050 nm. The
current signal of the isotype cells was monitored, in order
to estimate the DNI in these two different spectral bands.

SPECTROMETRIC METHOD

For the analysis of the spectral condition the
measured currents of the isotype cells are related to their
calibrated current. The determined current ratios (Isc,
measured / |sc, caiibrated) Of €ach isotype cell are now plotted
into a two-dimensional spectrometric plane. Fig 3 shows
this spectrometric plane for the performed outdoor
measurements in Freiburg from October 2007 until April
2008.
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Fig 3. Spectrometric plane: The x-axis displays the ratio
of the measured Is¢ to the calibrated Isc (AM1.5d low AOD
(G=1000 W/m?) of the top isotype cell. The y-axis gives
the same ratio for the middle isotype cell.

Using this method, every measured solar spectrum is
represented by one unique point in the spectrometric
plane. However, it is noteworthy that every combination of
top and middle current ratios can be generated by an
infinite number of solar spectra.

All data points which are located on a line through the
origin correspond to spectra which generate the same
relative current ratios of the top and the middle isotype
cell. In other words: The (relative) current mismatch
between the top and the middle isotype cell is the same
for all points which are on the same line through the origin.
For example, data points which are located on the line y=x
correspond to spectra which generate the same relative
current mismatch between the two isotype cells as the
reference spectrum does.

In the spectrometric plane one can define a “red-rich”
region: Spectra which are allocated in this region are
generating relatively more current in the middle isotype
cell than in the top isotype, if compared to reference
conditions (y=x). In contrast the “blue-rich” region in the
spectrometric plane corresponds to spectra which
generate a “current gain” in the top isotype cell and a
“current loss” in the middle isotype cell relative to the
reference spectrum (see also Fig 3).

Let us define now a “spectrometric line” in the
spectrometric plane [2] — as illustrated in Fig. 4. The
definition of the spectrometric line is done in a way that the
point (1;1) corresponds to solar spectra which generate
the same current in the isotype cells as the chosen
reference spectrum would generate. The sum of the
current ratios for data points on the spectrometric line is
asked to be constant — in the present case equal to 2. This
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definition implies: When moving along this spectrometric
line the current ratio (Isc, measured / Isc, calibrated) Of ONE
isotype cell increases Z*100% and simultaneously the
current ratio of the other isotype cell decreases Z*100%.

In order to normalize the measured data points in the
spectrometric plane shown in Fig. 4, they are projected
onto the spectrometric line by using a line through the
origin. The procedure of the data point projection is
illustrated in Fig. 4.
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Fig. 4. The “spectrometric line” in the spectrometric plane
is illustrated. Furthermore the projection of an arbitrary
data point onto the spectrometric line is sketched.

For the analysis of the spectral impact on the module
performance every point in the spectrometric plane is then
projected on the spectrometric line using the procedure
described above. Consequently the shift of every
“measured” solar spectrum relative to reference conditions
is described by a single spectral parameter Z. Positive
values of Z correlate to a Z*100% increase of the top
isotypes cell's current ratio and a Z*100% decrease of the
middle isotype cell's current ratio. In other words: the
parameter Z describes the current mismatch between the
two isotype cells relative to their current mismatch under
the underlying reference spectrum.

RESULTS

In order to investigate the impact of the solar
spectrum on the performance of CPV modules, special
attention was drawn to the I of the modules.
Furthermore, the DNI was measured with an Eppley NIP
Pyrheliometer. Without any spectral or other impact the I,
of a CPV module should depend directly on the received
DNI. When normalizing the I of a CPV module to a
certain DNI, the normalized Is. should ideally be constant.
However, changes in the solar spectrum, tracking errors,

Circum Solar Radiation (CSR), dust and water
condensation have additional impacts on the I, of a CPV
module using triple-junction solar cells.

