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ABSTRACT

Concentrating Photovoltaics (CPV) field aims to integrate expensive high efficiency
multi-junction cells into modules with low cost concentrating optics. The choice of the optics
depends on different factors: easiness of fabrication and integration process, added costs, optical
efficiency and the profile of the spot uniformity reaching the ceil. Indeed, previous work has
shown a dependence between electrical performance and spectral and spatial uniformities of the
light on the cell. To analyze it, a solar CPV test bench is developed at CEA-INES facilities. Lens
and cell temperature can be applied separately, in order to evaluate independently different test
conditions, while elecirical or optical parameters are recorded. The present work shows how
temperature and mechanical variations on first stage concentrating optic affects module
performances. Several optics and materials are compared, in order to present the tool capabilities,

INTRODUCTION

Commercial multi-junction cells surpass 40% efficiency under Concentrated Standard
Test Conditions (CSTC). Once integrated into a concentrator photovoltaic (CPV) module, the
efficiency of the device drops when tested under real conditions. Module efficiency of 39.8%
CSTC has been recently achieved with the advancement of quadruple-junction solar cells
(=46%) and achromatic lens [1]. However, most commercial modules equipped with triple-
junction cells present efficiency values closer to 35% in 2015. Different sources of losses cause
this efficiency drop between cell and module. In particular, real condition differ from standard
test conditions with temperature and illumination variation. Besides inherent manufacturing
defects, different losses linked to the optics are added such as reflection and non-uniformities [2].
When designing and optimizing a CPV test bench, attention is turned towards concentrating
optics and cell electrical performance.

Electrical behavior of triple junction cell is sensitive to spectrum and light distribution.
Under non-optimal spectrum, there is a current mismatch between subcells resulting in current
generation limitations. Spatial non-uniform distribution will increase the effect of series
resistance and spectral non-uniform distribution will cause spatial limitation of current resulting
in lateral current flow [3]. These two phenomenon are inherent to refractive optics mainly used
for commercial modules, and will depend on :
The optical components : Different design choice, such as concentration ratio, secondary optical
element, optics shape, or material, will impact the light distribution on the cell.
Focal distance : The position of the cell in the module is a main optimization parameter
Optics temperature : The temperature will cause material refractive index variations and will
distort lens shape. Consequently focal distance and spot shape will change, impacting current
generation [4], [5].
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A test method that measures spectrally resolved irradiance distribution for CPV optical
systems is presented [6]. In conjunction with electrical I-V curves it is a mean of visualizing and
characterizing the effects of chromatic aberration and non-uniform flux profiles under
controllable testing conditions putting in relief the role of thermal expansion for different
material constituting the optics. The indoor test bench, METHOD (Measurement of Electrical,
Thermal and Optical Devices), decouples the temperatures of the primary optical element (POE).
In varying the temperature of the POE, the effects on electrical efficiency, focal distance,
spectral sensitivity, acceptance angle and multi-junction current matching profiles can be
quantified. Moreover, the tool is integrated to a commercial CPV solar simulator which usually
provides only [-V chracateristics.

EXPERIMENTAL SETUP

Technical description of the test bench

METHOD is integrated into the solar simulator Helios3198 [7] and takes advantage of
the collimated flash light delivered by a Xenon Lamp and a parabolic mirror. In reference to
Figure 1., the METHOD is composed of two parts. The 'optical measurement position' acquires
the image profile of the spot and the 'electrical measurement' contains an xyz plate mounted to a
Peltier module that will host the cell to I-V test. Switching between these two positions is
possible thanks to a sliding thermal chamber containing the lens. Main parameters of interest can
be controlled and studied independently: lens temperature, cell temperature, cell position, or
alignment of the single-lens set-up. In reference to Figure 2., the individual components and their
main characteristics can be viewed.
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Figure 1. Schematic representation of the METHOD test bench.

The thermal chamber is enclosed by two glass windows and two compact fan heaters
placed on each side. Tests have been performed using an infrared camera and thermocouple to
verify lens temperature homogeneity. It shows that a good uniformity of lens temperature is only
possible if lens is heated at a temperature superior to the temperature expected. Once heaters are
turned off, the lens will gradually cool down and temperature uniformity of 2°C is ensured.
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During measurements, thermocouples are installed on the inactive part of the optic (glass, side),
and allows measuring the temperature as well as verifying the uniformity.

The glass of the thermal chamber modifies incident light on the cell. First, the glass will
reflect roughly 4% of the incident light rays at each optical interface, resulting in a theoretical
decrease of 16% of light intensity compared to a system without glass layers. Then from a
spectral point of view, the glass changes the spectrum of the flash. To limit this effect, solar
quality glass is used with high transmission more than 90% in the region 340- 1400 nm. For
wavelengths inferior to 340 nm, high absorption region of glass impact on the measure is limited
as light spectrum and cell spectral response are also weak. A simple manner can be used to
address both of these issues: 2 similar glass layers are placed in front of the reference sensors
(irradiance sensor and spectral heliometer) of the solar simulator Helios3198. By applying this
procedure, single lens module and reference sensors are subject to the same modification of light.
Observations of advanced electrical performances showed that glass does not disturb the
concentrating optical characterization.
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Figure 2. METHOD set-up components and characteristics

The 'optical measurement position' is composed of a bench with micrometric mechanical
deck adjustment, an opal diffuser in the focal plane of the optic tested, a filter wheel and a
CMOS camera. This setup allows a perfect alignment of the concentrating optic and the optical
imaging system (Diffuser + Filter Wheel + Camera). The CMOS silicon camera is coupled to the
automated filter wheel composed of 12 filters covering the spectral range from 375 to 975nm
with a Full Width at Half Maximum (FWHM) of 50nm per filter. By imaging the opal diffuser,
the camera acquires the light focused by the POE at relatively limited spectral ranges and with
the typical outdoor operating temperatures. The CMOS camera’s spectral response is comprised
between 300 and 1100nm. This wavelength range corresponds only to the ‘“Top’ and ‘Middle’
subcells of triple-junction generally used in CPV system tested in our lab. The impact of this
issue is limited: indeed, electrically speaking, the photogenerated current of a conventional
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lattice matched triple-junction cell is limited by the ‘Top’ or ‘Middle’ subcell. So, it is assumed
that leaving ‘Bottom’” optical information unknown is allowed in CPV module analysis [8].

