UNIVERSIDAD POLITÉCNICA DE MADRID
ESCUELA TÉCNICA SUPERIOR
DE INGENIEROS DE TELECOMUNICACIÓN

TESIS DOCTORAL

SISTEMAS ÓPTICOS ANAMÓRFICOS CON
APLICACIONES ANIDÓLICAS

FREE-FORM OPTICAL SYSTEMS FOR NONIMAGING
APPLICATIONS

ALEKSANDRA CVETKOVIĆ
Ingeniera en Electrónica
2009

UNIVERSIDAD POLITÉCNICA DE MADRID
Instituto de Energía Solar
Departamento de Electrónica Física
Escuela Técnica Superior de Ingenieros de Telecomunicación

TESIS DOCTORAL

Sistemas ópticos anamórficos con aplicaciones
anidólicas

Free-form Optical Systems for Nonimaging Applications

Autor:

Dña. Aleksandra Cvetković
Ingeniera en Electrónica

Director: D. Juan Carlos Miñano Domínguez
Doctor en Ingeniería de
Telecomunicación

Tribunal nombrado por el Magfco. y Excmo. Sr. Rector de la Universidad Politécnica de Madrid.

PRESIDENTE:

VOCALES:

SECRETARIO:

SUPLENTES:

Realizado el acto de defensa y lectura de Tesis en Madrid, el día _____ de _____________
de 2009. Este tribunal acuerda otorgar la calificación de:______________________________

EL PRESIDENTE

LOS VOCALES

EL SECRETARIO

Dedicado a mis padres…
…por el amor y el apoyo incondicional

“La tierra está abajo, y el cielo arriba,
y para un hombre enérgico la patria está en
cualquier parte”
Brahe, Tycho

Agradecimientos
Cuando empecé el doctorado pensaba que esto iba a ser la parte más fácil, porque lo que
más influye a una persona y a su crecimiento, tanto a nivel científico como en el
personal, son la gente que se encuentra por el camino. Y creo que es exactamente por
esto por que me entra mucha presión a la hora de escribir los agradecimientos: no quiero
olvidar a nadie, porque cuatro años son muchos, son una vida entera.
En esta tesis se ha resumido el trabajo de varios años en el grupo de óptica de ETSI
Telecomunicaciones. Trabajar en el Instituto de Energía Solar, aunque no formar parte
del mismo es una experiencia genial е inolvidable.
Esta tesis no existiría si no fuera por Pablo Benitez y Juan Carlos Miñano. Gracias por
darme la oportunidad de formar parte del grupo de óptica. Es de agradecer su confianza
dedicada en mi formación. Su dirección y guía han sido fundamentales para el
desarrollo de esta tesis. Creo que estas dos personas tienen un don para llevar un
magnífico equipo del trabajo y capacidad para elegir gente; para sacar el máximo de
cada uno.
Inevitables en ser nombrados son Maikel Hernández y José Blen, no sólo por la gran
ayuda a nivel profesional (su apoyo en la mayoría de los trabajos presentados en esa
tesis ha sido impresionante) sino también por su gran amistad y hacer que todo sea más
fácil. Luego, el que nos dejo al principio pero no cayó en el olvido es Daniel Pérez, por
su amistad y su ayuda de integración en un mundo para mí desconocido.
A Enrique por ser un amigo de cinco estrellas por estar junto a mí desde el momento en
que esta tesis no tenía ni título. Junto con Nair, Vicky y Marta hemos construido un
círculo de amigos que han marcado época. Tampoco quiero olvidar a Soledad, a Fran ni
a María y los días con todos ellos en la azotea del IES.
A Aline Pan, por ayudar empezar las mañanas en la oficina con una gran sonrisa y
llenar sus alrededores con alegría, en definitivo, por ser una amiga muy especial.
También quiero dar las gracias a Patri por escuchar mis quejas en toda la época de la
escritura de esta tesis.
A Ivana e Igor (y por supuesto a Goran), Arambašić, por no sentirme extraterrestre en
España, por todos los días de comida casera serbia (por no decir de mamá), y todas las

risas, los viajecitos, los consejos profesionales y personales, en total, por hacerme
sentirme aquí como en casa.
Gracias amigos, sin vosotros esos cuatro años no hubiesen sido tan bonitos. Tampoco
quisiera olvidarme de mis amigos de Serbia, Ivana, Dragana, Mima, Marija, Milan, y
Paja que aunque estén lejos, han sido un gran apoyo durante ese tiempo.
Quisiera agradecer asimismo, a otros investigadores con los que he trabajado
directamente en el desarrollo de esta tesis, a todo el LPI, especialmente al equipo de
LPI-Europe empezando por Oliver Dross, y por supuesto, a Rubén Mohedano y a Julio
Chaves. También al resto del grupo de óptica, a Dejan Grabovičkić, Marina Buljan,
Pablo Zamora, Wang Lin y a José Infante, por hacer el ambiente de trabajo más
agradable.
Tampoco me gustaría olvidar a los del CEDINT, a Asunción Santamaría, Carmen
Lastres y Marta Escudero por las ayudas para llevar las becas, ni a Juan Carlos
González por su gran ayuda en el laboratorio.
Bill Parkyn, hizo un gran trabajo revisando el inglés del documento final.
Especialmente quiero dar las gracias a los que me ayudaron en la parte burocrática, que
a veces se hacía imposible de solucionar, a Estrella, Rosa y Maria-Helena. Por supuesto
que no se me olvidan ni Nacho Rey ni Cesar Tablero cuya paciencia con las preguntas
sobre los papeleos de doctorado ha sido infinita.
Mi trabajo durante cuatro años ha sido posible gracias a la financiación del Ministerio
de Ciencia e Innovación, en su programa

nacional de Formación de Profesorado

Universitario. Mi estancia en el extranjero, tutelada por el profesor Roland Winston, ha
recibido el apoyo económico del Consejo Social de la Universidad Politécnica de
Madrid, y por ello quiero expresarles mi más sincera gratitud.
Y a los últimos (aunque lo justo estaría ponerles al principio) y más importantes a
quienes quiero dar las gracias son mis padres. Seguro que sin su apoyo incondicional no
estaría donde estoy. Por ser tal y como son. Por todo el amor. Хвала вам на свој
безусловној подршци коју сте ми дали. Хвала вам сто се стално уз мене. Хвала
вам за сву љубав коју ми пружате. Без вас не бих могла да будем ту где јесам.
A ti, el que lo estas leyendo, gracias.

Resumen
La Óptica Anidólica u Óptica no formadora de imagen (Nonimaging Optics en literatura
anglosajona) es la rama de la Óptica Geométrica que estudia la transferencia de energía
radiante entre la fuente luminosa y el receptor de una manera eficiente. El término
“anidólico” procede del hecho de que para conseguir alta eficiencia, no es necesaria la
condición de formación de imagen (aunque no queda excluida) y por lo tanto no es
necesaria una correspondencia punto a punto. De esta manera se obtienen sistemas ópticos
que están compuestos de un menor número de superficies, son más eficientes, y que a su
vez son más tolerantes a errores de fabricación. Esto hace que la óptica anidólica sea una
herramienta fundamental en el diseño de sistemas ópticos en los campos de concentración
fotovoltaica, sistemas de iluminación y comunicaciones ópticas no guiadas, entre otros.
En mayor parte esta tesis se centra en el desarrollo de sistemas ópticos con el método de
diseño de las “Superficies Múltiples Simultáneas en tres dimensiones” (SMS3D) con el
que se pueden obtener dispositivos sin ninguna simetría, llamados free form o anamórficos.
La ventaja de la utilización de dicho método de diseño es que se obtienen elementos
ópticos sumamente compactos y eficientes. Además con el SMS3D, para el caso de un
diseño de 2 superficies, se obtiene el control completo de dos frentes de ondas y el control
parcial de un tercero lo que es muy interesante en sistemas de iluminación así como en el
diseño de concentradores fotovoltaicos.
Por otro lado en los diseños que se presentan en esta tesis se incorpora la técnica de la
integración de Köhler. Actualmente, esta técnica está siendo utilizada en la óptica de
proyección para displays, aunque en un primer momento se implementó en microscopios
para alcanzar una iluminación uniforme de la muestra. En esta tesis se presenta su
ampliación para diseñar los integradores formados por elementos anamórficos y distintos
entre sí, con lo cual los dispositivos presentados son completamente novedosos. El
integrador de Köhler está compuesto de dos elementos ópticos formadores de imagen con
distancia focal positiva (es decir, con imagen real en el infinito), puestos de manera si uno
se ilumina uniformemente el receptor será iluminado uniformemente también.
La tesis está formada por 6 capítulos los cuales se pueden agrupar en dos partes, en la
primera parte están presentadas las aplicaciones del método SMS3D (capítulos 2-4)

mientras que en la segunda parte está explicada la técnica de integración de Köhler con sus
aplicaciones para la concentración fotovoltaica (capítulo 5).
En el Capítulo I se hace una breve introducción a los conceptos básicos de la Óptica
Anidólica los cuales se han considerado necesarios para la comprensión del resto de los
capítulos.
El Capítulo II describe la aplicación del método SMS3D al diseño del dispositivo XR para
los faros de automóvil con LEDs. Se han realizado los diseños para la luz de cruce y la de
carretera. También se ha presentado el análisis completo del dicho faro y la caracterización
del primer prototipo. Se ha demostrado que con el SMS3D se obtienen los dispositivos con
muchas ventajas respeto a soluciones alternativas, como la eficiencia y control de la luz.
El Capítulo III presenta el mismo enfoque que el Capítulo II para una aplicación diferente,
es decir, el diseño de un dispositivo tipo XR mediante el método SMS3D para un
concentrador fotovoltaico. Se puede ver que de esta manera se consigue un concentrador
de alta eficiencia que funciona cerca del límite termodinámico de concentración. Además,
el diseño es compacto y su geometría presenta ventajas para la disipación de calor y el
diseño del resto del sistema fotovoltaico.
En el Capítulo IV se muestra el modelado, producción y caracterización del modulo XR
SMS3D, con el objetivo de demostrar el concepto. La alta concentración, con gran
aceptancia angular, que tiene el modulo fotovoltaico desarrollado hace muy competitivo en
el campo de concentración.
En el Capítulo V se explica la integración del Köhler y con dos distintos diseños que
demuestran esa técnica. Los diseños generados para este fin son un concentrador XX con
simetría de revolución y un concentrador XR free form. El primero (XX) es un caso
específico de la integración en una dimensión del haz de rayos, mientras en el caso del XR
la integración se hace en dos dimensiones del haz de rayos. Los dos diseños tienen alto
producto aceptancia por concentración además de muy alta uniformidad de la irradiancia
en la célula, lo que es una de las características más importantes de este tipo de diseño.
En esta tesis se demuestra que utilizando la óptica anidólica se pueden conseguir sistemas
simples con pocas componentes y de bajo coste.
Finalmente, en el último capítulo se presentan las conclusiones y líneas futuras de
investigación.

Abstract
Nonimaging optics focuses on problems of efficient light transfer without constrain of
image formation. This is very useful for certain applications, such as concentrating
photovoltaics, illumination, and wireless optical communication.

This is due to the

possibility to design an optical system that is composed of fewer surfaces and more
tolerant to manufacturing errors.
In the major part this thesis treats the application of simultaneous multiple surface design
method in three dimensions (SMS3D). There are presented several designs that use the
numerous advantages of this method. It gives full control over image width and rotation,
produces minimum vertical spread and can control the vertical image size, no rotation, and
optimizes pattern esthetics.
In the designs that are presented in this thesis is included the Köhler integration technique.
Nowadays, this technique is being used in projection display optics, although firstly its
implementation was in microscopes to achieve the uniform illumination of the sample.
Köhler integrator is usually composed of 2 imaging optical elements, with positive focal
length, placed such that if the primary element is illuminated uniformly, illuminated area is
going to have shape of primary, and is not changing its shape if the source is moving inside
of the acceptance angle. It is well known technique, though in this thesis it has been
extended for the design of free form integrating arrays in three dimensions, for nonimaging
applications, where the integrating pairs don’t have to be the same between each other.
This makes the presented designs novel and original.
In general this thesis deals with free-form designs, and their applications, although there is
also presented one rotational symmetric design as an illustrative example of Köhler
integration in one dimension of the ray bundle.
This thesis consists of 6 chapters that can be grouped in two parts. In the first one are
presented the real-life applications of SMS3D method (chapters 2-4), while in the second is
explained the Köhler integration technique and its application in the photovoltaic
concentration (chapter 5).
In the Chapter I are introduced the basic concepts of Nonimaging Optics that were
considered necessary for understanding the designs presented in the rest of the chapters.
Chapter II describes the SMS3D design method applied of XR LED headlamp. Here is
presented the full headlamp design, both, low and high beam, its complete analysis and

characterization of the first developed prototype. Can be seen that SMS3D family devices
introduce numerous advantages over conventional configurations, such as efficiency,
control of light and compactness.
Chapter III presents the same approach for different application, i.e. the SMS3D XR design
for photovoltaic concentrator. There can be seen that this way can be designed the high
efficient concentrator that works near thermodynamic limit of concentration. The problem
of uniform irradiation on the cell is resolved using the ultra short homogenizing rod. Apart
of that, the presented design is very compact and suitable for mechanical and thermal
management of the rest of the PV system.
That brings us to Chapter IV where is presented modeling, production and characterization
of CPV module with SMS3D optics, in order to prove the concept. High concentration,
followed by high acceptance angle, (although still not as high as the theoretical one, but
sufficiently high to lose the tolerances of the rest of the system) gave the module that had
the competitive efficiency in the field of CPV.
In Chapter V was explained the Köhler integration technique and were presented two
different designs, XX with rotational symmetry and free-form XR concentrators. First one
is a specific case of integration in one dimension, while in the other one the integration is
being done in two directions of the ray bundle. Both designs have very good performances:
high concentration, good acceptance angle and very good irradiance uniformity on the
solar cell, what is the main characteristic of this type of designs.
In this thesis is demonstrated that using nonimaging optics can be achieved simple
photovoltaic systems with few components and of low cost.
Finally, in the last chapter, is given the list of conclusions and future lines of investigation.
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Introduction

Introduction
Nonimaging optics was informally founded in the early sixties with invention of the
compound parabolic concentrator (CPC), and has been constantly developed ever
since.[1][2] The aim in a nonimaging device is the efficient transfer of light power between
the source and receiver, disregarding image formation. Nonimaging systems are usually
simple, composed of fewer surfaces and are more tolerant to manufacturing errors. This
makes the nonimaging optics a fundamental tool in the designs for photovoltaic
concentration, illumination, and wireless optical communication, among others.
In the last decade the solar cells have evolved very fast. At present their efficiency is above
40% (for triple-junction solar cells, Figure 1) and their cost is still very high. Photovoltaic
concentration (CPV) is a technique that tries to minimize the cost of produced electricity,
by reducing the solar cell area to maintain the energy production. Nonimaging
concentrators are well suited for the collection of solar energy, because the goal is not the
reproduction of an exact image of the sun, but instead the collection of energy. Although
this seems like the perfect solution it introduces additional complexity to the system:
thermal management is more difficult, the irradiance distribution on the cell can degrade its
behavior, and is introducing new issues such is the optics precision. So, in order to obtain
the high efficiency and low cost there have to be used devices with only a few optical
surfaces. This thesis shows how using the nonimaging optics for CPV can give simple low
cost systems with only a few components.
Another field of application of nonimaging optics is illumination system design, where the
objective is to achieve the specific illuminance distribution. Good example is the
automotive headlamps design. In this case intensity distribution is defined by standards,
(ECE en European Union [3], and SAE in United States of America), that are defining
what light pattern should emit automotive headlamps.
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Figure 1 Record cell efficiencies in the last 30 years

There are several design methods that are capable to resolve mentioned problems: Flowline method, Poisson bracket method and Simultaneous Multiple Surface method (SMS),
among others. SMS method is the most powerful tool of all mentioned and it is capable of
designing simultaneously various surfaces. It was developed for designs in two
dimensions, while the 3D surfaces were obtained by rotational or lineal symmetry. Later
was extended to three dimensions (SMS3D), so that surfaces without symmetry (free-form)
could be designed. SMS3D method generates at least two freeform surfaces at the same
time (refractive or reflective). It gives full control over image width and rotation, produces
minimum vertical spread and can control the vertical image size, no rotation, and optimizes
pattern esthetics. [4][5][6][7][8]
In the designs that are presented in this thesis is included the Köhler integration
technique.[2][9][10][11] Köhler illumination was first introduced in 1893 by August
Köhler of the Carl Zeiss corporation as a method of providing the optimum specimen
illumination. Presently it is being widely used as homogenizers usually after parabolic
systems with the form of lenslet arrays [12] (also called fly-eye lenses) for projection
displays. Here we introduce the design of free-form integrating arrays, designed in three
dimensions and their application to the CPV.
Köhler integrator is usually composed of 2 imaging optical elements, with positive focal
length, placed such that if the primary element is illuminated uniformly, illuminated area is
going to have shape of primary, and is not changing its shape if the source is moving inside
of the acceptance angle. [13][14][15]
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In general this thesis deals with free-form designs, and their applications, although there is
also presented one rotational symmetric design as an illustrative example of Köhler
integration in one dimension of the ray bundle.
This thesis consists of 6 chapters that can be grouped in two parts. In the first one are
presented the real-life applications of SMS3D method (chapters 2-4), while in the second is
explained the Köhler integration technique and its application in the photovoltaic
concentration (chapter 5).
In the Chapter 2 is presented the SMS3D design method applied of XR LED headlamp.
Here is presented the full headlamp design, both, low and high beam, its complete analysis
and characterization of the first developed prototype.
Chapter 3 presents the same approach for different application, i.e. the SMS3D XR design
for photovoltaic concentrator. There can be seen that this way can be designed the high
efficient concentrator that works near thermodynamic limit of concentration. That brings
us to Chapter 4 where is presented modeling, production and characterization of CPV
module and its parts, in order to prove the concept, whose design is previously presented.
In Chapter 5 was explained the Köhler integration technique and were presented two
different designs, XX with rotational symmetry and free-form XR concentrators. First one
is a specific case of integration in one dimension, while in the other one the integration is
being done in two directions of the ray bundle. Both designs have very good performances:
high concentration, good acceptance angle and very good irradiance uniformity on the
solar cell.
Every chapter in this thesis has its own introduction and conclusions, what makes it more
accessible. It was done with an idea to make every chapter self contained, although was
avoided excessive repetition.
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Chapter I Basic concepts and definitions

Chapter I Basic concepts and
definitions
I.1

Introduction to geometrical optics

Geometrical optics is a basic tool in design of most optical system (image forming or not).
It is very convenient because it uses the intuitive concepts, such as a ray of light that can be
roughly defined as the path along light energy travels.
Geometrical optics can be obtained from Maxwell’s equations at the limit of spatial
variations of the electromagnetic field being large compared to the wavelength. At this
limit can be defined the ray as a normal to the surface of constant phase of light waves (in
terms of the wave theory of light). This surface is called geometrical wavefront, or simply
a wave front. Also can be defined ray trajectory as characteristic curve of this field of
normals, i.e. tangent to the field at all its points. Other well known concepts are laws of
refraction and reflection. When a light is reflected from the smooth surface the reflected
ray make the same angle with the normal as the incident one, and both rays and a normal
lay in the same plane. In the case of the ray that passes from one medium to another its
direction changes according to the Snell’s law of refraction. This law states that the sine of
the angle between the normal and the incident ray bears a constant ratio to the sine of the
angle between the normal and the refracted ray with all three directions coplanar.
In the case of discontinuous electric and magnetic fields, the geometrical optics gives the
solution for the ray trajectories as the curves normal to these discontinuous surfaces [1].
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I.1.1 Fermat’s principle and the Hamiltonian formulation
There are several equivalent formulations of geometrical optics. One of them is Fermat´s
principle. Fermat’s principle is not as intuitive as lays of reflection and refraction, but it’s
fundamental for predicting the ray path through an optical medium.
For defining it we first have to define the concept of optical path length. It can be stated by
the expression [2]:
B

L = ∫ n ( x, y, z ) dl ,

(1.1)

A

where n ( x, y, z ) is the refractive index of the medium at point

( x, y , z )

and dl is the

differential length along the path between points A and B.
Suppose we have an optical medium that can have any optical elements in it and we want
to predict the ray path between two points in this medium, say A and B. Fermat´s principle
states that a physically possible ray path is the one for which the optical path length along
it from A to B is an extremum as compared to the neighbouring paths. In other words,
given a light ray between two points and its travel time between them, any adjacent path
close to it should have the same travel time.
From Fermat’s principle can be derived all of geometrical optics, that is, laws of reflection
and refraction, the reversibility of ray trajectories, and the equality of the optical paths
between the rays of continuous bundle linking two given points.
The other equivalent formulation of geometrical optics is Hamiltonian’s [1]. Suppose that
we have a ray that is passing through a point ( x, y, z ) and has a direction of the unitary
vector v represented with ( x, y, z , p, q, r ) , where
the ray. Note that

( p, q, r )

( p, q, r )

are optical direction cosines of

are conjugate variables of

( x, y , z ) .

