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Synopsis of Technical Report 

Tracking integration in concentrating photovoltaic using laterally moving optics 

Abstract 

This paper deals with the issue of tracking-integrated concentrating photovoltaic and its capabilities in order to 

reduce the overall cost comparing with the conventional one. The proposed optical design is based on an 

extended Simultaneous Multiple Surface (SMS) algorithm and uses two laterally moving plano-convex lenses to 

achieve high concentration over a wide angular range of ±24◦. It achieves 500× concentration, outperforming its 

conventional concentrating photovoltaic counterparts on a polar aligned single axis tracker. 

 

1. Introduction 

Concentrating photovoltaic (CPV) systems employs optics to concentrate direct sunlight onto solar cells. 

Comparing with the conventional PV, CPV system has two possibilities: lower cost and high conversion efficiency.  

The current CPV systems almost all have something essential in common: concentrating optics plus deployed 

solar cells are treated as an inseparable static unit which is then packaged as a concentrating photovoltaic module. 

This module can then be installed on an external solar tracker.  

In contrast with this clear separation between (stationary) CPV modules and external solar trackers, this paper 

introduces the general concept of a tracking-integrated concentrating photovoltaic system which transfers part 

of the external solar tracking functionality to the concentrating photovoltaic module. The inherent difference is 

schematically illustrated in Fig. 1. 

 

Fig. 1. Inherent difference between a conventional (stationary) CPV module with its acceptance angle α (a) and a tracking-

integrated CPV module with the aperture angle αA of the optical system and the acceptance angle α for a particular 

direction (b). 

 

For conventional CPV modules, the acceptance angle α of the deployed optics is a single measure that determines 

the demands and tolerances that apply to the used external solar tracker. For a tracking-integrated CPV module, 

two parameters are necessary for a full description, the aperture angle αA of the optical system and the 

acceptance angle α of the deployed optics.  

Contrary to most current CPV systems which make only use of a relative movement between optics and receiver, 

the investigation of two laterally moving optics layers to integrate tracking in CPV is subject of this work. The 

objective of this investigation is to demonstrate the potential of laterally moving optics for tracking-integrated 

concentrating photovoltaic. 
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2. Mounting of CPV modules (with or without integrated tracking) 

The tracking-integrated CPV approach takes over part of the external tracking requirements. Therefore, it is 

possible to use only external single axis trackers or even fixed CPV modules. 

2.1 CPV module mounting on single axis trackers 

The possible alignment of a single axis tracker can reduce the necessary aperture angle of the CPV module and 

thus the demands on the tracking integration. The aperture angle will be minimal for a polar aligned single axis 

tracker, installed towards the South. In this particular configuration, the tilt angle is equal to the latitude of the 

installation and the rotational axis of the single axis tracker equals the earth’s axis of rotation. The aperture angle 

of the system then reduces to approximately ±24◦ (axial tilt of the earth) in North-South direction.  

In contrast to dual axis tracking, single axis tracking suffers from off-axis cosine losses, however, the comparison 

of the potential annual energy yield for different single axis tracker with dual axis tracker installations shows 

moderate differences. Therefore the tracking-integrated approach can be very useful to further increase the 

point concentration ratio for single axis tracker installations.  

2.2 Stationary CPV module mounting 

Without all external tracking, the aperture angle of a stationary tracking integrated CPV module should 

encompass the full angular range of the sun’s movement throughout the year. The geometrical considerations 

for stationary module mounting are similar to the discussed single axis tracker case. The necessary aperture angle 

in North-South direction meets its minimum for a polar plane alignment, where the panel surface faces the 

equator with a tilt angle equal to the local latitude.  

For this particular configuration, a tracking-integrated line concentrator in East-West direction results in the 

same aperture angle as in the polar aligned single axis tracker case. The same applies to deviations from the 

polar plane alignment. The angular range becomes asymmetric regarding the origin and the necessary aperture 

angle increases.  

3. Stationary lenses comprising a laterally moving receiver 

 In case of stationary single lenses, from a manufacturing point of view it is easier to use moving optics 

and thus stationary solar cells. To reduce the complexity of the integrated tracking as well as the thickness 

of the overall CPV module the optics are restricted to lateral movement only. 

 The optics could be described as aspherical surfaces and instead of the image quality, the concentration 

performance would serve as a merit function. The optimization is then done by parametrically varying 

the optical surfaces. By using multi-parametric optimization, these algorithms normally start from an 

initial set of parameters to a final optimized set of parameters. 

 For the lens design in this publication, the Simultaneous Multiple Surface design method in two 

dimensions (SMS2D) is used. In contrast to multi-parametric optimization, SMS surfaces are piecewise 

curves made of several portions of Cartesian ovals that map initial ray sets to final ray sets. A general 

formulation of the SMS2D method for imaging systems comprises perfect imaging of N ray sets at the 

correspondent N image points. The SMS method offers the flexibility to choose the ray sets and their 

associated imaging points and can be used for tracking-integrated designs.  

 The system’s design is described by the f-number of the lens, its refraction index n, two design angles of 

opposite sign and their focus positions in the receiver plane. Fig. 3 shows such a calculated exemplary 

meniscus lens for design angles θ= ±10◦ and the two correspondent parallel ray sets. 
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                                                                                             θ = ± 10° 

 
Fig. 3. Example of a calculated meniscus lens for two parallel ray sets and design angles θ=±10◦. The laterally moving 

receiver is indicated. 

