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Abstract. Microtracking concentrators enable the use of concentrator photovoltaics without the need for accurate two-axis external
solar tracking. However, the wide tracking range required from stationary microtracking concentrators leads to designs with
reduced concentration or complex designs with multiple moving surfaces. Additionally, stationary microtracking concentrators
suffer from high cosine projection losses. We propose combining microtracking concentrators with low-precision horizontal single-
axis trackers commonly used for conventional silicon photovoltaics. This reduces the demands of the microtracking concentrator
while simultaneously reducing the cosine projection losses. We show how the performance in such a configuration can be boosted
using a combination of freeform surfaces and a modified lenslet packing scheme and present a concentrator achieving 85% average
yearly efficiency at a geometric concentration of 776x.

INTRODUCTION

Concentrator photovoltaics (CPV) enables highly efficient conversion of sunlight to electricity but requires highly
accurate two-axis solar tracking. Microtracking solar concentrators use small-scale movements in the CPV module to
perform this tracking inside the module, eliminating the need for external two-axis trackers [1]. Such microtracking
can enable the use of high-efficiency CPV modules in space-constrained locations unsuitable for large-scale two-axis
solar trackers and can help eliminate the costs associated with mechanically complex external trackers subject to
substantial wind loads.

Microtracking concentrators need to have good optical performance across a large tracking range to be effective,
making the optical design a challenging trade-off between optical efficiency, tracking range, and complexity. Previ-
ous research has demonstrated how it is possible to create high-performance complex designs with multiple moving
surfaces [2, 3]. Less complex designs can be made from a single lens array at the cost of lower concentration [4, 5].

Microtracking with Horizontal Single-Axis Tracking

One option to reduce the tracking demands of microtracking concentrators is to combine them with a single-axis
external solar tracker, which has the added benefit of reducing the cosine projection losses [3]. Using horizontal single-
axis trackers might be especially interesting, as this configuration has been installed in large volumes for conventional
unconcentrated photovoltaics and has been cited as a contributor to the reduction in costs of those systems [6].

Fig. 1a schematically shows a microtracking concentrator placed on a horizontal single-axis tracker. If we assume a
specific installation location and orientation, the yearly angular distribution of insolation received by the concentrator
can be simulated, as shown in Fig. 1b for an installation latitude of 40◦ north. The simulation is done using a simple
geometrical model with air-mass attenuation and can easily be refined using real-world irradiance data from a target
installation location.

As shown from Fig. 1, the required tracking range under horizontal single-axis tracking is still relatively wide,
spanning approximately 30° to the north and 60° to the south at an installation latitude of 40°. However, this tracking
range is only needed about one axis. About the other axis, it is sufficient with a few degrees of tracking to compensate
for tracking errors in the low-accuracy external tracker. Therefore, it might be possible to take advantage of this
asymmetry by designing a microtracking concentrator with a broader tracking range about one axis and a reduced
tracking range about the other axis. This can be achieved by using optics that are not rotationally symmetric, by
stretching the aperture of the lenslets on the bottom surface, and by allowing for a cell that is rectangular instead of
square.
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FIGURE 1. (a) A microtracking concentrator mounted on a north-south aligned horizontal single-axis external tracker. (b) Simu-
lated normalized angular distribution of the insolation, as seen from the local coordinate system of the microtracking concentrator.

OPTIMIZATION APPROACH

Microtracking concentrators are commonly designed by selecting a specific tracking range and designing the module
for good performance within this tracking range [3, 7]. However, choosing this tracking range becomes a choice
between a short tracking range to allow for good optical performance when the sun is near-normal to the module, or
a large tracking range to collect sunlight through as large a fraction of the day and year as possible.

To avoid choosing an explicit tracking range, we have adopted an optimization approach inspired by Ito et al. [4].
By selecting a target installation location and orientation, it becomes possible to define an average yearly efficiency as
the weighted mean of optical efficiency across all angles of incidence, weighted by the fraction of insolation received
at each angle. This average yearly efficiency thus shows what fraction of all sunlight received by the microtracking
module across a year is successfully concentrated to the receiver surface.