The Hamiltonian

formulation states that the trajectories of the rays are given as solution of the following
system of first-order ordinary differential equations:
dx
= Hp
dt
dy
= Hq
dt
dz
= Hr
dt

dp
= −H x
dt
dq
= −H y
dt
dr
= −H z
dt

(1.2)
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where H = n 2 ( x, y, z ) − p 2 − q 2 − r 2 and t is a parameter without a physical significance.
The solution should accomplish a H = 0 , what can be deduced from the definition of

( p, q, r ) .

I.1.2 Phase space
If n is known, and one of the direction cosines is always positive, a ray is a five-parameter
entity defined by a point and two direction cosines. This five-dimension space is called
Extended Phase Space. In the extended phase space, two rays that belong to the same line
but not have different direction can not be distinguished.
A ray-bundle M4D (or ray manifold) is a four-parameter entity, a closed set of points in the
extended phase space, with each point representing a different rays (i.e., two different
points cannot correspond to the same ray at two different instants). Often, a ray manifold
M4D is defined at its intersection with a reference surface ΣR, which must observe the
condition of intersecting only the trajectories of the rays belonging to M4D. This reference
surface defines a four-parameter variety called Phase Space. For instance, if the reference
surface is a plane z=0, the phase space is (x, y, p, q).
In 2D geometry, all these concepts can be defined similarly. For example, the extended
phase space is the three-dimensional variety defined by p 2 + q 2 = n 2 ( x, y ) in the fourdimension space of coordinates x-y-p-q. The reference surface becomes curve in the xy
plane and a ray-bundle m2D is a two parameter entity.

I.1.3 Poincaré Invariants. Concept of etendue. Hilbert’s
integral
Let M4D be a tetraparametric ray bundle (i.e., dim(M4D) = 4). The etendue of the bundle
M4D is defined as the value of the integral [3]:

E (M 4 D ) =

∫ dxdy dp dq + dx dz dp dr + dy dz dq dr

(1.3)

M 4 D (Σ R )

The etendue is a measure of “how many” rays a bundle has. If the reference surface is a
plane z = const., only the first addend of the integrand in (1.3) is non-null, and the etendue
coincides with the volume defined by M4D in the phase space x-y-p-q.
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The theorem of conservation of etendue states that this is an invariant of the ray bundle as
it propagates through an optical system, that is, etendue is independent of the reference
surface upon which it is calculated. Etendue is one of the invariants of Poincaré, and this
theorem of its conservation is equivalent to the Liouville theorem in three dimensions [3].
There exists a further invariant of Poincaré, applicable to biparametric ray bundles (not
necessarily coplanar) that is also referred to as etendue [4][3]. If m2D is a biparametric ray
bundle, its etendue is given by:

∫ dx dp + dz dr + dy dq

E (m2 D ) =

(1.4)

m2 D ( Σ R )

This second invariant is equivalent to Lagrange’s invariant [5]. When the rays of the
bundle are coplanar, this invariant is also equivalent to Liouville’s theorem in two
dimensions. Since the etendue must be conserved for any ray bundle, the differential
etendue (the integrand of (1.3) and (1.4)) is also conserved.
A formulation equivalent to the invariant (1.4) is obtained by applying Stokes’ Theorem to
the integral, which gives rise to what has come to be called Hilbert’s integral [1][6]:
G
E (m2 D ) = v∫ ( p, q, r ) dl
(1.5)
δ m2 D ( Σ R )

This integral extends along the border of m2D in the phase space of the reference surface. A
particular type of two-dimensional bundle are orthotomic (or normal) bundles, which are
those for which a wavefront can be defined, that is, for which there exists a surface to
which they are orthogonal. It can be shown that a bundle m2D is orthotomic if and only if
E(m2D) = 0.

I.1.4 Two dimensional treatment of rotational three
dimensional optical systems
The free-form systems in 3D are often very complex, difficult and expensive to
manufacture. Therefore, the design approach is often limited in two dimensions and the
resulting curves are later transformed into the surfaces applying symmetry, which can be
either rotational or linear. These symmetries impose constrain on the Hamiltonian
equations that reduces the number of unknowns in optical system.
In the case of linear symmetry along the x-axis, the H is independent of x, dp / dt = 0 , thus

p=cte (p is an invariant for each ray). Then the system can be analyzed as the two
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dimensional system [7], just substituting the refractive index n(y,z) by a fictive value
n*(y,z)=(n(y,z)2-p2)1/2, or relative to vacuum,

n ( y, z ) =
*
r

n 2 ( y, z ) − p 2

(1.6)

1 − p2

Notice that if the refractive index n(y,z) is homogeneous, also will be nr* ( y, z ) (even
though the value will be different, depending on the value of p), and so the ray paths will
be straight lines. Particularly if the optical system is formed only of mirrors ( n( y, z ) ≡ 1 ),
the relative refractive index will be nr* ( y, z ) = 1 . This fact, together with homogeneity of

n*, implies that the projection of 3D rays on a y-z plane match 2D trajectories; thus the
study of these kind of devices in 2D is sufficient.
In the systems with rotational symmetry, the most suitable coordinate system is the
cylindrical one with variables (ρ, θ, z, g, h, r). The condition of symmetry is Hθ = 0 , i.e.

h = xq − yp = cte (in this coordinate system one of the Hamilton’s equations is Hθ = −h .
The value h = nS cos γ , with S being the shortest distance between the ray and the optical
axis, and γ the angle between the ray and the axis is conserved in these kind of systems,
and is known as a skew invariant or simply skewness.
Accordingly these systems can be studied in a meridian plane ( θ = cte ). Luneburg showed
that with the reduction of variables from the system of differential equations, is equivalent
to the 2D optical system with fictive refractive index [8]:
⎛h⎞
n ( ρ, z ) = n ( ρ, z ) − ⎜ ⎟
⎝ρ⎠

2

2

(1.7)

The rays with h=0 are called meridian rays, and rays with h ≠ 0 are referred to as skew
rays. The ray paths of the latter in 2D are not rectilinear.

I.1.5 Concept of radiance. Sources and receivers
The physical significance of the etendue of a ray bundle relates to its luminous power. The
definition of luminous power in radiometry is expressed as the concept of radiance
(luminance in photometry), a property of light source, but one that can also be defined as
the infinitesimal power of a ray coming from that source. The concept of radiance has been
well defined for incoherent light, which is appropriate for a Geometrical optics concept.
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In three dimensions the radiance B is the power transferred per unit area normal to the ray
trajectory and per unit of solid angle. Thus, the differential of power transferred by a ray
JG
having solid angle dΩ through the differential of surface d S will be:
G JG
dP = Bd Ω ud S
(1.8)

( )

G
where u = ( p n , q n , r n ) is the directing vector of the ray (n is the refractive index).
Since in spherical coordinates is:
⎧
⎪dpdq =
⎪
p = n cos φ sin θ ⎫ ⎪
⎪ ⎪
q = n sin φ sin θ ⎬ ⇒ ⎨dpdr =
r = n cos θ ⎪⎭ ⎪
⎪
⎪dqdr =
⎪
⎩

∂ ( p, q )
∂ (φ , θ )

∂ ( p, r )
∂ (φ , θ )
∂ ( q, r )

∂ (φ , θ )

= n 2 cos φ sin θ dφ dθ
= n 2 sin φ sin 2 θ dφ dθ

(1.9)

= n 2 cos φ sin 2 θ dφ dθ

Combining the last two equations yields:
G JG
⎡⎛ p q r ⎞
⎤
d Ω u , d S = ( dφ dθ sin θ ) ⎢⎜ , , ⎟ ⋅ ( dydz , dxdz, dxdy ) ⎥ =
⎣⎝ n n n ⎠
⎦
1
dE
= 2 ( dxdydpdq + dxdzdpdr + dydzdqdr ) = 2
n
n

(

)

(1.10)

Therefore the differential of power carried by the ray is proportional to the differential of
etendue, with proportionality constant B/n2. Because of the conservation of etendue and the
lossless medium, can be deduced that also the differential power, i.e. B/n2, is conserved on
any ray inside of this medium.
A surface emitting rays with any directional distribution of radiance into a hemisphere is
called an extended source. When the radiance of all rays is the same, the source is said to
be Lambertian. If the radiance is constant over only a part of a hemisphere and null on the
rest, the source is said to be homogeneous. A receiver, understood as a surface sensitive to
radiation because it transduces it into another form of energy, can be said to be Lambertian
when its sensitivity to light is the same at all its points and for directions of incidence.
The power of a ray bundle M crossing a reference surface Σ R , with a known radiance
distribution, is calculated by integrating in solid angle and area. From (1.10) it is deduced
that if the bundle is homogeneous with radiance B, its power is proportional to its etendue:
G JG
B
B
(1.11)
P = ∫ Bd Ω u ⋅ d S = 2 ∫ dE = 2 E
n M (ΣR )
n
M ( ΣR )

(

)
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I.2

Introduction to non-imaging optics

Non-imaging optical systems have an objective to efficiently transfer luminous power from
a source to a receiver [9], liberating of the image formation constrain. However, designing
nonimaging tools does not necessarily imply that image formation can’t be achieved. Nonimaging optics is carried out within the framework of geometric optics.
A concentrator is an optical system that presents higher irradiance in the receiver than at
its entry aperture. Since ray trajectories are reversible, concentrators can be used in the
inverse direction as collimators, because through conservation of the etendue, the spatial
“deconcentration” brings with it a smaller angular dispersion of the emergent bundle.
Classic imaging systems are appropriate solutions for some paraxial non-imaging
problems, i.e., those in which the transmitted rays at no time form large angles with the
axis of the optical system. When the design problem is non-paraxial, as often occurs in the
design of concentrators, the restriction following upon the assumption of image formation
is usually quite inconvenient, but more importantly unnecessary in most illumination
situations. Imaging optics has the prime goal of preserving spatial contrasts, while
illumination engineering usually wants a contrast-free distribution of light upon a surface.
On the contrary, in non-imaging optics blurring is welcome, since it needs only boundaries
of the source in order to do the projection. All these factors make Non Imaging Optics a
distinct field.

I.2.1 Design problem in nonimaging optics
In the photovoltaic framework, the bundle of rays impinging on the surface of the entry
aperture of the concentrator within a cone of acceptance angle α is called the input bundle,
and is denoted by Mi. The bundle of rays that links the surface of the exit aperture of the
concentrator with the cell is the exit bundle Mo. Collected bundle Mc is the name given to
the set made up of the rays common to Mi and Mo, connected to one another by means of
the concentrator. The exit bundle Mo is a subset of MMAX, the bundle formed by all the rays
that can impinge on the cell (i.e., MMAX is the ray bundle that illuminate isotropically the
cell).
There are two main groups of design problems in Nonimaging Optics, bundle-coupling and
prescribed irradiance. Both groups have been usually treated separately in the nonimaging
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literature, but photovoltaic concentrators constitute an example of a nonimaging design
that belongs to both groups [10].
In the first group, which we will refer to as “bundle-coupling”, the design problem consists
in specifying the bundles Mi and Mo, and the objective is to design the concentrator to
couple the two bundles, i.e., making Mi=Mo=Mc. When Mo = MMAX, the maximum
concentration condition is achieved. This design problem is stated, for instance, in solar
thermal concentration or in point-to-point IR wireless links (for both emitter and receiver
sets).
Light
Source

A

B

IMAGING
OPTICAL SYSTEM

B

NONIMAGING
OPTICAL SYSTEM

Receiver

A’

A

Light
Source

Receiver

B’

Figure I.1 The difference between imaging and nonimaging optical systems is that is the formers a
specific point-to-point correspondence between the source and the receiver is required.

For the second group of design problems, the “prescribed-irradiance” type, it is only
specified that one bundle must be included in the other, for example, Mi in Mo (so that Mi
and Mc will coincide), with the additional condition that the bundle Mc produces a certain
prescribed irradiance distribution on one target surface at the output side. As Mc is not fully
specified, this problem is less restrictive than the bundle coupling one. These designs are
useful in automotive lighting, the light source being a light bulb or an LED and the target
surface is the far-field, where the intensity distribution is prescribed. It is also interesting
for wide-angle ceiling IR receivers in indoor wireless communications, where the receiver
sensitivity is prescribed to compensate the different link distances for multiple emitters on
the desks (in this case, Mo is included in Mi, and the irradiance distribution is prescribed at
the input side, at the plane of the desks).
The design problem of the perfect photovoltaic concentrator performance can be stated
with the following two design conditions:
(1) Coupling two ray bundles Mi and MMAX, where and Mi is defined with the acceptance
angle α and the squared entry aperture and and MMAX is defined with the refractive index
around the cell and the squared cell active area.
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(2) Defining that every bundle Mi’, defined as the cone with arbitrary axis direction and the
sun radius αs (if contained in Mi) must produce the same relative irradiance distribution,
which is prescribed as uniform on the squared cell active area.
Therefore, (1) is a bundle-coupling problem at maximum concentration, while (2) is a
prescribed-irradiance problem for every subset Mi’. Considering this difficulty, a certain
trade-off must be done and only partial solutions have been found, ones aiming condition
(1) while others condition (2).

I.2.2 Edge ray principle
The edge ray theorem is a fundamental tool in non-imaging optics design. This theorem
states that for a design of an optical system that couples two ray bundles Mi and Mo is
sufficient that the designed system couples bundles δMi and δMo, where δMi and δMo are
the edge-ray subsets of bundles Mi and Mo (and have one dimension fewer). A perfect
matching between bundles Mi and Mo implies the coupling between their edge-rays. The
theorem was proven by Miñano [11][12] in the mid-eighties for the certain conditions of
optical system, while Benitez [13] extended this demonstration in the late nineties.
The edge-ray principle is the design key in most nonimaging devices, and shows the
benefits that arise from the elimination of the imaging requirement.

I.2.3 Concentration and acceptance angle
The geometrical concentration Cg is the ratio between the areas of the entry aperture
surface and the surface of receiver. In 2D it is the length of the entry aperture over the
receiver’s length. A times symbol × follows the value of the current geometrical
concentration of a device: hence, a concentration whose entry aperture area is 1000 times
the area of the target will be referred as a 1000× design.
Let Mi be a bundle defined by the acceptance angle α and by an entry aperture whose area
is AE surrounded by a medium of refractive index ne. Let Mo be the bundle at the target,
defined by its angular spread β, the receiver area AR and the refractive index of its
surroundings nR. If the concentrator perfectly couples two bundles, the conservation of
étendues is also observed thus
EM i = AE ni2π sin 2 α = AR no2π sin 2 β = EM o

(1.12)

13

Aleksandra Cvetković

The maximum concentration is achieved when the receiver is illuminated isotropically, i.e.

β =90º. Since, in general, the cell is illuminated with angles lower then 90º, we may write:
AE ni2π sin 2 α ≤ AR no2π

(1.13)

Rewriting the last expression we get:
Cg3 D =

n2
AE
D
≤ 2 o 2 = Cg3,max
AR ni sin α

(1.14)

That for the case of ni = 1 becomes
Cg3 D sin 2 α ≤ no2

(1.15)

This equation is usually referred to as the acceptance-concentration product bound (also
CAP) [10]. We infer that there exists a trade-off between the achievable concentration and
the angular spread of the input source. The case of the maximum bound (i.e. cell
illuminated isotropically) is usually referred to as the thermodynamic limit of
concentration because surpassing the maximum bound would imply the possibility of
heating a black receiver with the concentrator to a temperature higher than that of the sun,
which contradicts the 2nd principle of thermodynamic.

I.3

Errors in nonimaging systems

In the optical design of nonimaging system is very important to be aware that the final
product will be different from the theoretical design in several aspects. First, the optical
surface has microscopic roughness that causes scattering of incident light. Second, the
surface profiles have some contour errors what results in angular deviations of exiting rays.
And the last one, are the relative positions of the elements of the system (source, receiver
and optical surfaces). All these errors affect the system performances, and depending on
the applications for which one it is designed, they should be kept below the critical values.

I.3.1 Characterization of surface errors: roughness
Roughness can be defined as a measure of the texture of the surface, i.e. a vertical
deviation of a real surface from its ideal form. Although roughness is usually undesirable,
it is difficult and expensive to control in manufacturing. Decreasing the roughness of a
surface will usually increase exponentially its manufacturing costs. This often results in a
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trade-off between the manufacturing cost of a component and its performance in
application. [14]
Let’s give the mathematical definitions of some of the various statistical quantities that are
used to quantify the surface profiles.
The easiest way to introduce the parameters is on the one-dimensional profile z(x). The
average value of z(x) over distance L is denoted as z and is defined as:
L/2

1
z ( x ) dx
L →∞ L ∫
−L/2

z = lim

(1.16)

The surface z ( x ) = z would be considered perfectly smooth. Roughness is defined in
terms of deviation from the mean value. The arithmetic average roughness, δ a (or Ra ) is
given by:
L/2

1
σ a = lim ∫ z ( x ) − z dx
L →∞ L
−L/ 2

(1.17)

Another parameter that is important in optical surface-roughness measurements is root

mean square roughness or rms, σ (or Rq ). It has an advantage that can be obtained directly
from scattered-light measurements, and is defined as:
1/ 2

L/2
2
⎛
⎞
1
σ = ⎜ lim ∫ z ( x ) − z dx ⎟
L →∞ L
−L/ 2
⎝
⎠

(

)

(1.18)

When z ( x ) is defined as a series of N samples, given by zn = z ( xn ) , instead of continuous
function, the roughness values can be only estimated. The expressions used to provide
numerical values in this case are called estimators, and are given as:
N −1

1
N

∑z

⎡1
σ ≈⎢
⎣N

∑(

σa ≈

n =1

N −1
n =1

n


−z

(1.19)

)

2
 ⎤
zn − z ⎥
⎦

 1
Where z =
N

1/ 2

,

(1.20)

N −1

∑z
n =1

n

, and n = 0,1,2,…,N – 1.
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I.3.2 Characterization of surface errors: surface figure
When a ray impinges on an optical surface with contour errors, the point of incidence is
different from the expected one, and the slope of the surface at the point of incidence
doesn’t coincide with the theoretical values.
angular difference
between normals S

normal

θi

actual refractive
surface

ni

“perfect”
refractive
surface

no
deviation
angle D

θo

Figure I.2 Contour errors of refractive surface

It can be shown [13] that a small slope error S, produces angular deviation D with respect
to the theoretical exiting ray with value:
D = mS ,

(1.21)

where,
⎧2(mirror )
⎪
m = ⎨ tan θ o
,
⎪1 − tan θ (dioptric)
i
⎩

(1.22)

Where the θi is the incidence angle of the ray and θo is the theoretical angle of refraction,
both calculated using the normal to the theoretical surface (Figure I.2).