From October 2007 until April 2008 we measured the
lsc of a CPV module manufactured by Daido Steel in
Japan. This module uses dome shaped Fresnel lenses,
homogenizers and state of the art triple-junction solar cells
[12],[13]. The measured I-V curves of this module were
analyzed. Only IV curves with measured fill factors (FF) in
the range of 70% < FF < 90% and measured efficiencies
of 10% < efficiency <30% were considered for the
evaluation.

The I, of the Daido Steel CPV module was
normalized to a DNI of 850 W/m? for the spectral analysis.
Fig. 5 shows the normalized I, of the module versus the
spectral parameter Z, which was determined by a
spectrometric analysis of the two monitored isotype cells.
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Fig. 5. The measured I, of a Daido Steel module was
normalized to a DNI of 850 W/m2. The relative normalized
Isc is plotted versus the spectral parameter Z, which was
determined by the currents of the two isotype cells.
Furthermore a linear regression of the data is shown.

The relative normalized Is. of the module correlates
to the spectral parameter z (correlation
coefficient:O.Ql)l. A linear regression of the data
delivers a slope of about 2219 mA. This slope describes
the spectral sensitivity of the module’s Is.. A change of
10 % in the spectral parameter Z causes a change of
about 222 mA in the normalized Isc. This linear
dependency can now be used to perform a spectral
correction of the measured ls.. Every normalized Iy value
can be corrected to a certain spectral parameter Z by
using the slope of the linear regression line:

loc o =g, —2218.7-Z;

Where lIsc ; is the uncorrected value corresponding to

' Please note we expect the normalized Isc to have a

maximum at a certain value Zn.. For Z>Zn.« we expect the
normalized Isc to decrease linearly.
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a spectral condition Z; and lsc,» is the corrected value to
the spectral condition Z=0 (corresponding to the
underlying reference condition). Fig. 6 shows a histogram
of the relative normalized I, values, measured on the
Daido Steel CPV module. Additionally the I values which
have been corrected to spectral conditions corresponding
to Z=0, i.e. spectral conditions corresponding to the
chosen reference spectrum, are plotted.
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Fig. 6. A histogram of the CPV module’s normalized Ig is
plotted. In one case the uncorrected values are shown.
The other case illustrates the relative normalized Ig.
corrected to spectral conditions corresponding to Z=0.
Furthermore the mean values and the standard deviations
(Sd) are shown.

By correcting the normalized Is,, the mean slightly
increases and the standard deviation (Sd) significantly
decreases. Consequently also the uncertainty in the
outdoor determination of the CPV module’s I is reduced
by applying the described correction procedure. When
determining the Is. of a CPV module the impact of the
solar spectrum can be determined and the current of the
module can be determined more accurately.

CONCLUSION

We have shown that monitoring the spectrum with at
least two calibrated isotype solar cells enables one to
guantify the solar spectral impact on the CPV module
performance. In the ideal case, isotype cells with a
spectral response similar to those of the subcells in the
triple-junction should be used. By applying a spectrometric
analysis on the measured g, of the isotype cells a spectral
parameter Z can be determined. The parameter Z
describes the current mismatch between the two isotype
cells relative to their current mismatch under the reference
spectrum. We found that the (DNI) normalized Is. of a CPV
module using triple-junction solar cells correlates linearly
to the spectral parameter Z.

We think that outdoor performed power rating
procedures for CPV modules using multi-junction solar
cells can benefit from the presented method of spectral
monitoring. The spectral parameter Z can be easily

determined with isotype cells or appropriate filtered
reference cells and it describes the impact of shifts in the
solar spectrum relative to the reference spectrum. For an
outdoor rating procedure one should measure IV curves of
a CPV module during at least one day. Additionally the
spectral conditions during the IV-measurement should be
monitored using isotype cells. Using these data the
spectral sensitivity of the CPV module can be determined
and now it is possible to rate the power of the module
towards the reference spectral condition, i.e. the AM1.5d
low AOD. This would allow a better comparison of the
performance of CPV modules fabricated with different
technologies even if they are not measured side by side.
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