We then use numerical optimization to design microtracking concentrators with as large a geometric concentration
ratio as possible, using the average yearly efficiency as an optimization constraint. The resulting objective function is
shown in Eq. 1.

max f (x,Cg) =Cg (1)
such that η (x,Cg)≥ ηtarget , (2)

where x is a parametrization of the concentrator geometry, Cg is the geometric concentration ratio, η (x,Cg) is the
average yearly efficiency of the concentrator and ηtarget is the target average yearly efficiency.

This objective function causes the optimization algorithm to search for the concentrator that can successfully con-
centrate a fraction ηtarget of all sunlight received over the year, using a geometric concentration ratio that is as large
as possible.

We optimize the concentrators using a memetic optimization algorithm constructed by combining the Differential
Evolution and the SLSQP algorithms from Scipy [8]. The optimization was done on computing resources provided
by the NTNU IDUN/EPIC computing cluster [9].

DESIGN EXAMPLES

Using the presented objective function and optimization approach, we optimized two different design examples for an
85% average yearly efficiency when placed on a horizontal single-axis external tracker at a latitude of 40◦.

The first design example was made using conventional assumptions of rotationally symmetric optical surfaces,
using hexagonally packed lenslets and square cells. The second design example was made using freeform surfaces



TABLE I. Optimization parameters of the two design examples. Design 1 is designed using conventional rotationally symmetric
surfaces, while design 2 is design with freeform surfaces.

Parameter Design 1 Design 2
Surface type Asphere Freeform
Surface representation QCon Polynomial Even-ordered Legendre polynomial
Lens aperture Hexagonal Hexagonal + Stretched polygon
Receiver shape Square Rectangular
Target average yearly efficiency 85% 85%
Resulting concentration (optimiztion results) Cg = 218 Cg = 776

TABLE II. Simulation parameters used when optimizing both of the design
examples

Parameter Value
Latitude 40◦

External solar tracking Horizontal single-axis tracking
External tracking accuracy ±3◦

Sunshape Top-hat with 0.27◦ half-angle
Solar spectrum AM1.5D
Reflection losses Yes
Absorption losses Noa

Material PMMA
Average yearly efficiency 85%

a In this preliminary optimization, all dimensions are relative and not fixed to a specific
size. Volumetric absorption losses are therefore not well-defined.

and a stretched aperture on the rear surface designed to be more conducive to a wide tracking range in one direction.
This way, we could explore what kind of performance can be achievable under horizontal single-axis tracking, and
how much of this can be ascribed to breaking the rotational symmetry of the optics.

The surfaces of the rotationally symmetric design were aspheres represented using a Forbes QCon Polynomial [10].
The surfaces of the second, freeform, design were represented using even-ordered Legendre polynomials. By only

using even-ordered terms, the resulting freeform surface remains symmetric about the x and y axes and was done for
simplicity. Including the odd terms in the north-south direction might further improve the performance but was not
done at this initial stage because it is easier to work with systems that still have some symmetry. The lens surfaces on
the rear side of the lens array had a stretched aperture, as shown in Fig. 2. A comparison between the optimization
parameters of the two designs is shown in Table I.

The systems were simulated using a custom ray-tracer implemented in Python and compiled to native code using
Numba [11]. Parameters used for the simulations of both designs are shown in Table II.

FIGURE 2. Illustration of how the aperture of the rear lenslets in Design 2 have been elongated in one direction to increase
tracking range about one axis, while still being aligned to the hexagonal packing of the front apertures.



RESULTS

Figure 3 shows the two optimized design examples. The rotationally symmetric Design 1 achieved a geometric con-
centration ratio of Cg = 218, while Design 2 achieved a geometric concentration ratio of Cg = 776. This demonstrates
that significant concentration gains can be achieved for microtracking concentrators placed on horizontal single-axis
trackers, given that we use a microtracking configuration that can take advantage of the strong asymmetry in the
required tracking range.