I.4

Simultaneous Multiple Surface Design
Method in three dimensions (XR design)

In this section is going to be presented the short summary of one of the most important
design method in the nonimaging optics. In the later chapters the wide application of this
method is explained, since it provides greater control of the light emitted from an extended
light source than any single free form surface and also enables the optical contour to be
16
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shaped without efficiency losses. The main features of the devices design by SMS3D are
compactness, efficiency and simplicity, what makes them applicable in the different
sectors.
This method has been previously presented in [15][16][17] in general form. Here it is
going to be explained its specific application, the design of the XR systems.

I.4.1 Statement of the problem
For any further description of any type of optical design are necessary some additional
definitions. First of all is a normal ray congruence (also called an orthotomic system of
rays). It can be defined as a set of ray trajectories that are perpendicular to one-parameter
family of surfaces. These surfaces are called wavefronts. For example, all rays emitted
from a point, in the case of homogeneous medium, are straight lines, and wavefronts are
spheres with a center in the emitting point. The normal ray congruence is fully
characterized by giving a single wavefront. If the refractive index distribution is known
then the ray trajectories of the congruence can be calculated. In the literature Wj is
normally used for both, normal congruence or for wavefront definition. The rays of the
congruence are those perpendiculars to Wj.
An optical surface (reflective or refractive) that transforms one given normal congruence
Wi into another given normal congruence Wo is called Cartesian oval. [8]
Strictly speaking, Cartesian ovals are only the surfaces obtained by this procedure when
both congruences Wi and Wo are spherical (including the case of spheres of infinite radius,
i.e., plane waves). Here the term Cartesian Oval takes the broader meaning that includes
non-spherical Wi and Wo. Known as generalized Cartesian Ovals, these curves are only
described in an untranslated Italian work by Levi-Civita [18].
The SMS 3D method is a procedure for designing two optical surfaces that convert two
given normal congruences Wi1, Wi2 into another two given normal congruences, Wo1 and
Wo2, by a combination of refractions and/or reflections at these surfaces.

I.4.2 SMS Chains
The SMS 3D design starts with definition of the input and output wavefronts. Having the
objective to construct two free-form surface that couple two pairs of wavefronts it is
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necessary to define these. Let WFi1 and WFi2 be the input wavefronts and WFo1 and WFo2
be the output ones. Thus, the system we want to design is going to transform any ray
coming from WFi1 to the ray of WFo1 (the same holds for WFi2 and WFo2). The surface to
be designed are going to be one reflective (which we call X) and one refractive (R).
Since the optical system must couple Wi1 and Wo1, the normal congruences Wi1 and Wo1
will be the same and any of the two wavefronts Wi1 or Wo1 can be used to characterize this
normal congruence, which will be called W1. Similarly W2 is the normal congruence
having Wi2 and Wo2 as wavefronts.
Let P0 be a point of X, N0 be the normal unit vector of the surface at P0, L1 be the optical
path length from the wavefront Wi1 to the wavefront Wo1 (for the rays of W1) and L2 be the
optical path length from Wi2 to Wo2 (for the rays of W2).
Assume that P0, N0, L1, L2, Wi1, Wi2, Wo1 and Wo2 are given. It is going to be shown that
these data are sufficient to calculate a set of points of the surfaces X and R, and the unit
vectors normal to the surfaces at these points. This set of points and unit vectors will be
called the SMS chain of P0, N0, L1, L2.
N-4
N-2

ray1

P-2

S-5
S-3
S-1
S3 S1

N0
ray01

ray0
P0

N2
P2

N4

z

N6
y

P4
P6

Figure I.3 SMS chain generation from the link (P0, N0)

Now that all the input and output wavefronts, and optical path lengths between them are
defined, one can proceed to the chain construction (Figure I.3). The algorithm is following
[19]:
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1) Trace the ray of the wavefront WFi1 passing through initial point P0 of the mirror
surface X. Since the normal N0 is known, we can compute the reflection of that ray
at P0.
2) Calculate the point S1 along that ray trajectory after reflection at P0 such that the
optical path length from the wavefront WFi1 to the wavefront WFo1 is L1.
3) Once S1 has been calculated, and the ray trajectory P0 after and before the
refraction at S1 is known, we can calculate the normal vector N1 to the surface R at
point P1 inverting the Snell law:
JG
G
JJG G
N 1 × nv 01 = N1 × v1

(1.23)

JG
G
G
G
G
i.e. N 1 is the unit vector parallel to nv 01 − v1 , where v 01 and v1 are unit ray

(

)

vectors of ray01 and ray1, and n is refractive index of the material before refraction
at R relative to the material after refraction at R.
4) Once S1 and N1 have been calculated the procedure is repeated starting at S1 and
tracing backward the ray from WFo2 passing through S1. With a similar procedure
to that described above, the point P2 of the surface X is calculated using L2 as
optical path length from the wavefront WFi2 to the wavefront WFo2. After that, the
normal N2 to the surface X at the P2 point can be calculated.
The calculation of points can be repeated to get a seq
uence of points (and normal vectors), called SMS sequence, of both surfaces in the x=0
plane. Global interpolating curves are computed (separately for each surface) and the one
corresponding to the sequence of points on the mirror is called seed rib R0. R0 can be the
input data for the further SMS 3D surface generation process.
The calculation can also start at P0 with the ray of W2i passing through P0. In this way we
obtain the points and normals P-1, P-2, P-3,… , N-1, N-2, N-3,…, i.e., a set of links {(Pj, Nj)}.
It is clear that the chains generated from P0, N0 or Pj, Nj are the same.

I.4.3 SMS Surfaces
The last stage in the design procedure is designing two free-form surfaces. The resulting
optical system will couple the rays of the wavefronts WFil with WFol, and WFi2 with WFo2
and will consist of two surfaces R and X, with an additional condition that one of the
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surfaces should contain an arbitrary curve R0. This surface calculation is described next
and illustrated in Figure I.4.
R4
R2
R0
R-2

R-4

R5
R3
R-5 R1
R-3

R-6
y

z
x

Figure I.4 SMS surface calculation

The normal vectors to the mirror on points of the curve R0 are also selected. Such a
selection must be consistent with the constraint that these normal vectors are perpendicular
to the curve R0. Assume that an SMS chain can be generated from any point M of the
curve R0 using the described procedure for a chain construction. The set of points
generated from all the points of R0, at the first step of the SMS chain generation, form
another curve R1 on the lens. Note that the calculation of the curve R1 is the calculation of
a curve contained in a generalized Cartesian oval surface when a one-parameter set of rays
of one of the wavefronts is known (the one-parameter set of rays is formed by the rays of,
for example, WFi1 after reflection at the curve R0).
Repeating the process, can be constructed curves R2i belonging to the mirror surface and
curves R2i+l belonging to the lens surface, as well as the normals to the surfaces along those
curves. The curves together with their surface normals will be called SMS ribs henceforth.
The SMS ribs are shown in Figure I.4.
The important part in SMS 3D design is the selection of the seed rib, because it gives an
important degree of freedom to the design. Seed rib can be constructed such to couple
another two pairs of wavefronts, for example (Wi3,Wo3) and (Wi1,Wo1). In the case that
normal vectors obtained in the SMS chain generation with these two pairs of wavefronts
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and the normals get from the (Wi1,Wo1) and (Wi2,Wo2) in the SMS surface generation are
close, than the optical system will couple not only (Wi1,Wo1) and (Wi2,Wo2), but also will
approximately couple the third pair of wavefronts.
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Chapter II Design of free-form XR
optics for LED headlight

II.1

Introduction

LEDs have been applied successfully in all exterior automotive lighting devices. Long life
time of LEDs (much longer than the car use time if thermal stress is avoided),
compactness, instant switch on, lower power consumption, high color temperature, and,
maybe even more important, unique styling possibilities to give cars a high tech look and
to distinguish them from competitors, are major drivers for the development of LED front
lighting. However, the price of an LED headlight is still much higher than incandescent or
even HID (High Intensity Discharge) solutions because optical, mechanical and thermal
hurdles have to be overcome before LEDs. To solve this problem, new ultra low thermal
resistance LED packages on metal core PCB (Printed Circuit Board) in contact to the lamp
housing are utilized. The mechanical design, as will be shown later, is closely connected to
the optical performance of an LED headlight as the light of many LEDs has to be bundled
with high precision to meet legal specifications and driver comfort. The optical design that
will collect the LEDs light and form a legal beam pattern must take mechanical issues as
placing tolerances of LEDs into account and it must be efficient to maximize the use of the
expensive and still sparse LED flux. Design approaches, developed over many decades for
incandescent lighting, fail for LEDs due to their completely different optical behavior.
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II.2

Theorical boundary conditions of LED
headlamps

II.2.1 LED flux and number of LEDs for a headlight
Today’s average halogen lamps project about 300 - 400 lm onto the road, very good lamps
about 600 lm, while HID headlights reach 1100 lm. Conventional incandescent and HID
headlamps (HL) use reflectors for the primary collection of the emitted light. Because they
cannot use the light from the full solid angle into which the light is emitted, their efficiency
is limited. Further losses occur if shutters (projector lamps) are needed to shape the low
beam pattern. The optical system efficiency, as defined by the ratio of the flux emitted into
the -10/ 10 deg vertical, -40/ 40 deg horizontal far field angle window versus the total
emitted flux of the light source, of a conventional system consequently ranges from 30 –
50%. Since for both, incandescent and HID sources, the cost per lumen is low, less
efficient optical designs are tolerable. LEDs, however, since their flux (and luminance) are
still not high enough, call for very efficient optical systems. Because of the smaller solid
angle into which an LED emits its light, highly efficient systems are possible. An average
HL system may reach 50%, where specialized systems can reach more than 80% efficiency
(as will be shown below).
Table II.1 LED flux needed for different optical headlight efficiencies and headlight flux values
projected on the road.

Optical

400 lm on

900 lm on

Efficiency

the road

the road

50%

800 lm

1800 lm

75%

530 lm

1200 lm

With today’s available flux per white LED (up to 200 lm per single LED package) about 38 LEDs have to be employed per headlight function. The higher the number of LEDs, the
more difficult is the mechanical and electrical design. Considering the development of the
white LEDs in the last 30 years, can be said that very soon a single LED headlight solution
may become possible.
Luminance vs. lamp size and LED numbers
The Illuminance [2] is defined as:
Ill = Φ Asource

(2.1)
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where Asource denotes the source surface area and Φ the flux emitted by it. Typical values
for a headlight filament bulb is 150 lm / mm2 and for Lumileds Luxeon [2] (at 200 lm and
a 1 mm2 chip= 1.6 mm2 emitting surface including chip side surfaces) 125 lm / mm2. It
can be expected that within the next years the Illuminance of the LED chips will reach the
same value as of filaments by improving the LED quantum efficiency and the increasing
current density through the LED.
However the luminance of an LED chip compared to a filament is worse because the
material used to encapsulate the LED die (needed for protection) has an index of refraction
which magnifies the chip:
L=

Ill
n 2π

(2.2)

So a typical automotive tungsten halogen filament displays approximately 48 cd/ mm2
(n=1 as the filament is surrounded by air) as compared to today’s Luxeon LED 17.7 cd/
mm2 (assuming an index of refraction of the chip encapsulant of n=1.5). As an optical
system cannot increase the luminance of the source, the following condition holds:
Aap =

I
tL

(2.3)

where I is the required hotspot intensity of the radiation pattern, t is the transmission
efficiency of the system (t describes the transmission losses of the rays in the optical
system that travel from the source to the hotspot; as opposed to the optical system
efficiency, that is the ratio of the usable flux emitted by the device over the flux emitted by
the light source), and L is the LED luminance. Aap is the minimum lit aperture area of the
headlight. Assuming a transmission efficiency of 75%, an intensity of 30000 cd for the low
beam hotspot, and the above value of LED luminance, a minimum area 22.6 cm2 headlight
aperture results. This area is the lit area that projects light to the hotspot. The real aperture
of a lamp has to be larger because not all of the aperture will be lit, and a portion of the lit
area will not emit into the hotspot. Nevertheless a LED lamp can be in the range of today’s
low beam apertures (typically 110 cm2). The aperture size calculation shown above is
independent of the number of LEDs used for a headlight.

II.2.2 Etendue conservation and lit aperture size
The LED flux F and the luminance L are related by:
Φ = L ⋅ E3 D

(2.4)
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where E3D is the etendue in three dimensions. Because LEDs have low luminance
compared to halogen lamps, they must have a large 3D etendue to provide the same flux.
If the optics has planes of symmetry, simple etendue calculations in two dimensions can be
applied (for an exception in the case of etendue squeezing see [3]). The etendue
conservation in 2D determines the minimum possible collimation angle in one symmetry
plane - the more collimated the light, the larger aperture extension and vice versa. Both
low and high beam headlight patterns can be viewed as roughly elliptical, with a very
narrow vertical extend. Since the LED’s have large etendues (also in 2D), the vertical
collimation is difficult to obtain. The 2D etendue E for a source that emits ray fans +/- ϑ
with respect to its normal from all of its points can be calculated as:
E = 2 ⋅ d ⋅ n ⋅ sin (ϑ )

(2.5)

where d is the line source aperture and n the index of refraction at the source. As the
etendue is preserved, it can be seen, that, as one collimates the light (ϑ decreases), the
aperture d has to increase. Therefore for a headlight beam pattern a light source aperture
that is rectangular or elliptical with greater height then width is preferable. For the Luxeon
LED (d=1 mm, n=1.5, ϑ=90deg) the vertical etendue is about 3 mm. If one wants to
collimate light into a cone of 4 deg of extend (ϑe=2deg), which can be taken as a typical
vertical extend of a low beam pattern, the lit aperture de
de =

E
2 ⋅ n ⋅ sin (ϑe )

(2.6)

has to be at least 43 mm high. Many types of optics either don’t flash the entire height of
the exit aperture or increase the etendue. In both cases the real vertical aperture needs to
be larger.
In the headlamp design framework is typical to use the concept of projection of the source
images in the pattern. The infinitesimal intensity distribution produced by a differential of
area around a given point of the exit aperture (i.e., as that produced by a pinhole camera) is
usually referred to as the source image for that point of the exit aperture (also pinhole
image) and these images are commonly represented in the far-field pattern. This
nomenclature is retained, although in general, the source may not be imaged (for instance,
if shields or Kohler type illumination are used). Since the intensity prescription is the
integral over the exit aperture of these source images, it is also customary to say that the
far-field intensity is a superposition of source images.
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For most optical systems, in both directions (H, V) the size of those images is controlled by
the etendue. However it is possible to create smaller images than the minimum values
derived from the source etendue but at the same time the optics will also create larger
images: the average angular extent of the images will comply with the etendue
conservation.
The full horizontal beam spread is typically 60 deg (40 deg are included between the
outermost ECE (Economic Commission for Europe) test points) or 80 deg and more for
HID low beam patterns. Therefore an increase of etendue in the horizontal direction of the
source is not only tolerable but desirable- a rectangular source much wider than higher
would fit nicely into the application.

II.2.3 Beam pattern formation with LEDs
The legal requirements for a high beam function consist basically of a very high intensity
hotspot with an elliptical pattern around it. If sufficient aperture area is available and the
optical system efficiency is high, the pattern formation is relatively straight forward as
opposed to the low beam functions, both for the SAE regulated marked (North America)
and the ECE market [4]. The low beam light pattern emitted by a headlight does not only
have to comply with typically 20 legal test points at different angles (with maximum or
minimum or both intensity/illuminance values), but also with gradient requirements and
car producer requirements on top of legal ones. Furthermore a beam pattern must have a
homogenous appearance (no visible “lines” or “holes” in the pattern) and no visible color
variations. Roughly a beam pattern (as an example: right hand drive ECE low beam) is
composed of (Figure II.1):
a. a hotspot of high intensity just to the right and below the HV point (driving
direction) for far vision
b. a wide horizontal “bar-type” pattern below the horizon for road recognition
c. a horizontal intensity gradient left of the HV point to avoid blinding
oncoming traffic
d. a shoulder and elbow to define the hotspot zone
e. low glare light values above the horizon to avoid blinding oncoming traffic,
but enough light to read overhead signs
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The gradient (Figure II.2. right) is typically defined at 2.5 deg to the left by searching the
highest value G obtained by scanning the intensity at different vertical angles β:
G = log(

Iβ
I β +0.1°

)

(2.7)

The legal minimum of G is 0.08 for SAE and 0.13 for ECE.

Figure II.1: Munsell representation of a typical (hypothetical) low beam pattern as seen shone
against a wall at infinite distance. Axis in deg

A conventional headlight design utilizing incandescent or arc (HID) light sources in many
cases consist of a single reflector [5]. This architecture fails for LEDs because of the low
luminance of the LEDs and their different spatial radiation behavior. In commercially
available LEDs the emitters have pronounced variations in luminance. Those from Osram
and Cree exemplify high-power LEDs with wires and bonding pads that block light from
the top of the emitting chip. In contrast, high-power LEDs from Lumileds exemplify flipchips, which have no wires or bonds in front. Even in the Luxeon LED luminance varies
by a factor of ten from chip center to edge (Figure II.2, left), with random patterns in
between that differ from one chip to the next. This makes the straight forward approach to
image an edge of the LED chip itself to the horizon to form the vertical gradient very
difficult. Baffles or other blocking devices to be imaged to form the cut-off drastically
reduce system efficiency- this may be acceptable for inexpensive light sources but not for
LEDs. Many LEDs also display visible color variations caused by deviations in phosphor
layer thickness on the blue chip. Some optical designs transport these color variations into
the headlight pattern and thus form unwanted bluish or yellowish zones.
The positioning accuracy of LEDs in production is unlikely to be better than 100 microns.
Taking into account that for reasonable lamp exit aperture sizes the projected image size of
the chip in the far field will be in average several degrees tall, a movement of the chip of
100 microns shifts the projected source edge by about a 10th of a degree in the far field. As
several LEDs have to be used to reach the necessary flux in a beam pattern, the gradient
(Figure II.1, right) will degrade strongly if the different chip images don’t coincide well.
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Clearly an optical design is necessary that does neither use LED features to define the
gradient and nor images the luminance and color variations of the chip into the pattern.