 The actual receiver size is defined in such a way that 95% of the energy entering the lens’ aperture is 

collected and the optimal receiver position is obtained by the ray tracer. The mapping of the lateral 

central receiver position r is close to a law r (θ) = c * tan (θ). The ratio of entrance aperture and 

receiver area is then determining the line or point concentration ratio, respectively.  

 The investigated stationary lenses comprising a laterally moving receiver demonstrate the procedural 

method and capabilities of the SMS2D design algorithm for tracking-integrated line and point 

concentration systems with an aperture angle of 24◦. However, a 100× point concentration is not 

sufficient to make use of high-efficiency solar cells. To properly evaluate the benefit from an additional 

moving lens array, the number of two curved optical surfaces should remain constant. 

 

4. Extended SMS2D algorithm to design laterally moving optics 

 The SMS2D lenses showed promising properties to design tracking-integrated CPV optics for a given 

aperture angle. The flexibility to choose two design angles of opposite sign and their associated image 

points enables a viable concept to adjust the overall concentration ratio to the desired aperture angle.  

 The simplest possible arrangement of such a system consists of two moving plano-convex lenses and a 

receiver plane. This basic setup and all relevant parameters are shown in Fig. 5. 

 

Fig. 5. Schematic drawing of a basic optical system consisting of two laterally moving lenses and a receiver plane. The 

offset indicates the lateral shift of the second lens for an off-axis incident ray set. All relevant parameters describing the 

system are indicated. 

 For a symmetric angular range regarding the origin (e.g., aperture angle for polar plane alignment), 

both lenses are characterized by an axis of symmetry. 

1 st  Optical axis 
2 nd  Optical axis 

Working distance W 
2 nd  lens position p 

Offset x 
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                                (d)  

Fig. 6. Extended SMS2D design procedure to include motion by the alternate addition of surface segments on the top and 

bottom surfaces of two plano-convex lenses. The calculation starts through the center of the bottom surface which 

determines the optical path length (a). It then proceeds through mirroring (b) to the edges (c) of the lenses. Finally, all 

chains add up to the final lenses that map the incident rays to the receiver point R (d). 

 The fundamental idea is to extend the design algorithm in order to shift the second lens already by an 

offset x relative to the first optical axis. The setup is then fully described by the distance between first 

lens and receiver W, the position of the second lens p, the offset x and the diameters of both lenses. 

The basic construction of the starting SMS chain is shown in Fig. 6(a). Fig. 6(d) shows an exemplary 

result for this design algorithm. It should be stated that for x→0 the extended SMS2D algorithm 

approaches the classic SMS2D. 

 

5. Laterally moving lenses comprising a moving receiver 

This extended SMS2D algorithm is now used to design different tracking-integrated optical systems comprising 

two plano-convex lenses and a receiver plane.  
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 The second lens is positioned centered between first lens and receiver plane. All optical systems are 

designed to meet the same f-number f/1.875.  

 A criterion for exclusion ensures that the diameter of the second lens does not exceed the diameter of 

the first lens, such that it is possible to create an array of this basic lens structure.  

 The concentration performance of different systems is again evaluated using the ray tracing analysis as 

in Sec. 3.  

 A simple iteration method within the ray tracer makes sure that the second lens is always properly 

shifted for any incident direction.  

 The optimal receiver position is obtained by the ray tracer. An analysis of the mapping of the positions 

shows no strict law.  

 For angles well below the actual design angle the mapping for both, second lens and central receiver 

position is close to a law r(θ)= c·tan(θ). However, by reaching and exceeding the design angle there are 

some derivations from these expressions. 

Fig. 7 shows the line concentration ratio for rays normal to the direction of symmetry and the point 

concentration ratio for different design angles against the incident angle from 0◦ to 24◦. As mentioned 

previously, the line concentration system will perform differently for non-normal rays which will get defocused. 

 

Fig. 7. Line concentration (a) and point concentration (b) ratio against the incident angle for different extended SMS2D 

lens designs comprising a lateral moveable receiver. 

The final results are approximately 20× line concentration and 500× point concentration over the entire angular 

range, both for the sun’s half divergence angle of 0.28◦. 

 

6. Conclusion 

Within the scope of this work, the general concept of tracking-integrated concentrating photovoltaic has been 

clearly defined and possible configurations were discussed. An extended SMS2D design algorithm was presented 

and used to design tracking-integrated optical systems comprising two plano-convex lenses and thus two curved 

optical surfaces.  

In comparison to a single lens consisting of two curved optical surfaces comprising a laterally moving receiver, 

the additional moving optics helped to raise the concentration performance considerably. This design approach 

enables a strong reduction of the external solar tracking effort along with high concentration, exceeding the 

concentration of its conventional solar concentrator counterparts at the same time.  
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Comments 
Based on the extended SMS2D algorithm, in the tracking-integrated optical systems, there is a strong reduction 

of the external solar tracking effort, and external tracking constructions can be optimized with respect to size, 

stability and material consumption, possibly resulting in a lower overall cost.   

On the other hand, 1) the additional degrees of freedom of the internal movement raise the complexity of the 

CPV module and 2) more optics arrays will reduce the optical efficiency on a system level. So a detailed benefit-

cost analysis will be necessary to identify those tracking-integrated CPV systems that show great promise for all 

demands. Maybe the opposite conclusion would be arrived.  

The idea shown in this work is only a kind of possibilities, not been approved yet. So it is more useful for 

researching or lab work than the practical industry. But for the latter, it is still a good reference. 
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