The ‘electrical measurement’ composed of 4-wire electrical connections and a Peltier
module provides an [-V curve (20 points per curve). The Concentrated Standard Test Condition
(CSTC) are given for 1000W/m? irradiance flux and AM1.5D spectrum at 25°C. To manage the
flash light irradiance, a reference CPV module associated with a spectropyrheliometer (also
known as tritube), indicates respectively incident light flux and spectral distribution in the
measurement plane area.

RESULTS AND DISCUSSION

The METHOD CPV test bench allows us to analyze concentrating optics behavior
regarding thermal variation or mechanical displacement. Several studies were done with various
optics which are separated here into 2 main categories, refractive and reflective optics. Results of
each category is presented in the 2 following paragraphs.

Lens analysis

First, to analyses refractive optics behavior in thermal and mechanical disturb, the optical
bench must be perfectly aligned with the source and the displacement axe of focal mechanical
decks must be merged with the optical axe. When optical axes are fixed and aligned, irradiance
map and I-V curve are recorded for various focal position and temperature.

Here, two different lenses performances are compared against thermal and mechanical
parameters. The first lens is a Silicone-on-Glass (SoG) Fresnel lens with a focal length of
285mm, the second is a PMMA Fresnel lens with [90mm focal length. The concentration ratio
of each lens is comparable (376X for the SoG one and 404X for the other). Figure 3. and Figure
4. represent the electrical efficiency recorded on the same lem? triple-junction cell versus
temperature and position on the focal axis.
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Figure 3. SoG lens electrical efficiency Figure 4. PMMA lens electrical
versus temperature and focal distance efficiency versus temperature and focal
distance

On both figures, the position on optical axis is normalized by the focal length of the lens
to compare the same temperature impact on efficiency. On each figure, the maximum efficiency
of the cell represent the focal point of the lens and this maximum is taken as the reference. The
Z-axis is the Concentrator efficiency divided by the maximum. The focal point is varying along
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the axis linearly with the temperature. Comparing both lenses, we note that PMMA focal point is
less affected by the temperature than the SoG one.

Mirror analysis

For this study, the optical axis is not linear like it is with refractive lenses. To determine
position of mirror axis, mirror concentrating behavior is simulated in a ray-tracing software
which allows to represent irradiance map seen in different position on the main ray axis. Figure
5. shows the optical axis determined by ray-tracing with the 3 positions of irradiance distribution
recording. Figure 6. is the 3 corresponding irradiance maps recorded. These figures seen on
irradiance map are deformed if the measurement axis is not merged to the optical axis. With the
optical spot imaging module of METHOD, we adjust the measurement axis angle until irradiance
map measured are similar to irradiance map simulated.

1
boc)
<
S 11.5mm Omm 17.9mm
o g before focus point on focus point after focus point
) A
Figure 5. Schematic Figure 6. Spot diagram of the focused light along the
configuration of the mirror, the measurement axis for three observation plans, situated
measurement axis and the before, on and after the focus point.
observation plans with TracePro
modelling.

Raw images of spot irradiance map recorded by the CMOS camera are corrected. Opal
diffuser, the Filter wheel and the sensor transmission response are taken into account in the
measure. The corrected irradiance maps are treated to obtain the spot barycenter also known as
centroid. In this case of measurement, 1 pixel represent exactly 10 x 10 pm?. The evolution of
centroid position versus temperature is given in Figure 7. at various position closed to the focus
point. Here, the temperature distorts the mirror. So the focus point is moving in 3D space like it
is represented in this graph. On another hand, the light density in the focal plane is quantified and
the current density is calculated from the cell’s quantum efficiency. Compared to the IV curve
computed in the same solar simulator, deeper studies of these non-uniformities and their impact
on cell behavior are managed thanks to this tool.

3127

TIB Hannover licenced customer copy, supplied and printed for CEA/ GRENOBLE DRT/VALO/SBEM/IST Grenoble, Chloe LOIRAUD, 10/29/18 at 5:42 PM



700

8

AY of the centroid from the
centroid at 25°C (um)
Y
8

AY at-1mm

200 AY 3t+0.5mm

AY at +imm
100

~——AY at-0.5mm

~——AYat0mm

25 30 35 40 45 50 55
Temperature (°C)

Figure 7. Variation of the Y coordinates of the centroid versus the temperature for five
locations along the measurement axis compared to the centroid’s coordinates at 25°C.

CONCLUSIONS

CEA has developed a specific bench able to reproduce outdoors real operating conditions
of cells and optics in order to measure their performances, electrically and optically. It can be
used for quantifying the effect of focal distance and device temperature on the single optical set-
up performance. Therefore it is a useful tool for an optimization of the module configuration
(e.g. cell position) for CSTC and CSOC (optimization in power or in energy). Results presented
show how imaging the light irradiance map onto the cell for different wavelength ranges can
help understanding electrical behavior of the cell. Effects of non-uniformity (spectral and spatial)
on main electrical characteristics Isc fill factor or effective series resistance can be analyzed.
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