Figure II.2. Left: Illuminance pattern of a typical Luxeon chip (1x1mm2). Right: Typical vertical
intensity distribution at 2.5 degrees left, of a low beam incandescent headlight with sharp gradient

II.3

Design concept

Conventional optical designs often use a single or faceted mirror to form a headlight beam
pattern [5]. The curvature of every mirror point determines the size and position of the
image projected from a small surface element, often called a pin-hole. A design method to
obtain a single free-form refractive or reflective surface to solve a prescribed-irradiance
problem based on the small-source approximation can be found in [6][7][8]. While these
solutions work well in the small source limit, large chip LEDs cannot be treated as quasi
point sources. Because the SMS [15][16][17][12][13] (Simultaneous Multiple Surface)
design method explicitly takes into account the extend of the source, it works particularly
well for LEDs. The SMS method is the most recent and advanced design tool in non
imaging optics. It provides devices that perform very close to the theoretical limits: High
collimation and/or prescribed intensity patterns and very small aspect ratios (depth to
diameter) are achievable.
In this novel LED headlight concept [14][15] the light of several LEDs is mixed first to
create a secondary source with tailored dimensions and angular spread. This secondary
source is transformed by a refractive and a reflective surface into the headlight far field
pattern. The elements are:
f. Several LED light sources, in this case 3, placed on a the same PCB and
heat sink (Figure II.4 and Figure II.6)
g. A tailored light guide called LED combiner that is in optical contact with
the LED surfaces. This guide gathers the light from three LEDs with very
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high efficiency and transforms the luminance distribution of the LEDs into
a single prescribed distribution at its exit aperture.
h. A refractive free-form lens that is in optical contact with the LED combiner
i. A reflective free-form surface

Free-form
mirror

LED
Combiner
Free-form
lens
PCB+LEDs
Figure II.3 XR architecture

The LED assumed for the shown architecture is not a commercial package. It has a flat exit
aperture of about 1.2 x 1.2 mm2. It consists of a InGaN blue chip with a phosphor coating.
If the LED flux is measured in air, the LED combiner will increase the LED output by
typically 30-50% because the optical contact to the LED decreases the normal light losses
of flat top LEDs that suffer from light confinement and eventually absorption in the LED
package due to total internal reflection at its flat exit surface. The coupling of the LED to
the guide is achieved by optical gel, index matching fluid, or UV curable optical adhesive.
The luminance distribution of LED combiner at its exit aperture facilitates the generation
of the desired intensity pattern by projecting it into the far field. The projection is
accomplished by one refractive and one reflective free-form surface calculated by the 3D
SMS method. The concept is the same for the low and high beam function, although all
elements are tailored to each function. A certain number of identical modules consisting of
3 LEDs each and their combined optics are placed as designers desire to form a full low or
high beam (Figure II.4).
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Figure II.4: Schematic view of a Combiner RX module (left) and the full LED headlight concept
(right). The mirrors can be placed in many different configurations. The combiners can be covered
to be invisible for the end user.

II.3.1 The LED combiner
The LED combiner is a special case of an optical manifold [16]. It is designed as a single
plastic injectable dielectric solid, with no metallized surfaces (Figure II.6). Its surfaces are
tailored to meet the following criteria:
j. Attach directly to the LED surface, thereby eliminating the Fresnel loss of
the LED surface and increasing the LED efficiency
k. Collimate the LED light by the use of total internal reflection
l. Combine the light of several LEDs into a single exit aperture while
eliminating color and flux variations between different LEDs and
illuminance and color variations across each LED surfaces
m. Keep the secondary source etendue equal to the etendue of the LED light
source to minimize the headlight lit aperture
n. Provide sharp features that will be used by the following optical elements to
create the gradient and other low beam features (“code” on the exit
aperture).
The luminance distribution at the exit aperture of the combiner is little affected by the
usual positional tolerances of the LEDs and their individual illuminance patterns. Its
uniformity and definition are superior to other high-luminance light sources such as
incandescent filaments or arcs.
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Figure II.5 Schematic view of the LED combiner (dimensions are in mm)

PCB board

LED combiner
lens

LEDs

Figure II.6 the source/ combiner/ free-form lens

II.3.2 The XR optical design
In SMS design method the optical prescription is stated as incoming and outgoing
wavefronts. The optical design consists generally of at least two free form surfaces,
calculated numerically by the SMS method, that couple the outgoing and incoming
wavefronts with each other. The created surfaces can be refractive or reflective. The full
optical system may consist of any number of surfaces that exist before, after or in between
the SMS surfaces. The effect of these extra surfaces is taken into account by propagating
the source and target wavefronts through those surfaces and using the resulting wavefronts
as input for the SMS calculation. Besides the obvious physical limitations (i.e. etendue
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conservation [2]), the only condition for a successful SMS design process is the absence of
any caustics of the wavefronts to be coupled in the vicinity of the space to be occupied by
the SMS surfaces.
In the XR design the two optical surfaces to be calculated by SMS are a refractive “dome”
that is in optical contact with the exit aperture of the LED combiner and a reflective mirror
surfaces. The two surfaces will couple two source wavefront WFi1 and WFi2 with two exit
wavefront WFo1 and WFo2 (see below). Before the 3D SMS calculation can be carried out,
a “seed” curve in space can be chosen as a free input parameter. One of the SMS surfaces
will start to “grow” from this curve. In the definition of the seed curve lays an important
degree of freedom: They can be obtained by a separate simpler 2D SMS calculation using
for example WFi1/WFo1 and a third pair of wavefronts WFi3/WFo3 (Figure II.8). The
outgoing wavefronts describe, in this example, the vertical extend of the projected source
(here the LED combiner exit surface) images. The two straight wavefronts as shown in
Figure II.8 project one source edge exactly to the horizon (WFo1) and the other source edge
to a fixed angle below the horizon. In a real headlight design wavefront WFo3 will be
curved to create a gradual vertical intensity fall off (compare Figure II.2) Although the 3D
SMS design does not make use of the third wavefront pair but for the seed curve
generation, it maintains the coupling of the third wave front pair in surface regions at least
in the vicinity of the seed curve, in most practical cases over the entire design.
The 3D SMS calculation has two pairs of wavefronts as input parameters, defined as 3D
surfaces and two optical path lengths between the two corresponding pairs of wavefronts.
In the shown XR design, two wavefronts are spherical surfaces (WFi1 and WFi2) emitted
from the two “horizontal” corners of the rectangular exit aperture of the LED combiner
light guide. They are representing the light distribution on the exit aperture of the light
guide, and altogether with the third input wavefront (the one used for the initial curve
design) they model the code on the exit of the light guide (in the case of the low beam
design,Figure II.7). The two corresponding outgoing wavefronts WFo1 and WFo2 are
chosen to prescribe the light emission. In the shown example those wavefronts are planar,
rotated by a small angle to the left and right from the optical axis respectively. With these
wavefronts the optical system would create a rectangular well defined image of fixed
angular extend. In the real low beam design, the outgoing wavefronts are derived from the
target intensity pattern and are complicated free from surfaces (not shown) that contain
detailed information on how the light will be emitted.
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Light guide exit
aperture

WFi3

WFi1

WFi2

Figure II.7 Schematic view of input wavefront position respect to the LED combiner exit aperture

The SMS calculation now couples WFi1 with WFo1 and WFi2 with WFo2, or, in other words,
ensures that all rays emitted from the edges of the light guide will leave the optical device
exactly as dictated by the two outgoing wavefronts. Strictly speaking, the SMS design
method only controls the light emitted by two, or partially a third point of the source.
However, in most practical cases, all other rays emitted by the source from non design
points behave “well” in the sense of not showing excessive pin hole image distortion. The
calculations are carried out by proprietary software. SMS points generated using the 4
design wavefronts from a point on the seed curve are called chains. The seed curve can be
sampled at as many points as desired to create many chains. The full design is eventually
defined by all the SMS points that can be interpolated by two 3D surfaces; one of them
contains the seed curve.
In the case of the low beam, a step-like feature in the light guide exit aperture is used to be
projected into the far field. Small images are directed to the hotspot and the larger ones to
create the pattern spread (Figure II.9). The gradient and the step depend on the sharpness
of corresponding features of the light guide. Those features are edges of the LED combiner
exit aperture. Simple calculations show that the required sharpness of those edges in a
mass produced plastic injected LED combiner/ lens is well within standard edge radii.
The important step in the SMS 3D design is the selection of the input and output
wavefronts. Since in this design input wavfronts describe the light distribution on the LED
combiner exit aperture, their selection is not difficult for both high and low beam. In the
case of output wavfronts for the high beam they have to describe a pattern that has a high
hotspot with an elliptical pattern around it. In the case of low beam this process is not that
simple.
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Figure II.8 Schematic design procedure for the XR SMS design. Left: 2D design to create seed
curve. Right: 3D design that creates SMS “chains” of points in space.

The far-field pattern is formed as superposition of all pinhole images of the combiner exit.
In order to achieve legal pattern after the SMS design of the system, had to be done the
redesign of the mirror. It was divided in three parts that had different role in pattern
formation. The lower part was in charge of wide spread of the beam while for the test
points in the center were in charge other two parts.
First was designed the whole SMS 3D design, both the POE and SOE, such to provide the
right part of the low beam pattern. Then have been redesigned the POE such to meet the
rest of the legal test points, while the SOE maintains the same for all the functions. Next
important part of the low beam was to meet the wide spread (±30º) that has low glare light
values above the horizon to avoid blinding oncoming traffic, so it could be the lower part
of the mirror that occupy a relatively small area. As the last step was done the redesign of
the half of the upper part to get the left part of the pattern.
The distribution of the areas have been optimized to be able to meet all test points and to
maintain upper part continuous (Figure II.9). In Appendix A can be found explained
process of wavefront selection.
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Upper right
POE part

Upper left
POE part

Reflector
Pinholes
Pinhole
images

Lower POE
part (wide
spread)
SOE

Lens

LED
Combiner

Screen at 25m
Combiner

Figure II.9 Schematic view of the far field creation with a free-form combiner/ XR. Some pin hole
images of different points on the reflector are shown

II.4

Analysis. Raytrace analysis

Two complete designs have been developed. One has been developed as a prototype in
order to prove the concept and has been done for poly methyl methacrylate (PMMA). In
this section the full analysis of high and low beam for both designs have been presented.
All the raytracing simulations have been done using the commercial software package
LucidShape [17].
For all raytraces next parameters were assumed:
o. 10 millions of rays without rays splitting
p. No surface roughness
q. Included Fresnel losses
r. Mirror reflectivity 97%
s. 15 LED in groups of 3 with 75 lm each LED
t. 90% cover glass transmission
u. 4.5% flux win over LED in air because of optical contact guide - LED
v. Uniform Lambertian source immersed in medium
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II.4.1 XR Prototype design
II.4.1.1

High beam prototype design

Figure II.10 Dimensions of HB prototype design (in mm)

For the high beam was used uniform Lambertian source of 1.0 x 1.3 mm2, immersed in
medium, while the rest of the parameters for the analysis was the same as for the rest of
designs. The simulated refractive index for the lens and combiner was 1.49.

II.4.1.1.1 Raytrace of full prototype HB design

Figure II.11 Full raytrace with 10M rays. Linear scale.

As can be seen in the Table II.2 the design is R122 street legal.
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Table II.2 R112 tests results

Regulation: ECE R112 class A headlamp upper beam
Name

Emax

Value OK

Min

Max

Test pos./area

Found pos.

[lx]

[lx]

[lx]

H,H/V,V [deg]

[deg]

119.9

OK

32.00

--

-0.1,-0.5

HV>80%Emax 116.2

OK

95.95

--

0,0

H2-H3

108.5

OK

16.00

--

-2.58,2.58/0,0

2.5,0.1

H1-H4

67.38

OK

4.00

--

-5.14,5.14/0,0

5.1,0.1

The light intensity distribution is OK

The hotspot is 75000 cd/ 120 lx (legal minimum: 32 lx). At 850 lm on the road the design
meets the specification of 750 lm. Efficiency is 75.5%.

II.4.1.1.2 Tolerance study
For the real world application of presented device is very important to know what its
tolerances are. For this purpose have been analyzed the behavior of HB device in the case
of misalignments between: LEDs and lightguide, lens and mirror and between different
modules.

 Misalignment between LEDs and lightguide
Considering misalignments in the lateral plane of the guide entry surface tolerance can be
set to +/-0.1 mm. Outside of this window the effect is overestimated since the model
assumes constant illuminance of source but real source has lower illuminance at edges
(Figure II.12). The maximum allowable gap fill with adhesive is +/-50 micron. A tilt of the
LED has the optical effect of increasing the LED to combiner gap at one of the edges. If
the same as above maximum gap size is allowed (50 microns) the angle tolerance for a
tilted LED is +/-2.5 deg.
Source 0.2mm

Nominal

Figure II.12 Raytraces of the design in the nominal position and with the source shifted 0.2 mm
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 Misalignment between Lens and Mirror
In the case of misalignment of the mirror respect to the lens, the tolerance can be set to +/1 mm in all 3 dimensions. At larger shifts the entire pattern shifts visibly and the efficiency
drops (Figure II.13). The angle tolerances of the mirror with respect to the lens are the
same as for the hole module i.e. +/- 0.5º vertically and +/-1º horizontally.

Mirror x=2mm

Figure II.13 Raytrace with large mirror offset

 Misalignment of modules with respect to each other
The hotspot of the High beam is approximately 1º tall and 2.5º wide. Therefore tolerances
up to +/- 0.5º vertically and +/-1º horizontally can be tolerated.
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II.4.1.2 Low beam prototype design

Figure II.14 Dimensions of LB prototype design (in mm)

For the low beam was used Uniform source of 1.1 x 1.2 mm (assuming that part of the
LED exit surface doesn’t carry much flux), immersed in medium, while the rest of the
parameters for the analysis was the same as for the rest of designs. The simulated refractive
index for the lens and combiner was 1.49.

II.4.1.2.1 Raytrace of full prototype LB design

Figure II.15 Full raytrace with 10M rays. Logarithmic Scale.

Figure II.16 Full raytrace with 10M rays. Munsell Formula
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Table II.3 R98 Tests Results (results marked with “??” don’t meet desired values)

Regulation : ECE R98 HID lower beam ES
Name

Value

OK

[lx]

Min

Max

Test pos./area

Found

[lx]

[lx]

H,H/V,V [deg]

pos.
[deg]

HV

0.53

OK

--

1.00

0,0

B 50L

0.00

OK

--

0.50

-3.43,0.57

75 R

36.89

OK

20.00

70.00

1.15,-0.57

50 L

18.45

OK

--

20.00

-3.45,-0.86

25 L1

25.87

OK

--

30.00

-3.43,-1.72

50 V

31.85

OK

12.00

50.00

0,-0.86

50 R

58.19

OK

20.00

70.00

1.72,-0.86

25 L2

11.10

OK

4.00

50.00

-9,-1.72

25 R1

27.26

OK

4.00

70.00

9,-1.72

25 L3

8.59

OK

2.00

50.00

-15,-1.72

25 R2

18.25

OK

2.00

70.00

15,-1.72

15 L

7.69

OK

1.00

50.00

-20,-2.86

15 R

7.88

OK

1.00

70.00

20,-2.86

P 14

0.00

??

0.10

1.00

-8,4

P 15

0.00

??

0.10

1.00

0,4

P 16

0.00

??

0.10

1.00

8,4

P 17

0.00

??

0.20

1.00

-4,2

P 18

0.00

??

0.20

1.00

0,2

P 19

0.00

??

0.20

1.00

4,2

P 20

0.01

??

0.20

1.00

-8,2

P 21

0.01

??

0.20

1.00

-4,0

Segm.I

14.86

OK

6.00

--

-5.16,5.16 / -0.86,-0.86

-5.1,-0.9

Segm.II

0.09

OK

--

6.00

3.2,9/1,1

8.1,1.1

Segm.III 12.97

OK

--

20.00

-9.5,8.5/-4.3,-4.3

2.9,-4.3

Emax R

67.41

OK

--

70.00

0,90/-1.72,0

3.5,-0.9

Emax L

37.91

OK

--

50.00

-90,0/-5,0

0.1,-1.5
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From the Table II.3 can be seen that all stray light points above the horizon are failed. It is
expected that the design in a real mock-up will produce stray light because of surface
imperfections. If this light is insufficient, small design changes will easily produce the
needed glare light.
The most critical points are:
w. HV: This point is difficult to meet because it is very close to very high
intensities. Although the current design has only half the light from the
allowed maximum, small shifts and imperfections may influence this point.
x. 50L: Our design is close to the maximum value.
y. Segm II: Although this raytrace shows almost no light at this point, a very
slight shift upward of the pattern will exceed this test point.
z. Emax R: We almost reach the maximum allowed intensity.
All other test points are met with good margin.
Apart of the R98 requirements, it was necessary to meet additional conditions of
manufacturer. They can be seen in the Table II.4.
Table II.4 SVS Specifications (results marked with “??” don’t meet desired values)

Test point

Lx at 25m

H angle

V angle

Value

OK

75 RR

25..35

3.43

-0.57

46.3

??

75 R

>48

1.14

-0.57

36.89

??

75 L

2..12

-3.43

-0.57

7.11

OK

50 R

>55

1.72

-0.86

58.19

OK

50 V

>40

0.00

-0.86

31.85

??

B 50 L

<0.4

-3.43

0.57

0

OK

25 R (25R1)

>22

9.00

-1.72

27.26

OK

25 R2

>8

15.00

-1.72

18.25

OK

25 L1

18..30

-3.43

-1.72

25.9

OK

25 L (25L2)

>18

-9.00

-1.72

11.1

??

25 L3

>0.7

-15.00

-1.72

8.59

OK

15 R

>5

20.00

-2.86

7.88

OK

15 L

>4.5

-20.00

-2.86

7.69

OK

10 RR

>1

30.00

-4.29

0.625

??

10 LL

>1

-30.00

-4.29

1.17

OK

10 V

4..20

0.00

-4.29

12.7

OK
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Failed test points:
aa. 75RR defines a horizontally narrow hotspot that we were unable to reach
taking into account the large LED size.
bb. 75 R has not been reached because of the large LED source
cc. 50V: The legal value is only 12 lx. This is “adjacent” to point 0,0 were only
0.7 lx are allowed. This value is too stringed.
dd. 25L: The total flux of the lamp is much lower than an HID. Therefore is has
not been possible to meet the illuminance value at 9 deg left.
ee. 10 RR: Same as 25 L. The pattern does have +/- 30 deg spread.
The pattern has the following characteristics:
ff. Wide HID like spread
gg. Very low glare values
hh. Perfect cutoff
ii. Good shoulder/ step
jj. Rising cutoff on the right may not be wanted.
kk. Homogenous pattern
ll. Hotspot vertically small and close to horizon (only 0.9 deg down)
mm. Very low foreground light.