(a) Design 1 (rotationally symmetric) (b) Design 2 (freeform)

FIGURE 3. 3D-model of the two design examples, with rays traced through one of the lenslets (highlighted in green). Both
designs are shown at a 30◦ angle of incidence.

Figure 4 further shows the distinction between Design 1 and 2 by comparing their tracking ranges. Design 1
efficiently tracks in the range of angles required (those from Fig. 1b), but due to the inherent rotational symmetry of
the optics, the design also tracks effectively in an extensive range of angles where it is not needed. (The performance
in Fig. 4a is still not fully rotationally symmetric due to the hexagonal outline of the lenses and the square outline of
the simulated cell.) Design 2, on the other hand, is no longer rotationally symmetric, and the optimization algorithm
has not prioritized efficiency for wide angles in the east-west direction where a large tracking range is not needed.

(a) Design 1 (rotationally symmetric) (b) Design 2 (freeform)

FIGURE 4. Efficiency of the two example designs at different angles of incidence. Both designs have been optimized to achieve
an average yearly efficiency of 85% under the yearly angular distribution of sunlight shown in Fig. 1b.



The irradiance distribution on the simulated cells is shown in Fig. 5 for some different incidence angles. For each
angle of incidence, rays are traced from the ±0.27◦ top-hat angular distribution and the AM1.5D spectrum. The figure
shows how both Design 1 and Design 2 have a sharp focal spot at 0◦ angle of incidence, but Design 1 cannot maintain
this focal spot at larger angles of incidence, making it necessary to use a larger simulated cell geometry. Design 2,
on the other hand, has been able to accurately control the shape of the focal spot across the whole tracking range,
enabling the factor of 3.5 increase in geometric concentration factor compared to the rotationally symmetric case.

FIGURE 5. Simulated irradiance distribution from the two design examples, at different angles of incidence. The red
square/rectangle represents the simulated cell area, and the colorbars represent irradiance normalized to 1 sun. All axes have
the same dimensions (but values are not shown because absolute system dimensions have not been specified in this preliminary
optimization and all dimensions are relative).

DISCUSSION AND CONCLUSION

The presented results show that the concentration ratio of microtracking concentrators under one-axis external track-
ing can be significantly improved using freeform optics without increasing the number of optical surfaces. This is
possible because the additional degrees of freedom allow the designs to be directly tailored to the asymmetric track-
ing requirements (as given by Table II). The rotationally symmetric design, on the other hand, is optimized under the
same conditions but is not able to take advantage of these asymmetries.

The design examples are made using the very optimistic assumptions of ideal surface geometry and ±0.27◦ top-hat
angular distribution of sunlight. Therefore, the reported geometric concentration ratios are expected to have to be low-
ered in real-world implementations of the concentrators to account for non-ideal manufacturing tolerances, nonzero
circumsolar radiation, and non-zero tracking errors. Further work may involve repeating the presented optimization
with a model that considers such effects.

There are still several additional degrees of freedom available in the design of a freeform concentrator not consid-
ered in this paper. This includes using the odd terms of the Legendre polynomial, using an offset between the front-
and the back apertures, and squeezing the front apertures in the x- or y-direction. Further work may therefore take



such extra degrees of freedom into account to potentially gain even better control over the focal spot over a large field
of view.

In summary, we have shown that microtracking concentrators can be combined with horizontal single-axis trackers
to reduce the demands on the microtracking and offset some of the cosine losses of stationary microtracking con-
centrators. Furthermore, we showed how it is necessary to break the rotational symmetry of the concentrator to take
full advantage of the reduced tracking requirements and that a freeform concentrator in the proposed configuration
can achieve a geometric concentration of 776x at 85% average yearly efficiency. While still preliminary, these results
indicate one potential path towards increasing the performance of microtracking concentrators while taking advantage
of developments and equipment from conventional unconcentrated photovoltaics.
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