II.4.1.2.2 Tolerance Study
For all raytrace conduced for this study 1M rays have been used. Especially at points of
low intensity this introduces some unavoidable noise. Because of the high numbers of
raytraces (in total about 50) higher ray numbers would have been too time consuming.
Only critical R98 legal test points, as well as hotspot, efficiency and gradient are used to
evaluate the effects of misalignments on the optical performance.
Apart of analysis that have been done for the high beam design, was checked the influence
of the small source, i.e. the effect of extreme non uniform illuminance of the LED or of a
smaller LED (like the Osram O-star).
The coordinate system used is: z: driving direction, x: left, y: up

 Small source
For this analysis instead of the 1.1 x 1.2 mm source the design has been traced with a 0.9 x
0.9 source centered in the light guide entrance aperture.
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The pattern with a small source shows some non uniformity due to the fact that the light
guide is not filled completely (Figure II.17 and Figure II.18). The design however was not
done for this small source.

Figure II.17 Cut through vertical distribution at 2.5 deg left: Gradient position and value stays
unchanged. Gradient value: 0.62

Figure II.18 Raytrace in Munsell representation.

 Misalignment between LEDs and lightguide
The LEDs have to be in optical contact with the light guide. Have been investigated
misalignments parallel to the light guide entrance surface: “x” (sideways) and “y” (up/
down) and a distance “d” between the LED and the guide. It was assumed that all 15
LED’s are offset into the same direction (worst case).
For all tested lateral movements the design stays legal, but the efficiency drops about 5%
for 100 micron and 10% for 200 micron offset, what is expected since the size of the LED
is the same as the light guide aperture. Therefore the LED to light guide tolerance shall not
exceed +/-100 microns.
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Table II.5 Overview about critical test points and parameters. Non legal points are marked red.

Hotspot

Efficiency

[lx]

[%]

Nominal

67.41

69.4

yz -0.2

64.5

yz -0.1

Gradient

HV

50L

Segm.

[lx]

[lx]

[lx]

0.59

0.533

18.45

0.09

59.2

0.59

0.33

15.8

0.92

69.47

64.5

0.87

0.39

16.17

0.79

yz 0.1

65.8

64.2

0.7.

0.26

16.75

0.79

yz 0.2

58.36

58.8

0.68

0.26

16.34

1.18

x -0.2

65.06

58.5

0.54

0.2

17.29

0.79

x -0.1

68.85

64.7

0.46

16.87

1.18

x 0.1

69.08

65.4

0.2

17.69

1.31

x 0.2

62.14

59

0.26

14.59

0.66

Minimum

55

Maximum

70

1

20

6

0.58

II

Figure II.19 Efficiency and vertical intensity cut at 2.5 deg left for all traced offsets. “yz -0.2” means
LEDs offset by 0.2 mm in the direction down with respect to the light guide.

To simulate offset between LED and guide, gaps of various sizes, filled by an index
matched media were introduced between them. Extend of this media is larger than the LED
combiner entry surface to mimic a film of adhesive brought onto the LED (Figure II.20).
This study does not include wetting of the side walls of the combiner.
For offsets up to 200 microns the LB stays legal including the gradient position and value.
For large offsets the light pattern degrades (dark areas, guide is not completely filled,
Figure II.21). As for the lateral movements, the efficiency drops strongly with offsets: 6%
of the light is lost for 50 micron offset, and with this set the maximum allowed gap fill

45

Aleksandra Cvetković
with adhesive is 50 microns (Figure II.20). A tilt of the LED has the optical effect of
increasing the LED to combiner gap at one of the edges. If the same as above maximum
gap size is allowed (50 microns) the angle tolerance for a tilted LED is +/-2.5 deg.
Table II.6 Overview about critical test points and parameters. Non legal points are marked red.

Hotspot [lx]

Efficiency [%]

Gradient

HV[lx]

50L[lx]

Segm. II [lx]

Nominal

67.41

69.4

0.59

0.533

18.45

0.09

0.05

66.93

63.3

0.68

0.56

17.88

0.26

0.1

63.4

59.3

0.78

0.33

14.23

0.26

0.2

59.61

53

0.53

0.26

13.18

0.26

Figure II.20 Schematic view with offset LED (coupling layer), drop in efficiency and hotspot for
different offsets

Figure II.21 Degraded pattern (dark vertical lines) at 200 micron offset due to phase space
“underfilling” of LED combiner

 Misalignment between Lens and Mirror
The mirror has been moved with respect to the lens/ combiner in x, y, and z. The analysis
show next:
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nn. The x direction has the smallest impact, the z direction is the most critical
(changing the distance between the lens and the mirror)
oo. The hotspot (although in many cases to high, this will be lower in reality
anyway), the efficiency and the gradient value are almost unaffected
pp. In extreme positions the design starts to fail the HV point and the 50L points
(Figure II.22).
qq. The Segm II fails in some positions - as mentioned above this test point is
very close to the rising cutoff on the right hand side.
rr. The different mirror positions influence the position of the cutoff. Per 0.25
mm offset in the z direction the cut off position shifts almost 0.2 deg.
If random offsets, centered on the nominal positions are assumed, the averages of all
simulated offsets can be used to evaluate how the performance of a full headlamp would be
with all the 5 modules having a different random mirror offset within a fixed range.
From this the maximum allowable offset is derived as: x: +/-0.5 mm, y: +/-0.5 mm, z: +/0.25 mm. The angle tolerances of the mirror with respect to the lens are the same as for the
whole module (+/- 0.2 deg vertical, +/- 0.4 deg horizontal, see below). For this offset
values the average test points remain within the legal limits. The gradient lowers but stays
high (Figure II.23)
Table II.7 Overview about critical test points and parameters. Non legal points are marked red. Blue
numbers: Average value for random offsets in given ranges.

Hotspot

Efficiency

[lx]

[%]

Nominal

67.41

69.4

x -1

71.89

66.8

x -0.5

72.29

67.5

x -0.25

69.72

x 0.25

Gradient

HV

50L [lx]

[lx]
0.59

Segm.
[lx]

0.533

18.45

0.09

0.13

13.86

6.74

0.47

16.25

6.07

67.9

0.39

17.83

5.54

75.26

68

0.47

19.34

2.29

x 0.5

71.49

68.2

1.21

19.41

2.16

x1

72.03

68.2

1.89

20.42

3.51

Average x -0.5,0.5

67.68

0.53

17.34

4.56

y -0.5

68.79

68.1

0.00

12.75

1.48

y -0.25

69.87

68

0.07

16.23

2.29

y 0.25

72.83

67.7

0.94

21.47

9.58

0.61

0.57

0.75
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y 0.5

73.78

67.6

0.53

1.35

20.86

14.84

Average y -0.5,0.5

67.94

0.59

17.83

7.05

z -0.5

74.6

67.9

0.00

3.37

0.13

z -0.25

75.94

67.8

0.00

11.31

0.13

z -0.1

72.56

67.8

0.07

17.11

0.27

z 0.1

71.22

67.8

0.81

20.41

14.03

z 0.25

72.29

67.8

1.82

21.37

26.30

z 0.5

70.8

67.8

4.45

22.03

34.66

0.68

17.55

10.18

1

20

6

Average z -0.25,0.25
Minimum

67.82

0.94

0.55

0.87

55

Maximum 70

Figure II.22 HV points for all tested offsets. (Legal max: 1lx). Red bars: All mirrors offset into the
same direction, Blue bars: Average value for random offsets in given ranges.

Figure II.23 Vertical intensity cut at 2.5 deg left for some traced offsets. Note that the z direction
influences the gradient position much more than x and y.
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 Misalignment of modules with respect to each other
If the full HL is aimed precisely to the horizon it can be assumed that the angle offsets of
each module (consisting of LEDs, lightguide and combiner and mirror) are defined as
rotations around the nominal position. Also have been investigated vertical and horizontal
shifts of full modules. In each case it is assumed each module points into a different
direction within the tolerance ranges i.e. module 1: -0.2º, module 2: -0.1º, module 3: 0º,
module 4: 0.1º and module 5: 0.2º.
Results can be summarized as:
ss. Vertical shifts degrade the gradient. At a tolerance of +/-0.4º, the vertical
distribution changes visibly
tt. For both horizontal and vertical shifts the Segment II test points are failed.
This is a weak point of this prototype design.
uu. Ignoring these points, the angle tolerances can be set as:
vv. Vertical: +/- 0.2 deg
ww. Horizontal: +/- 0.4 deg.
Over the mirror height of 75 mm an angle of 0.2 deg equals a shift of the top against the
bottom mirror edge by 0.26 mm.
Table II.8 Overview about critical test points and parameters. Non legal points are marked red.

Hotspot [lx]

Efficiency [%]

Gradient

HV[lx]

50L[lx]

Segm. II [lx]

Nominal

67.41

69.4

0.59

0.533

18.45

0.09

V -0.1,0.1

65.92

69.4

0.67

0.70

17.48

13.75

V -0.2,0.2

65.43

69.4

0.50

0.88

17.18

19.63

V -0.4,0.4

62.49

69.4

0.48

1.95

15.51

17.54

H-0.2,0.2

65.81

69.4

0.59

0.69

18.45

26.33

H-0.4,0.4

65.62

69.4

0.59

0.81

18.47

25.55

H-0.6,0.6

65.54

69.4

0.59

1.07

18.42

24.69

Minimum

55

Maximum

70

1

20

6
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Figure II.24 Vertical intensity cut at 2.5 deg left for some traced vertical offsets and gradient values.

II.5

Demonstrator prototype

Based on prototype design a demonstrating prototype has been fabricated to prove the
proper function of the design. In this section it’s going to be presented the geometrical and
optical characteristics of first produced prototype.

II.5.1 High beam prototype
The high beam prototype was mounted with parts produced by LPI and fitted with a 3 Ostar LED board (courtesy of Osram). The LED combiner was injected at LPI facilities with
a prototype mold for PMMA. The mirror (free from surface) was manufactured by single
point diamond turning from Al, nickel plated. To increase reflectivity, the surface was Al
plated.
The LED boards consist of 3 Ostar chips situated as defined by LPI on the PCB (metal
core) by Osram. The total flux of the 3 LEDs is 75 lm at 350 mA.
Mirror (before Al plating)

LED combiner

LED Ostar
board

Figure II.25 Parts of high beam: LED combiner (left), LED Ostar board (center) and mirror (right)
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Figure II.26 Full prototype mounted

II.5.1.1

Geometrical analysis of LED combiner/LED board

The PMMA injected lens/combiner part has been measured. It shows no great difference
from the original design. For the leg length the differences is less then 10 microns. Leg
spacing distance at coupling surface is 4.8 mm ± 80 microns (4.8 mm nominal) and leg
parallelism on a straight line is ±30 microns. LED placing is precise to ±30 microns

Figure II.27 LED Combiner, lit with Osram LED board
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II.5.1.2

Optical analysis of prototype

As already mentioned, optical measurements of high beam have been done with 3 LEDs
board that in total were emitting 75 lm. The reflectivity of the mirror was 90%, instead of
simulated 97%.
Measurement of the single module has been done with calibrated lux meter and measured
intensity was 5435 cd. Since the conditions weren’t the same as simulated, this values has
to be multiplied with factor: 15 (number of LEDs of 75lm) x 1.08 (mirror reflectivity) x 0.9
(cover transmission), what gives us a value of estimated hotspot intensity for full HB
function of 79242 cd = 127 lx.

Figure II.28 Overexposed image of the prototype pattern shone on a wall

The measured pattern was obtained with an uncalibrated far field measuring setup. The
hotspot is higher (127 lux) than the theoretical hotspot (120 lx) as obtained from the
simulations. This is due to the fact that the used LED is smaller than the simulated LED
but scaled to the same theoretical flux (Figure II.29).

Figure II.29 Simulated and measured pattern
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Measured efficiency was 62.1%, comparing with the simulated of 75%. This value
decreases to 48% measured efficiency taking into account that the Osram LED is supposed
to win 30% by coupling to its flat exit surface. We assume that the coupling efficiency is
not perfect. (Figure II.30)

Figure II.30 Simulated pattern (left) and measured (right) pattern

II.5.2 Low beam prototype

Figure II.31 LED combiner Segmented Mirror

The low beam prototype was mounted with parts produced by LPI. First tests were
conductedwith a 3 O-star LED board (courtesy of Osram). The final prototype used an
LED board produced within the ISLE project. The LED combiner was injected at LPI
facilities with a prototype mold for PMMA. The mirror (segmented freeform surface) was
manufactured by diamond turning from Ni plated Al. To increase reflectivity, the surface
was Al plated.
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Figure II.32 Full prototype, mounted

Figure II.33 Left: LED Combiner, lit. Right: with ISLE LED board.

The LED boards consist of 3 “ISLE” LEDs on a PCB (metal core). The boards provided
for the prototype did not have the correct distance between the LEDs (they were LB series
boards). It was cut in three parts (courtesy of Rafael Jordan/ IZM) and located on the
holder to fit the position of the combiner legs. This process did not provide the desired
precision of placement but is functional. The total flux of the 3 LEDs was not provided so
no absolute measurements were taken.
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II.5.2.1

Optical analysis of prototype

Figure II.34 Image of the prototype pattern shone on a wall

All basic features of the pattern are well visible. Several vertical dark streaks are visible
due to misplacement of the LEDs and coupling problems. For all following results the
measured light distribution was scaled to 700 lm, 10% less then the predicted flux from the
raytrace.

Figure II.35 Bottom: Simulated pattern, Top: Measured pattern scaled to 700 lm

The prototype has more glare above the horizon than the simulation. This is due to the
conical side surface of the LEDs combiner that was defined to be rough but is quite smooth
in the prototype. This creates TIR of that surface that shows up above the horizon in the far
field pattern.
The horizontal spread is smaller to the right because the measurement equipment was
blocking some light at the right. In reality the pattern has the prescribed horizontal spread.
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The efficiency measurement hasn’t been possible. With the scaling the hotspot was
measured to be 35.3 kcd (42.1 kcd in the simulation). In the table below can be seen
measured values of test points in the scaled measured pattern.
Table II.9 Light distribution
Regulation : ECE R98 HID lower beam ES
Name

Value

OK Min

[lx]

Max

Test pos./area

Found pos.

[lx]

[lx]

H,H/V,V [deg]

[deg]

HV

2.22

??

--

1.00

0,0

B 50L

0.67

??

--

0.50

-3.43,0.57

75 R

21.65

OK 20.00

70.00

1.15,-0.57

50 L

9.95

OK --

20.00

-3.45,-0.86

25 L1

22.85

OK --

30.00

-3.43,-1.72

50 V

21.93

OK 12.00

50.00

0,-0.86

50 R

38.78

OK 20.00

70.00

1.72,-0.86

25 L2

5.96

OK 4.00

50.00

-9,-1.72

25 R1

26.83

OK 4.00

70.00

9,-1.72

25 L3

5.40

OK 2.00

50.00

-15,-1.72

25 R2

18.27

OK 2.00

70.00

15,-1.72

15 L

8.30

OK 1.00

50.00

-20,-2.86

15 R

6.35

OK 1.00

70.00

20,-2.86

P 14

0.48

OK 0.10

1.00

-8,4

P 15

0.82

OK 0.10

1.00

0,4

P 16

0.81

OK 0.10

1.00

8,4

P 17

0.57

OK 0.20

1.00

-4,2

P 18

0.76

OK 0.20

1.00

0,2

P 19

0.97

OK 0.20

1.00

4,2

P 20

0.59

OK 0.20

1.00

-8,2

P 21

0.96

OK 0.20

1.00

-4,0

Segm.I

6.67

OK 6.00

--

-5.16,5.16 / -0.86,-0.86

-5.1,-0.9

Segm.II

13.79

??

6.00

3.2,9/1,1

8.1,1.1

Segm.III

15.01

OK --

20.00

-9.5,8.5/-4.3,-4.3

2.9,-4.3

Emax R

59.16

OK --

70.00

0,90/-1.72,0

3.5,-0.9

Emax L

42.85

OK --

50.00

-90,0/-5,0

0.1,-1.5

--
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II.6

Conclusions

In the last decade bright white LEDs started to replace most conventional light sources.
This is for their superior light quality, unsurpassed lifetime, compactness, and drastically
reduced power consumption.
Here was presented a combination of two potent non-imaging design methods to create a
new optical architecture that is viable for many applications, in this case for an automotive
headlamp. The two basic building blocks are a monolithic lightguide with a freeform exit
surface, called an LED combiner, and a freeform mirror (see Figure II.3). The LED
combiner was designed using the flow-line method, while the exit surface and the mirror
were designed by the simultaneous multiple surface (SMS) method in three dimensions.
The presented LED combiner features color and flux mixing of several LEDs to form a
secondary source with defined parameters. Simulated and measured results confirm that
the high efficiency and etendue conserving properties of this concept make is applicable to
many high luminance LED design concepts where good uniformity and high intensities are
required. The presented XR SMS design uses such a LED combiner to create an LED
headlamp with a high quality light distribution and a very sharp cut-off tolerant to LED to
optics misalignments and illuminance variations across the LED surfaces. Legal ECE low
and high beam designs with >75% total optical efficiency respectively (without cover lens)
and patterns similar to HID headlights have been achieved. Very high hotspots, low glare
values, a sharp cut-off and wide beam spread make this headlight an extremely save and
comfortable lighting device. The presented design uses a loss free concept to create the
gradient and cut-off by imaging features of the optics itself to form the low beam patterns.
The design is tolerant to typical LED placing errors and LED illuminance characteristics.
Table II.10 XR headlamp performance summary

Low Beam
High Beam

Lit
aperture
size per mirror
[mm^2]
33 x 60
40 x 74

Efficiency
[%]
76
82

Flux on the
road
[lm]
860
915

Hotspot
Intensity
[kcd]
44
82

Full aperture
per function
[cm^2]
100
148

It has been demonstrated that the architecture described here—which consists of a group of
flat top-emitting LEDs, a combining optic, and two freeform surfaces—is versatile and
very efficient. It preserves the etendue, tolerates misalignments, and handles luminance
variations across the chip surfaces. It also handles color and flux mixing of several LEDs.
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Although in the present there are some commercial full LED automotive headlamps, the
design presented here was one of the pioneers in the field. Also was proven that the
SMS3D family devices introduce numerous advantages over conventional configurations,
such as efficiency, control of light and compactness.

II.7

Appendix A: Selection of the output
congruences

For exit wavefronts, it is usually interesting to define the output control congruences at a
reference plane. In practice, this plane will be close to the exit aperture of the system
(which, in general, will not be exactly defined by a exit aperture contour). Without loss of
generality, consider that the plane z=0 is taken as a reference plane Πo to define any of the
normal congruences of the design, which will be referred to as Wo. We will consider the
case in which for every point (x,y) of the reference plane there is only a single ray of the
normal

congruence

passing

though

it,

whose

directional

unit

vector

is

v = ⎡ p, q, + 1 − p 2 − q 2 ⎤ . The selection of the positive sign of the square root assumes that
⎣
⎦
all the rays will travel toward nonnegative z values. Then, each ray is univocally
determined by the pair v⊥ = ( p, q ) , which is the projection of v on the p-q plane.
As the ray set is a normal congruence, and taking x and y as parameters of this
bidimensional bundle, the Malus- Dupin theorem [18] states that v fulfills:
rx ⋅ v y − ry ⋅ v x = px − q y = 0 ,

(2.8)

where r = ( x, y, 0 ) . Since p y = qx , there exists a potential function lo(x,y) such that
lo , x = p

lo , y = q

(2.9)

The function lo(x,y) is specifically the eikonal function particularized at the reference plane.
Assume now that a light source is defined and that the intensity distribution I(p,q) to be
produced at the exit of the optical system is prescribed. Assuming that all the rays exit the
optical system with approximately the same luminance L, the function I(p,q) can be
expressed as an integral over the reference plane as
I ( p, q ) = L

∫∫ dxdy

(2.10)

R ( p ,q )
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where R(p,q) is the region of the reference plane formed by the points (x,y) through which
a ray with direction v⊥ = ( p, q ) exits the optical system. Dually, the exiting rays passing
through a point (x,y) of the reference plane describe a region S(x,y) of the p-q plane. In the
automotive application framework, this region is usually called ‘‘projected source image’’
(or pinhole image of point (x,y)).
Thus, the intensity pattern in Eq.(2.10) can be seen as the superposition of the regions
S(x,y) on the p-q plane when the point (x,y) varies along the exit aperture. In the SMS3D
design method with two surfaces, we can control totally two normal congruences of the
rays, and, by means of the seed rib, partially a third one. For this section, we assume that
the control over the third congruence is good.
Even with the full control of the three two-parametric congruences of rays, it may seem
that the full control of the trajectories of only three point sources of the 3-D source is a
poor control. However, in many practical designs, there is an approximate lineal
dependence of the direction of the rays at a point of the exit reference plane with the spatial
coordinates of the emission point of that ray on the source. If this approximation is
accurate, then all the rays generated at the source can be accurately controlled with the
three design wavefronts, as shown next. This approximation level is detailed in [16] and is
referred to as the source projection linear approximation. The conventional small-source
approximation is found as a particular case (i.e., further approximated) of the source
projection linear approximation [16].
To illustrate this source projection linear approximation, let us proceed with the example in
which the light source is a rectangle of homogeneous illuminance and Lambertian
emission. The source projection linear approximation implies that an approximated linear
mapping exists between the aforementioned region S(x,y) and the source. Let us consider
the four normal congruences defined by the rays emitted from the four rectangle corners,
r1 , r2 , r3 and r4 , which at the exit of the optical system are labeled as Wo1 , Wo2 , Wo3 , and
Wo4 . Due to the source projection linear approximation, Wo4 can be calculated from
wavefronts Wo1 , Wo2 , and Wo3 as follows. Since in the rectangular source r4 = r2 + r3 − r1 ,
from [16], we get
lo 4 ( x, y ) = lo 2 ( x, y ) + lo 3 ( x, y ) − lo1 ( x, y )

(2.11)

Then, the interdependence among Wo1, Wo2, Wo3, and Wo4 implies that the aforementioned
region S(x,y) is a parallelogram in the p-q plane in the framework of the source projection
linear approximation, which is fully determined by three corner positions.
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There are 3 unknown functions (the 3 optical path length function lo1(x,y), lo2(x,y) and
lo3(x,y) of the design wavefronts), which can be controlled by design. Equivalently, we can
consider as unknown functions lo1(x,y), d21(x,y) = lo2(x,y) - lo1(x,y) and d31(x,y) = lo3(x,y) lo1(x,y). We will present here one solution for the inverse problem (i.e. finding the design
wavefronts of the SMS method that produce a given prescribed pattern) when d21 and d31
are prescribed (although not with respect the x-y variables, as seen below), and the only
unknown function is lo1.
Let us consider the mapping between the x-y coordinates at the exit reference plane Πo and
p-q plane created by the rays of Wo1, i.e, by the functions:
p1 = p1 ( x, y ) q1 = q1 ( x, y )

(2.12)

Assume also that the functions Eq (2.12) can be inverted as:
x = x ( p1 , q1 ) y = y ( p1 , q1 )

(2.13)

Thus, this mapping defines a change of variables for the integral Eq (2.10). The function
I(p,q) can then be expressed as:
I ( p, q ) = L

| J ( p1 , q1 ) | dp1dq1

∫∫

(2.14)

1 − p12 − q12

S1 ( p , q )

where S1(p,q) is the region of the p1-q1 plane defined by:
S1 ( p, q ) =

{( p , q ) / ( p, q ) ∈ S ( x ( p , q ) , y ( p , q ) )}
1

1

1

1

1

1

(2.15)

and the Jacobian is:
J ( p1 , q1 ) = x p1 ( p1 , q1 ) y q1 ( p1 , q1 ) − x q1 ( p1 , q1 ) y p1 ( p1 , q1 )

(2.16)

Note that since Wo1 is a normal congruence, Eq (2.8) is fulfilled for p1 and q1, and by the
inversion, it is also fulfilled that xq = yp in Eq (2.16). Note also that because of the
assumption that the mapping is invertible, the Jacobian J(p1,q1) does never vanish, and thus
the absolute value will lead to two families of solutions.
Then, if we define the function:
⎧1 if ( p1 , q1 ) ∈ S1 ( p, q )
K ( p, q, p1 , q1 ) = ⎨
⎩0 if ( p1 , q1 ) ∉ S1 ( p, q )

(2.17)

we can rewrite Eq (2.14) as:
± I ( p, q ) = L

∫∫ K ( p, q, p , q ) J ( p , q )dp dq
1

1

1

1

1

p12 + q12 ≤1
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In order to solve Eq (2.18) let us prescribe the function K. According to Eq. (2.17) and Eq.
(2.15), this is equivalent to prescribe the region S(x(p1,q1),y(p1,q1)) as a function of p1 and
q1.
In the abovementioned example of the Lambertian rectangular source, the region
S(x(p1,q1),y(p1,q1)) will be given by a parallelogram defined by the position of one corner
at (p1,q1) and by the two adjacent corner positions (p2,q2) and (p3,q3) relative to (p1,q1).
Since (p2,q2) and (p3,q3) must define also a normal congruence (i.e., pk,y = qk,x), these
corners can be prescribed as:

( p2 , q2 ) = ( p1 , q1 ) + (a2 p1 + b2 , a2 q1 + c2 )
( p3 , q3 ) = ( p1 , q1 ) + (a3 p1 + b3 , a3q1 + c3 )

(2.19)

where ak, bk and ck are the constants to select.
Thus, since K is known (what proceeds from the selection of the region
S(x(p1,q1),y(p1,q1))), Eq (2.18) can be identified as a two-dimensional Fredholm integral
equation of the first kind, with Kernel K and unknown function J(p1,q1). The solution
J(p1,q1)= ±f(p1,q1) to this integral equation, if exists, should be found with the standard
associated numerical techniques [19].
A particular case of this solution is obtained when a2=a3=0, i.e. when the region S(x,y) is a
parallelogram that remains invariant along the aperture. In this case, the kernel will be an
invariant function (K(p,q,p1,q1)=K(p-p1,q-q1)) and the solution Fredholm integral equation
can be found by deconvolution:
⎛ F ( I ( p, q)) ⎞
⎟⎟
f ( p, q) = F −1 ⎜⎜
⎝ F ( K ( p, q)) ⎠

(2.20)

where F denotes the Fourier transform operator. The solution is valid if f(p,q) is real and its
non-negative (or non-positive). Otherwise, there is no invariant solution to the inverse
problem. Then, from (2.16):
x p1 ( p1 , q1 ) y q1 ( p1 , q1 ) − xq1 ( p1 , q1 ) y p1 ( p1 , q1 ) = ± f ( p1, q1 )

(2.21)

Dually, this equation can be again written in the x-y independent variables using the
transformation of Eq (2.12)
p1, x q1, y − p1, y q1, x = ±

1
,
f ( p1, q1 )

(2.22)

and using lo1(x,y) associated to the congruence Wo1:
lo1, xx lo1, yy − lo21, xy = ±

1
f (lo1, x , lo1, y )

(2.23)
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This differential equation is a standard Monge-Ampere equation, which can be solved by
numerical discretization and creating a succession of polyhedra [20]. Once lo1(x,y) is
known, lo2(x,y) and lo3(x,y) can be obtained by integration of Eq (2.19). Then, the SMS
design with these normal congruences can be carried out and, if the source projection
linear approximation is accurate and the seed-rib control is effective, it will produce the
prescribed pattern.
For each one of two signs in Eq (2.23) the solution is unique if the contour of the input and
output wavefronts Wi1 and Wo1 are also prescribed and if the orientation of the mapping
between the two contours were given. Since the exit contour of SMS3D device is not
known in advance, the contour of the exit Wo1 must be adjusted iteratively.
Besides these additional prescriptions for guaranteeing uniqueness, if we eliminate the
imposed restriction that the mapping Eq (2.12) is invertible, the solutions are not further
unique and an infinity of solutions appear. For instance, it is possible to prescribe a portion
of the optical device with the pattern Ibg(p,q) that fulfills I bg ( p, q ) ≤ I ( p, q ) for all (p,q).
After calculating Ibg(p,q) (for example, by ray tracing), the design problem will consist of
designing the rest of the device to produce the remaining intensity I(p,q)-Ibg(p,q).
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Chapter III Design of free-form
XR optics for photovoltaic
concentrator

III.1 Introduction
In this chapter is going to be presented one of the numerous applications of SMS 3D [1]
design, the free-form XR photovoltaic concentrator. As the whole family of the XR, this
concentrator also consists of one reflective and one refractive surface. It is very compact
design that works near thermodynamical limit of concentration (i.e. it has high
concentration and high acceptance angle).[2][3]
The design of photovoltaic concentrators introduces a very specific optical design problem,
with features that make it different from any other optical design. It has to be efficient,
suitable for mass production, capable for high concentration (for high cell cost not smaller
then 1000x), insensitive to manufacturing and mounting inaccuracies, and capable to
provide uniform illumination of the cell.
When high concentration is needed (500-1,000x), as occurs in the case of high efficiency
multijuction cells, it is likely that it will be crucial for commercial success at the system
level to achieve such concentration with a sufficient acceptance angle. This allows
tolerance in mass production of all components, relaxes the module assembling and system
installation, and decreasing the costs of the structural elements. Since the main objective of
concentration is to make solar energy inexpensive, there can be used only a few surfaces.
Decreasing the number of the elements and achieving high acceptance angle, can be
relaxed optical and mechanical requirements, such as accuracy of the optical surfaces
profiles, the module assembling, the installation, the supporting structure, etc.
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III.2 XR optical design
The XR is suitable for the concentrating photovoltaic application since it is proven to be
the design that is capable of accomplishing all the previously mentioned conditions. In this
part is going to be described the design procedure for the specific application.
From the name of the device it can be concluded that the rays coming from the sun hit the
mirror surface (X) and being reflected towards the lens (R) where they are being refracted
towards the receiver. The cell is optically adhered to the end of the short transparent rod,
preferably glass, which can be molded in one piece with the free-form lens. The rod may
be mirror coated in a secondary operation so that wider-angle rays that enter the rod but
would miss the photovoltaic cell are reflected onto the cell (Figure III.1). [1]
Alternatively, the rod may reflect by total internal reflection (TIR), alone or in combination
with a separate reflector separated from the rod by a narrow air (or low-index dielectric)
gap. A rod of suitable length can defocus the reflected rays away from the solar image
formed by direct rays. The rod is just long enough to produce a desired degree of
defocusing, as it is going to be shown later. As shown in the Figure III.2, TIR at point T is
possible for any ray beyond the critical angle θc=sin-1(1/n) (where n is refractive index of
the secondary lens), that limits how close to surface normal the interior rays can hit the
rod’s sides and not escape. For a rod with sides with draft angle γ (as shown in Figure
III.2) and when the angle of incidence is θ=θc then the angle β (the angle that incoming
rays enter to the rod) is β= 90º−β−γ. [4]
Homogenizing rod
Solar
cell

Free-form
lens

Free-form
mirror

Figure III.1 Free-form XR with homogenizing rod
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γ
Receiver
θ
Homogenizing
rod

T

β
SOE

Incoming ray

Figure III.2 Free-form lens with homogenizing rod

This prism is a well known homogenizing device in Nonimaging optics and is based on the
same principle as the kaleidoscope. Homogenizing rods are commonly used in CPV
system [5][4][6][7][8][9][11] but their length is usually much longer than the cell size
(typically 4-5 times) while in the XR the rod can be much shorter (from 0.5 to 1 times the
cell size). The sufficiently good homogenization in a short length is possible because the
illumination angle of the cell in the XR is very wide.
The design procedure can be divided into four stages:
1) defining the system parameters
2) defining the input SMS 3D data
3) designing the initial curve, and
4) designing the two SMS 3D free-form surfaces.

Following the algorithm, we can select the input parameters (Figure III.3) to calculate the
XR concentrator[1]:
o the secondary lens refraction index n;
o the inclination angle θ of the receiver with respect to the x-y plane (positive

as shown in Figure III.3;
o an initial point P0 = (0, yP0, zP0) on the mirror, and the nomal vector N0 to

the mirror at P0, in this example parallel to plane x=0;
o the y-coordinate YS0 of a point S0 on the lens;
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o the rod input aperture length, which is segment PQ;
o the acceptance angle α, which is determined by the etendue conservation

law assuming that the span of the mirror on the y-dimension is
approximately yp0-ys0, so α= arcsin (n(yp0-yso)sin(β)/|PQ|); and
o a factor b<l, which may be useful to adjust the density of calculated points,

as explained below.

Figure III.3 Input parameters

Once, the general parameters have been selected, the additional data that are needed for
SMS 3D design can be defined (Figure III.4)[1]:
o The input and output wavefronts WFil and WFol are specified. Input wavefronts simulate

the sun radiation while the output are representing how the cell is being illuminated.
Though, WFil is a flat wavefront whose rays point in the direction vi’ = (p’, q’, -(1-p’2q’2)l/2), with (p’,q’)=(+b sin(α),+ b sin(α)). WFo1 is a spherical wavefront centered at
the point (x,y,z)=(b|PQ|/2, b cos θ |PQ|/2, b sin θ |PQ|/2).
o The optical path length L1 between wavefronts WFil and WFo1 is calculated using the

condition that the ray of WFil impinging on P0 of Figure III.3 will be reflected towards
S0 and then refracted there to become a ray of WFo1. Before calculating L1, the
coordinates of point S0 of Figure III.3 must be calculated by reflection of the ray of WFil
on P0 (note that the normal vector N0 at P0 was specified as input datum), and
intersecting that reflected ray with the plane y=yS0 (since ys0 was also given). Typically
xS0≠0. Then, L1 is calculated as:
68

Chapter III: Design of free-form XR optics for PV concentrator
L1 = d ( P0 , WFi1 ) + d ( S0 , P0 ) + d ( S0 , WFo1 ) n ,

(3.1)

where:
d ( P0 , WFi1 ) is the optical path length between the mirror’s initial point P0 mad the

wavefront WFi1 ;
d ( S0 , WFo1 ) is the optical path length between the lens and the mirror’s initial point S0 and

the wavefront WFo1; and
d ( S0 , P0 ) is the optical path length between the points S0 and P0.

The absolute positions of WFi1 and WFo1 are not defined, but that does not affect the
calculation.

Figure III.4 Input wavefronts and seed rib

o The input and output wavefronts WFi2, WFo2 are selected, in this example, as symmetric

to WFi1 and WFo1 with respect to plane x=0. So, their definition has been done the same
way as was for the first pair of wavefronts. Then, WFi2 is a flat wavefront whose rays
point in the direction v2’ = (p’, q’, -(1-p’2-q’2)1/2), with (p’,q’)=(-b sin(α),+b sin(α)).
WFo2 is a spherical wavefront centered at the point (x,y,z)=(-b|PQ|/2, b cosθ |PQ|/2, b
sin θ |PQ|/2).The optical path length L2 fulfils L2 = L1 in this x-symmetric example.
o A seed rib, R0 and the reference to the surface where we want the seed rib to be are

calculated as follows. The seed rib R0 can be obtained by an SMS 2D calculation in
plane x=0 using two pairs of wavefronts WFi3, WFo3 and WFi4, WFo4 as shown in
Figure III.5. WFi3, is a flat wavefront whose rays point in the direction v3’ = (p’, q’, -(1p’2-q’2)1/2), with (p’,q’)=(0,+b sin(α)) and it couples WFo3 which is a spherical
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wavefront centered at the point (x,y,z)=(0, b cos θ |PQ|/2, b sin θ |PQ|/2). WFi4 is a flat
wavefront whose rays point in the direction v4’ = (p’, q’, -(l-p’2-q’2)

l/2

), with

(p’,q’)=(0,-b sin(α)) and it couples WFo4 which is spherical wavefront centered at the
point (x,y,z)=(0, -b cos θ |PQ|/2, -b sin θ |PQ|/2). For simplicity, a single b parameter is
used everywhere. The optical path lengths L3 between wavefronts WFi3 and WFo3 can
be selected equal to L1 and L2. An optical path length L4 between wavefronts WFi4 and
WFo4 is chosen (and its value will be adjusted next).

Initial curve

Figure III.5 Input wavefronts for initial curve design

In Figure III.6 are shown the relative positions of the four out wavefronts WFo1, WFo2,
WFo3, WFo4, relative to the input end of the homogenizing rod [4].

z

WFo3
WFo1

WFo1/WFo2/WFo3

WFo2
receiver

y

y

WFo4

x

receiver

WF04
(b)

(a)

Figure III.6 Relative position of output wavefronts, respect to the input end of the homogenizing
rod: a) in x-y plane, and b) in y-z plane

Once the input parameters are selected, can be proceeded to the SMS design, as it is
described in Chapter I. The initial curve can be seen in the Figure III.2, and the SMS ribs
in Figure III.7.
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WFi2

WFi1

WFo2

WFo1

z

x

y

Figure III.7 Calculated SMS ribs

The surfaces of the mirror and lens are calculated as an interpolating surface of the SMS
ribs (consistent with the normal vector). Such an interpolation can be easily done, for
instance, using a loft surface interpolation available in most CAD packages.
The parameter b<l set at the beginning can be used to select the number of points along the
seed rib and the number of ribs to be designed (the smaller b, the higher the number of
points and ribs).

III.3 Results. Raytrace analysis
Analyses of described concentrator have been done by raytracing with the objective to
determine the angular transmission, optical efficiency and irradiance distribution on the
concentrator exit aperture. All the raytracing simulations have been done using the
commercial software package TracePro [12]. Additionally, the tolerances of the system
have been analyzed, i.e. the effect of the misalignment of the system on the optical
efficiency, acceptance angle and irradiance distribution on the cell. In order to have an idea
how the prototype would behave, a spectral analysis has been done (see Chapter IV). The
designed system can be seen in Figure III.8 [10]
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Figure III.8 Side and top view of XR

III.3.1

Transmission curves and irradiance distribution on

the solar cell
One of the characteristics needed for the evaluation of the concentrator optical
performance is the angular transmission of the concentrator. The angular transmission is
defined for a given incident beam of parallel rays as the power reaching the cell surface
over the power incident on the concentrator aperture (i.e. the optical efficiency as function
of the angle of incidence of the parallel beam). For this calculation we assume all the rays
in the parallel beam with the same radiance. The solar direct radiation can be modeled as a
set of parallel beams (with the same radiance) whose directions point inside the solar disk.
The angular radius of the solar disk is 0.26 deg.
Two important merit parameters of the concentrator are derived from the angular
transmission curve: the optical efficiency (ηopt) and the acceptance angle (α).
The optical efficiency of the concentrator is the maximum value of the angular
transmission which uses to happen when the angle of incidence is equal to zero (normal
incidence). Notice that the power reaching the cell is not necessarily the power entering
into the cell because the cell coating may reflect part of the radiation. There is not a single
definition for the optical efficiency. The definition that we use here is power on the cell
surface (not inside the cell) over the power of a parallel beam reaching the entry aperture.
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The acceptance angle is the angle between the direction at which the angular transmission
peaks and the direction at which the optical efficiency falls down to a 90% of the
maximum.
Incident sun rays

solar
cell

Mixing rod (prism)

Primary optical
element (POE)

silicone
Secondary optical
element (SOE)

Figure III.9 SMS3D XR concentrator (side view)

The angular transmission is usually represented in normalized form called relative angular
transmission. The relative angular transmission is the angular transmission normalized to
its maximum value, so, the maximum value of the relative angular transmission is always
1. The angular transmission (not relative) can be obtained multiplying the relative angular
transmission times the optical efficiency. Henceforth in this document transmission curve
will mean relative angular transmission.
The transmission function T gives for any incident beam of parallel rays the percent of
power that reaches the cell surface, assuming that any ray of a parallel beam has the same
radiance. The direction of the incident parallel beam can be determined with 2 direction
cosines (p,q). Thus, in general T is a function T(p,q). The transmission curve in the xsection is the function T(0,q) and the transmission curve in the y-section is T(p,0). Figure
III.10 explains both sections.
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Positive direction of rotation in
order to obtain the x-section for
transmission curves

Positive direction of rotation in
order to obtain the y-section for
transmission curves

Figure III.10 Definition of cross sections for transmission curves analysis

In practice, instead of representing T(0,q) or T(p,0) we represent T(α) where a is either
arcos(p) or arcos(q), depending on the type of section.
The input parameters used for the ray-tracing were:
1) Mirror reflectivity: 95%
2) Dielectric parts: n=1.52 (glass), includes Fresnel losses
2

3) Active solar cell area 10x10 mm
4) Mixing rod length 9 mm
2

2

5) AMixing rod aperture =9x9 mm . The total cell active area Acell is 1cm

6) No rounding of lateral edges of the mixing rod have been considered
7) Silicone rubber refractive index: 1.52
8) Silicone rubber thickness 50 microns
2

9) Input Irradiance: 900 W/m
10) Cover transmission 91%

The Figure III.11 gives the transmission curves for both sections [4].
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transmission curves (997x)
1
0.9

relative transmission

0.8
0.7
0.6
0.5
0.4
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0.2
0.1
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-1
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♦ (angle of the incident parallel beam )
x section

y section

Figure III.11 Transmission curves at nominal position

0.9-1
0.8-0.9
0.7-0.8
0.6-0.7
0.5-0.6
0.4-0.5
0.3-0.4
0.2-0.3
0.1-0.2
2.3

0-0.1

1.5
0.7

1.9

-2.5
2.3

1.1

1.5

0.3

-1.7
0.7

-0.1

-0.9

-0.5

-1.7

-1.3

-0.9
-2.1

-2.5

-0.1

Figure III.12 Relative angular transmission in 3D (T(p,q)) the cross sections (yellow and blue lines),
are the x and y sections

Sometimes the relative angular transmission is calculated taking into account the angular
size of the sun instead of using a beam of parallel rays. This is a straight forward way to
show the concentrator angular performance under more realistic conditions. In this case the
resulting relative angular transmission is a convolution of the sun size with the relative
angular transmission calculated using a parallels ray beam. Figure III.12 shows the relative
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angular transmission calculated taking into account the sun size. As a first approximation
we can consider that the relative angular transmission taking into account the non zero size
of the sun size is equal to the relative angular transmission defined before.
Irradiance distribution on the cell [suns]
800-900
700-800

900

600-700

800

500-600

700
600

400-500

500
400
300

200-300

300-400
100-200
0-100

200
100
0
2.25

2.303149606
0.035433071
-2.232283465
0

cell side

-2.25

-4.5
-4.5

Figure III.13 Irradiance distribution on the cell. Peak irradiance

Also the analyses of the irradiance distribution on the solar cell have been done. The
results for the centered sun and assumed input irradiance of 900 W/m2 are shown in Figure
III.13. Peak irradiance was 883x. In Figure III.14 is shown the irradiance distribution in the
case of tracking error of 1.5º in the y direction, what is the worst case (the peak irradiance
in the rest of directions is smaller)
Irradiance distribution;
Tracking error 1.5º

2000

1500-2000
1000-1500

1500

500-1000
0-500

1000

500

0

Figure III.14 Irradiance distribution on the cell off axis +1.5º y-direction (worst case). Peak
irradiance is 2304 suns (DNI 900W/m2)
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The summary of simulated optical losses (relative and absolute) can be found in the Table
III.1. Their graphical representation can be seen in the Figure III.15 [4].
Table III.1

Optical losses

Relative

Transmission after SOE shading
Cover transmission (no AR coated)
Mirror fill factor
Mirror reflectivity
SOE transmission (no AR coated)
Mixing rod rounding
Losses distribution

100.0%
91.0%
100.0%
95.0%
94.99%
98.68%

SOE transmission
losses
4.331145%
Mirror reflectivity
4.55%
Mirror fill factor
0.00%

Absolute
100.0%
100.0%
91.0%
91.0%
86.45%
82.12%
81.04%

Mixing rod
rounding
1.083984%

Losses distribution (total 18.96%)
Optical
efficiency
Optical
efficiency
81.04%
81.04%

Cover
transmission
losses
9.00%

Mixing rod
roundings
1.084%

SOE transmission
4.33%

Mirror reflectivity
4.55%

Figure III.15 Distribution of the losses
100%

81.04% reaches the cell
5.46% SOE
losses

secondary lens
(R)
86.5%

9% cover
transmission
losses
91%

primary
mirror (X)
4.55% mirror
reflectivity losses

Figure III.16 Distribution of the losses through the system

The behavior of XR SMS 3D concentrator can be resumed by:
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1) Concentration

ratio Cg=997.97x (Cg=Aentry

aperture/Aexit

aperture;

exit aperture

area=mixing rod aperture area)
2) Optical efficiency ηopt (includes Fresnel losses, transmission of the cover and

mirror reflectivity): 81.04%;
3) Acceptance angle (the nominal transmission curves are shown in Figure III.11)

o x section ±1.75 deg
o y section ±1.77 deg
4) Peak irradiance on the cell 883x (for perfect tracking).

III.4 Tolerance study
In CPV system is very important to have high tolerances in in-fab assembly or in field
installation, because it directly influences on the performance of the whole system.
In this section analyses of the XR system have been presented. The analyzed system was
not identical to the system presented above, but has the same architecture, and by that
similar behaviour for the condition different than the nominal ones.
It is going to be shown how the system performs in the case of displacement and twist of
different parts of the module respect to each other. Variables whose tolerance is analyzed
are:
1) Optical efficiency.
2) Acceptance angle (half angle) [degrees].
3) Peak Irradiance: Maximum Irradiance at the cell active surface. For this calculation

we have used an extended light source with the same angular spread as the sun.
The input parameters used for the ray-tracing were the same as those used for analyses of
nominal values, as shown in the Table III.2 Summary of raytrace input parameters used for
tolerance study
Table III.2 Summary of raytrace input parameters used for tolerance study

Ray-trace input parameters:

Mirror reflectivity

95%

Dielectric parts:
Refractive index

1.52

Fresnel losses

YES
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Absorption

JUST FOR λ=546nm

Solar cell area

10x10mm2

(default wavelength in TracePro)

Mixing rod
Length

9mm

Area

9x9mm2

Rounding of lateral edges

NO

Silicon rubber

NO

Refractive index
Absorption
Thickness
Cover transmission

91%

Input irradiance

900W/m2

NOTE: The raytrace analysis of acceptance angle have been done considering angular

radius of the solar disk 0º, while the efficiency and irradiance analysis have been done
considering angular radius of the solar disk 0.26º. Also haven’t been included rounding
of homogenizing prism walls, nor the influence of the silicon rubber.

z-direction

y-direction
SOE

POE
SOE
x-direction

Figure III.17 Directions of variation of relative position between the elements of XR; top (left) and
side (right) view of the system

Variations from the design position have been done considering values in the local
coordinate system (as indicated in the Figure III.17). The global module assembly
maintains the same as in Figure III.9 and the optical efficiency and the acceptance angle
are calculated as was explained before. Two types of variations have been considered:
positioning error of cell respect to the rest of the system, and positioning error of union of
secondary optical element and solar cell respect to the primary optical element. For the
second assembly also the angular positioning error has been analyzed.
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In the Table III.3 can be found the result summary of proceeded analysis. It can be seen
that for the acceptance angle the most critical is simultaneous displacement of the SOE and
cell in the z direction, since the average value drops from 1.85º to 1.518º for x section and
to 1.63º for y for the 2mm displacement error. Also the fall of the acceptance angle is to be
accepted in the case of removing cell from the assembly in both analyzed directions; in this
case the acceptance angle decreases to the 1.11 degrees for 2mm displacement.
In the case of peak irradiance on the cell, it can be kept below the maximum value for the
multi-junction solar cells (about 1500 suns), for all analyzed positioning errors, thus the
displacement of the SOE+cell 2mm in the x direction increases the peak irradiance on the
cell to the 1480 x (Figure III.18).
Tolerances max irradiance;x postioning error
1600
1400
1200
1000
800
600
400
200
0
-2

-1,5

-1

-0,5

0

0,5

1

1,5

2

Figure III.18 Maximum irradiance vs. x displacement of SOE and cell
Table III.3 Tolerance study; summary of results

SOE+cell
Displacement

Twist

Nominal x direction y direction z direction
value
(2mm)
(2mm)
(2mm)

x
(2º)

y
(2º)

z
(2º)

Acceptance
angle
x section

1.857º

1.65º

1.63º

1.518º

1.816º

1.804º

1.82º

y section

1.843º

1.76º

1.705º

1.636º

1.857º

1.86º

1.83º

Peak
irradiance

907x

1480x

1259x

1172x

1090x

1145x

957x
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Efficiency

82.12%

81.9%

81.7%

81.38%

81.56%

82.04%

81.98%

x section

1.857º

1.11º

1.83º

-

-

-

-

y section

1.843º

1.84º

1.14º

-

-

-

-

Peak

907x

931x

921x

-

-

-

-

82.12%

59.7%

59.8%

-

-

-

-

Cell

irradiance

Efficiency

There can not be seen significant changes of efficiency with variation of position of SOE
and cell. But moving just a cell we are reducing the receiving area and the drop of
efficiency of 22% approximately (from nominal value of 82% to 59.8%) can be recorded.

III.5 Approximation of mirror surface with
parabolic profile surface
In this section are presented comparative analysis of the XR photovoltaic concentration
system composed of the surface with parabolic profile and a secondary optical element
calculated as a part of the SMS3D system (as described in the previous section). The aim
was to compare the similarity between the SMS3D design with system that has replaced
primary optical surface with rotational symmetric one, because systems with symmetry
have special interest in production level.

III.5.1

Calculation of the surface

In order to find the approximation that works as close as possible to the original design,
three different approaches have been applied:
Using the minimum point deviation (without considering calculated normals)
Approximation with normals
Using the skew invariant (i.e. using point and normals)
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III.5.1.1 Point approximation
For the approximate calculations the originally calculated SMS3D points have been used.
The easiest and fastest way of resolving the problem is changing it to the 2D problem,
what is possible if we fix the direction of the parabola and for the first iteration we have
chosen the z axis.
Since in 2D the equation of the parabola is given by:
f ( x ) = a0 + a1 x + a2 x 2 ,

(3.2)

for the 3D problem if we change to the polar coordinates we have that, so that each point
P(xk, yk, zk), we can express as the P(ρk,zk) ρ k = xk2 + yk2 (Figure III.19), and we can
define the surface as the function f ( ρ ) as
f ( ρ ) = a0 + a1 ρ + a2 ρ 2

(3.3)
z

zk
y
x

yk
xk

Pk(xk,yk,zk)

Figure III.19

In order to obtain the parameters of the f ( ρ ) , i.e. a0, a1 and a2, we used the least squares
method. The fitting proceeds by finding the sum of the squares of the vertical deviations
σ2, of a set of N data points:

σ2 =

1
N

∑( f ( x ,a ,a ,a ) − z )
k

0

1

2

k

2

,

(3.4)

k

The condition for σ2 to be a minimum is that:
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∂ (σ 2 )
∂ai

= 0 , for i=0,1,2.

(3.5)

Resolving the previous equation we can get the desired curve.
z’
z
α
y
y0

y’
Figure III.20 New coordinate system y’-z’

Next step in approximation of the rotational surface was giving it one more degree of
freedom, i.e. permitting the rotation of the axes of symmetry. Thus, to the previous
calculation had to be added the rotation of the coordinate system in which we are going to
look for the optimal parabolic profile of rotational symmetric surface. The only limitation
applied was that the axis is in the y-z plane (Figure III.20), and the transformation matrix is
given by:
JG ⎡ cos α
v' = ⎢
⎣ − sin α

where

sin α ⎤ G
v,
cos α ⎥⎦

(3.6)

JG ⎡ y '⎤
G ⎡ y − y0 ⎤
v ' = ⎢ ⎥ , and v = ⎢
⎥.
⎣ z '⎦
⎣ z ⎦

III.5.1.2 Calculations of the surface using points and normals
For the systems that have the rotational symmetry the appropriate coordinate system is
cylindrical, ρ-θ-z. The symmetry condition is that

Hθ = 0 , which implicate

h = xq − yp = cte (since one Hamilton equation is Hθ = − h what is known as a skew
invariant.
To make it suitable for application for our system we can express h in the other way.
Introducing the polar coordinates:
x = ρ cos θ
y = ρ sin θ

(3.7)

and defining the optical direction cosines
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p=n
q=n

x
1 + x 2 + y 2

(3.8)

y
1 + x 2 + y 2

Then it follows that:
xy − yx

xq − yp = n

1 + x 2 + y 2

⇒h=

n ρ 2θ

(3.9)

1 + ρ 2 + ρ 2θ 2

where ρ = x 2 + y 2 [13].
From [13] we can see that the expression for h changes to:
h = nρ

ρ dθ
dz + d ρ 2 + ρ 2 dθ 2
2

= ρ n cos (φ )

(3.10)

where ρ is given by ρ = x 2 + y 2 , and φ is the angle that the ray passing through points O
JJG

and A (Figure III.21) makes with tangent vector eθ .

z

ez

A
θ

ρ γ

φ ρdθ

O α
dρ

x

y
eθ

JJG
eρ

Figure III.21 If we consider a light ray propagating in a direction OA or in a curve tangent to OA,
the constant h is given by h = nρ cos φ , φ being the angle that the tangent to the ray makes with

JJG

the unit vector eθ .

The idea is to apply the previous in order to find the surface with the rotational symmetry
that is the closest approximation of the SMS3D points. So, if we do the calculations for the
JJG

G

rays parallel to the normal to each point, i.e. the φ is the angle between the eθ and n , we
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are going to try to find the axis of rotation such that the sum of skew invariants, h, of all
points calculated by SMS3D, is closest to zero (because for the system with rotational
symmetry h=0 in every point of the surface). Thus, rotating and moving the axis, the best
result can be calculated.

III.5.2

Raytrace results

The input parameters used for the ray-tracing are:
1) Mirror reflectivity: 95%
2) Dielectric parts: n=1.52 (glass), includes Fresnel losses
2

3) Active solar cell area 10x10 mm
4) Mixing rod length 9 mm

2

5) Mixing rod aperture area 9x9 mm :
6) Radius of rounding of lateral edges of the mixing rod 0.3mm
7) Silicone rubber refractive index: 1.52
8) Silicone rubber thickness 50 microns
2

9) Input Irradiance: 900 W/m
10) Cover transmission 91%

In the Table III.4 is shown the summary of results (efficiency and acceptance angle) of
different approaches (with the merit function that was used for minimization of the error).
Also are presented parabola parameters (the position of the focus and vertex) and data that
define the axis of rotation (the inclination angle respect to the z-axis and the point where it
crosses the y-axis). In Figure III.22 and Figure III.23 are shown the transmission curves for
assemblies that had best efficiencies.
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Table III.4. Comparison of the results. The efficiency calculation include Fressnel losses, mirror
reflectivity, transmission of the cover; also is included the radius at the lateral edges of the mixing
rod of 0.3mm and silicon rubber of 50 μm thickness and refractive index of 1.54.

Original design
80.97%
x section ±1.84 deg

Efficiency
Acceptance angle

Approximation with points [minimize

y section ±1.81 deg

∑ (z − f (ρ ))

2

] y=0

Parabola parameters:
Focus
Vertex
Inclination angle (α)
Coordinate system center
Efficiency
Acceptance angle

(-2.6266,-2.9479)
(-2.6266,-141.193)
0º
(0,10.2463055,0)
80 %
x section ±1.068 deg

Approximation with points [minimize

y section ±1.496 deg

∑ (z − f (ρ ))

2

]

Parabola parameters:
Focus
Vertex
Inclination angle (α)
Coordinate system center
Efficiency
Acceptance angle

(-15.654159,12.55178917)
(-15.654159,-142.7068448)
3.2224301º
(0,10.2463055,0)
78.998 %
x section ±1.2664 deg

y section ±1.211 deg

Approximation with normals (cos(θ)) [minimize

∑ cos θ ]
2

Parabola parameters:
Focus (-42.251491,60.0458923)
Vertex (-42.251491,-141.7306199)
Inclination angle (α) 11.2280394º
Coordinate system center (0,36.3050507,0)
Efficiency
60.421%
Acceptance angle
x section
Approximation with |cos θ| [minimize

∑

y section
cos θ ]

Parabola parameters:
Focus (-20.261760,19.6)
Vertex (-20.261760,-142.7612574)
Inclination angle (α) 4.6704357º
Coordinate system center (0,15.0563311,0)
Efficiency
76.5%
Acceptance angle
x section ±1.2683 deg
Approximation with |h| [minimize

∑h]

y section ±1.146 deg

Parabola parameters:
Focus
Vertex
Inclination angle (α)
Coordinate system center
Efficiency
Acceptance angle

(-25.734093,27.6166874)
(-25.734093,-142.5271)
6.314357º
(0,21.5130048,0)
73.21%
x section ±1.2618 deg
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Table III.5. Comparison of performances for different type of aproximation
Efficiency
Acceptance angle

Acceptance angle
y section

x section
Original design

80.97%

±1.84º

±1.81º

80%

±1.068º

78.998%

±1.2664º

±1.211º

76.5%

±1.2683º

±1.146º

73.21%

±1.2618º

±1.106º

Approximation with points
[minimize

∑ (z − f (ρ ))

2

] y=0

Approximation with points
[minimize

∑ (z − f (ρ ))

2

]

Approximation with |cos θ|
[minimize

∑ cos θ ]

Approximation with |h|
[minimize

∑h]

±1.496

x section
1,1

1

0,9
points approximation
|h| approximation
|cos(theta)| approximation

0,8

0,7

0,6

0,5
-2

-1,5

-1

-0,5

0

0,5

1

1,5

2

Figure III.22 Transmission curve for POE with parabolic profile, x section

y section
1,1

1

0,9
points approximation
|h| approximation
|cos(theta)| approximation

0,8

0,7

0,6

0,5
-2

-1,5

-1

-0,5

0

0,5

1

1,5

2

Figure III.23 Transmission curve for POE with parabolic profile, y section
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Considering the approximation of POE with rotational symmetric surface, it can be
concluded that it is possible to get almost the original efficiency, but had to be sacrificed
the acceptance angle.

III.6 Conclusions
In this chapter has been presented the SMS 3D design of XR photovoltaic concentrator.
The goal was to achieve high concentration with high efficiency and high acceptance angle
that in the same time in a compact and convenient way for thermal and mechanical
management.
The XR concentrator in this system is an SMS 3D design has been chosen for its excellent
aspect ratio (around 0.6, to be compared to 1-1.5 for the classical systems) and for its
ability to perform near the thermodynamic limit. An additional ultra-short homogenizing
prism was used to improve the irradiance uniformity on the cell. Homogenizing prisms are
commonly used in CPV systems but their length is usually much longer than the cell
diameter (typically 4-5 times) while in the XR the prism can be much shorter (from 0.5 to
1 times the cell diameter) due to the high illumination angle of the cell in XR.
The XR presented here is very asymmetric in such again that this shadowing is completely
avoided.
For the geometrical concentration of 1000x the simulation results show the acceptance
angle of ±1.8 deg. This large acceptance angle relaxes the manufacturing tolerances of all
the optical and mechanical components of the system included the concentrator itself and
is one of the keys to get a cost competitive photovoltaic generator. The optical efficiency
(power on the cell surface over the power of a parallel beam reaching the entry aperture of
the concentrator considering Fresnel losses, absorption losses and mirror reflectivity
(95%)) is 81% (that includes the losses at the cover, whose transmission is 91%). Peak
irradiance on the cell with a 9mm long prism is 883 suns.
Also was presented alternative configuration with the rotational symmetric mirror instead
of the originally designed free-form one. This system doesn’t perform as good as the
original SMS design, but still is efficient and has the acceptance angle higher that the
majority of the current concentration systems (such as Fresnell lens with the secondary that
for 300x has around 0.7º half acceptance angle). [14][15]
The XR concentrator has been manufactured and measured, with excellent results, as it is
going to be seen in the next chapter.
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IV.1 Introduction
In this chapter are going to be shown the proof of XR concentrator previously described in
Chapter III. The chapter can be divided in three conceptual parts: the modeling of the realworld solution, the indoor characterization of the modules, and the outdoor measurements.
In order to well understand its behavior first have been done additional modeling that
haven’t been discussed before since they were used as a tool for selection of the materials
to be applied for production. In particular, spectral analysis of the system are presented.
The indoor characterization part is about mechanical measurements, i.e. the profile
measurements of primary and secondary parts and their roughness. Also are going to be
described complete characterization of the XR module, from optical behavior of the
separated parts to the acceptance angle indoor measurements.
And at the end the complete module electrical measurements are shown.
The first electrical measurements showed electrical efficiency of 27% without electrical
nor thermal corrections, with multi-junction solar cells of 37.5% efficiency.

IV.2 Spectral modelling of the concentrator
The behavior of the CPV system depends not only on the solar cell efficiency, though on
its sensitivity to spectral balance. That influence is owing to the spectrally selective
junctions, variations in the spectra of the solar radiation and optical transfer function. Each
component of the optical system has a spectrally dependent loss due to the Fresnel
reflections, absorption and optical coatings. If the spectral transfer functions (STFs) are not
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balanced with the junction spectral response can constrain photocurrent production under
standard illumination and during field operation.
The objective of this section is to make a predicatively useful spectral model of electrical
power generation, and so be able to detect possible failures in the system performance.
The SMS 3D XR concentrator contains next optical relevant parts that influence on
spectral response of the system: the protective cover glass, the primary mirror (injected
polycarbonate with Ag cover), the secondary glass lens and the thin layer of cell
encapsulant.
For the simplification of the model was considered that the multi-junction cell behaves as
three photodiodes connected in series for which each cell responds to a target slice of the
solar spectrum. [1][2]
The photocurrent generated in the junction can be calculated according to:
Ii = ∑ A

q ⋅ Di ( λ ) Δλ ⋅ λ

λ

h⋅c

EQE ( λ ) ⋅ Tcov er ( λ ) ⋅ Tlens ( λ ) ⋅ Rmirror ( λ ) ,


i = 1, 2,3

(4.1)

STF ( λ )

Where Ii is the photocurrent for the i-th junction, A is the cell area, q the electron charge,
Di irradiance density ( Di ( λ ) = dP dS ⋅ d λ , i.e. the power on the surface unit and for the
unit wavelength [W/m·nm]), EQE ( λ ) , external quantum efficiency and h, Planck’s
constant.
The minimum current of the three diodes is chosen as approximate electrical response.
In the Figure IV.1 can be seen the spectral transmission curves for different parts of XR
concentrator.
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Figure IV.1 Spectral transmission function (STF) for the components of XR concentrator.
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In this section can be seen the simulated spectral optical efficiency of the whole system.
For these calculations were used next parameters:
Cell active area (cm2)

0.81

Concentrator aperture area (cm2)

807.872675

Geometrical concentration

997.4

For the calculation were considered following sources of optical losses:
1. Heat-sink fins shading

None

2. Cover transmission

Supplied by manufacturer

3. Mirror reflectivity

Supplied by manufacturer

4. Secondary transmission Calculated + absorption supplied by manufacturer
Rounding of the mixing rod lateral edges has been included additionally with an estimated
loss of 2%. Values of generated photocurrent in each subcell for different production
materials can be found in the table below: the ideal case (without optical losses), the worst
case (where no anti-reflective coatings are used on cover nor on SOE) and the best possible
real solution (with all AR coatings included). In the Figure IV.2 are shown the air mass 1.5
direct normal incidence (AM1.5D) spectrum and external quantum efficiency of the MJ
cell. In the Figure IV.3 can be seen optical efficiency for different wavelength for both
cases shown in the table (with and w/o anti-reflective coatings) superimposed to the EQE
of MJ cell. In the Table IV.1 can be seen generated photocurrents for each junction and
efficiency for different combination of materials. The bottom subcell is not critical for this
system.

Figure IV.2 External quantum efficiencies for each of the 3 junctions of a commercial MJ cell [7]

93

Aleksandra Cvetković

Optical efficiency for each
wavelength

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
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0.1
0
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550

750

950

1150

1350

1550

1750

Wavelength (nm)

Opt.
top cell
cellNO
NOAR
AR
Opt. eff top
Opt.eff.
Opt.
eff top
top cell
cellAR
AR

Opt.eff. bottom cell NO AR
Opt.eff. bottom cell AR

Opt.eff. middle cell NO AR
Opt.rff. middle cell AR

Figure IV.3 External quantum efficiencies for each of the 3 junctions of a commercial MJ cell and
optical efficiencies for each wavelength (separated for each junction)
Table IV.1 Generated photocurrents for each junction and efficiency for different combination of
applied materials

Short circuit current (Isc)
No optical losses
With simulated losses:
-Cover: glass without AR coating
-Mirror: Ag coated PC
-Lens: Glass without AR coating
With simulated losses:
-Cover: glass with AR coating
-Mirror: Ag coated PC
-Lens: Glass with AR coating

Top cell Middle Total
(A) cell (A) (A)
10.12 10.25 10.12

Optical
efficiency
100%

8.072

8.236

8.07

80%

9.10

9.35

9.10

90%

IV.3 Manufacturing considerations
The technologies that are used for the mass production are well known in the automotive
industry. The primary mirror is manufactured by injection molding, which is a low cost
technology that is being used in the automotive industry for headlamps and rear lamps.
Some aspects of fabrication have synergies with the DVD and CD industry too. The
secondary lens, which is also used for the encapsulation of the cell, is fabricated by glass
molding technique.
For free-form optical surfaces, the design, and mold tooling are more complex. However,
the cost of mass produced parts is not necessarily higher (since the mold amortization is a
small fraction of the part cost).
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Tolerances for the primary mirror are significantly relaxed compared to a conventional
CPV mirrors, due to the high acceptance angle of the concentrator. The accuracy required
for the secondary lens is even smaller than that of the primary, due to the combination of
the fact that is a refractive element and that this lens works with high local acceptance
angle values (see Chap.14 in [3]).
In process of the system development two types of modules for the same optics have been
designed. First one has been done to prove the optical design, and once the performances
have been confirmed, the focus was on optimizing the manufacture and cost of the system.
Thus, the Prototype C represents the cost effective production design. There are no
differences from the optical point of view, but the small decrease in active area in the case
of prototype B of 0.9%

IV.4 Mechanical measurements
IV.4.1 Profile measurements
The first prototype has been produced, and have been proceeded the profile measurements
of the parts. The POE plastic parts injected with a stainless steel insert were measured by
Integra CMM (10-7-6) machine, see Figure IV.4.
For the primary mirror of prototype B the mean distance of measured points from designed
surface is 152 microns. Point deviation from the surface is shown in Figure IV.5. In the
case of prototype C the mean distance of measured points from designed surface is 258
microns (Figure IV.6). [4]
The standard deviation is 103 um in one piece and 145 um in the other. From Figure IV.5
and Figure IV.6, we can see that in the case of prototype B the deviation is less then
0.35mm in most area while in the case of POE-C this number is 0.45 mm.
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Figure IV.4 Integra CMM machine was used to measure the POE-C parts

Figure IV.5 Deviation analysis of POE B plastic injected with a SS insert

Figure IV.6 Deviation analysis of POE C plastic part s/n 1 injected with a SS insert

96

Chapter IV Characterization of free-form XR concentrator
The profile measurements of the secondary lens show that difference between measured
points and theoretical surface is less than 150 microns (Figure IV.7).
The convex curvature radii in the intersection of the homogenizing rod walls were
measured, see Figure IV.8. This measure was done in a constant plane. The draft angle of
the prism walls was also measured; the resulting angle is around 2deg.

Figure IV.7 SOE profile measurements

R=0.40

R=0.40

Rod’s side wall

R=0.40

R=0.40

Figure IV.8 Measurement results of the homogenizing rod’s convex curvature radii; left:
homogenizing rod’s exit surface; left: vertical section of the rod

I.1.1.1. Surface roughness measurements
The surface roughness was measured by Talysurf. The measurement positions are shown
in Figure IV.9. Measured surface roughness (Rq) is from 4.1nm to 11.4 nm depending on
the part of mirror. The surface roughness (Rq) of the PC part is less than 8 nm in most area
with two top corners’ (A and C) positions Rq is about 10 nm. The measurement results of
the worst cases are shown in Figure IV.10 and Figure IV.11.
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Figure IV.9 Measurement positions on the POE-C part made with a SS insert

Figure IV.10 Talysurf surface roughness measurement result in position C
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Figure IV.11 Talysurf surface roughness measurement result in position H

IV.4.1.1 Raytrace analysis of measured profiles
In order to model the effect of mentioned deviations on the behavior of the system, has
been done the raytrace analysis of the measured profile. The results don’t show any change
of the efficiency of the system, but is detected the drop of acceptance angle to 1.72 degrees
(Figure IV.12). [4]
Transmission curves, measured POE and SOE profiles
1.1
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0.7
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0.2
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3

angle of incident parallel beam
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Figure IV.12 Simulated transmission curves of measured profiles of primary mirror and secondary
lens
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IV.5 Characterization of XR concentrator:
indoor measurements
For the characterization of the system and its components was necessary to measure
reflectivity of the mirror, Fressnel reflection and absorption of the secondary and
transmission of the cover. Also has been done the POE quality control, by forward biasing
the cell and comparing the emitted pattern with the theorical one. From the last
measurement also could be deduced the acceptance angle of the system.
For measurement of components’ transmission has been used He-Ne laser (635nm) in
order to check the behavior of the materials for this wavelength. A photodiode has been
used as a receiver. Measuring points are shown in the schematic presentation in Figure
IV.13 (PD1 to PD5). [4]

LASER (HeNe)

Photodiode 1 (PD1)

PD4

cover
PD2
PD5
SOE

PD3
POE

Figure IV.13 Schematic presentation of measurement equipment

The reflectivity of the mirror was calculated as PD3/PD2, the cover transmission as
PD2/PD1, the Fressnel reflection as PD5/PD3 and absorption of the secondary lens as
PD4/PD3. Finally the optical efficiency of the system is PD4/PD1. In order to check the
possible dispersion on the surfaces, also have been done the measurements of each
component impinging directly the laser beam into them and measuring the reflected or
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transmitted value. In the Table IV.2 are shown the results of measurements, and can be
seen that the real system behaves close to the designed one.
Table IV.2 Optical measurements results
Cover transmission

Without anti-reflective coating

With anti-reflective coating

89.5%

98.11%

Mirror reflection

95.20%

Secondary lens transmission

94.70%

Efficiency of the system

Fressnel reflection

3.01%

Secondary lens absorption

2.29%

Without anti-reflective coating

With anti-reflective coating

80.68%

88.45%

In Figure IV.14 can be seen the graphical presentation of losses distribution through the
system. Values shown are relative ones. It can be seen on the left that if we assume 100%
of the radiation gets to cover, 91% arrives to the mirror of which are being lost 4.55% due
to the reflectivity of the mirror, so that only 86.5% get to the lens. The simulated losses for
glass show that the absorption and Fressnel reflection losses are 5.46% of the available
light, what means that on the cell we have 81.04%. On the right of the same figure, can be
seen measured values in the system. Comparing the values on the left and on the right can
be seen that the losses in the real system are 0.36% bigger than expected.
100%
10.5% cover
transmission losses

80.68% reaches the cell
4.52% SOE losses
(absorption and
Fressnel reflection)

89.5%

secondary lens
(R)

85.2%

primary mirror
(X)
4.3% mirror
reflectivity losses

Figure IV.14 Graphical presentation of the measured losses distribution in the system (compare with
the Figure III.19, chapter III)
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IV.6 Characterization of XR concentrator:
outdoor measurements
IV.6.1 Prototype B electrical measurements
Prototype B module (a single XR pair) uses an off-axis optical design with the solar cell
located on the north end of the module (see Chapter III). This keeps the heat sink and solar
cell out of the incident light path which results in a higher Cg and higher conversion
efficiency. In addition, the modules are packed at a 15° tilt into an array such that each
module heat sink is nested underneath the south end of the adjacent north module, resulting
in nearly 100% array photon collection area in the plane normal to the sun vector. The
frontal optical area of the module is 809.5 cm2 with no optically inactive area. The primary
mirror, secondary optic and 1 cm2 solar cell are protected by a clear acrylic cover.
The solar cell is thermally coupled to a horizontally oriented heat sink designed to keep the
solar cell under 100ºC during power extraction and below cell failure temperatures during
periods of no power extraction. The heat sink design allows for passive convective cooling
of the cell at high concentration ratios.
Experimental testing of the design through collaboration with ACT, Inc. demonstrated
successful operation within specified temperature ranges [6].

Figure IV.15 Prototype B module

Several test modules of the Prototype B design were produced using production quality
components for experimental demonstration. Figure IV.15 shows one of these modules,
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Prototype B SN05, under test and tracking at the Boeing Solar Test Facility in El Segundo,
CA [4]. Results from Prototype B module SN05 performance testing on April 21, 2008 can
be seen in Table IV.3.
Table IV.3 Prototype B SN05 IV test results taken April 21, 2008.

Measurement 1

Measurement2

4-wire

2-wire

DNI(W/m2)

893

833

Temp (ºC)

18.2

16.3

Isc (A)

7.477

6.089

Voc(V)

2.924

2.958

Imp(A)

7.223

6.567

Vmp (V)

2.528

2.442

Pmp(W)

18.26

16.04

FF

0.835

0.796

Efficiency

25.3%

23.8%

Prototype B module SN05 demonstrated a 25.3% DC conversion efficiency with a 4 wire
IV sweep. Acceptance angle testing of Prototype B module SN05 was conducted April 10,
2008, as shown in Figure IV.16. The Prototype B module SN05 demonstrated a 1.32°
acceptance half-angle. The theoretical acceptance angle of the Prototype B optical design
was calculated and demonstrated with direct cut aluminium primary mirror at 1.80°. Lower
demonstrated acceptance angle in Prototype B module SN05 was later attributed to slight
imperfections in the shape of the primary mirror, verified with a coordinate measuring
machine (as demonstrated in the previous section).
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Figure IV.16. Prototype B acceptance angle measurements taken April 10, 2008.

IV.6.2 Prototype C electrical measurements
The optical design of Prototype C also utilizes an offaxis approach nearly identical to
Prototype B. A Prototype C module is defined as six XR pairs housed in a common
structure. A constructed Prototype C module test unit is shown in Figure IV.17.
Each primary mirror has an active optical area of 800.8 cm2. The primary mirrors,
secondary optics and 1 cm2 solar cells are protected by a glass cover in the optical path.
Passive conductive, horizontal heat sinking was again used to meet cell temperature
requirements. Design of Prototype C focused on taking the optics approach of Prototype B
and making the system easier and cheaper to manufacture. Nearly every element of the
Prototype C design was cost optimized before production of test modules. Thus, Prototype
C represents the most cost effective CPV design of those presented.
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Figure IV.17 Prototype C module on display at the Boeing Solar test site in El Segundo, CA.

Results from Prototype C module SN03 performance testing of optical pairs 01, 02 and 06
can be seen in Table IV.4.
Table IV.4 Prototype C SN03, optical pair 01, 02 and 06 IV test results taken October 1, 2008.

Optical pair 1

Optical pair 1

Optical pair 1

2-wire

2-wire

2-wire

DNI(W/m2)

743

743

727

Temp (ºC)

26.4

26.5

27.6

Isc (A)

6.895

6.932

6.644

Voc(V)

2.956

2.938

2.951

Imp(A)

6.677

6.726

6.506

Vmp (V)

2.430

2.408

2.427

Pmp(W)

16.20

16.20

15.80

FF

0.796

0.790

0.805

Efficiency

27.2%

27.2%

27.1%

All three of these optical pairs demonstrated over a 27% conversion efficiency with a 2wire IV sweep. No 4-wire measurement was performed. Optical pairs 03, 04 and 05 were
designed to test other characteristics of the module and their performance data is not
presented. The Prototype C optical design has the same theoretical acceptance half-angle
as Prototype B at 1.80°. The modeled acceptance half-angle of Prototype C is equivalent to
that of Prototype B, at 1.80°, but to date, has not been measured outdoor. The results
obtained by indoor bench measurements presented in the previous section, showed the
acceptance angle of ±1.52º.
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Overall, the Prototype C design demonstrated a 7.5% boost in conversion efficiency over
the Prototype B design. Prototype C maintained approximately the same frontal optical
active area as Prototype B.

IV.7 Conclusions
In this chapter could be seen the characterization of the SMS3D XR photovoltaic
concentrator. The XR concentrator has been successfully manufactured and measured with
excellent results. This design is compact and convenient for thermal and mechanical
management and works near thermodynamical limit of concentration. Two different
module designs have been produced (so called Prototype B and C) in order to prove the
concept and try to make the system as cost effective as possible.
Here have been seen the mechanical measurements that have been done to check the
quality of production and be able to predict possible failures. These tests have shown good
enough surface quality and errors were inside of the tolerances of the concentrator.
Next step in the characterization was the verification of proper behavior of the optically
active surfaces, i.e. the reflection and refraction measurements.
The electrical measurements of two different approaches also have been presented. First
one was built in order to prove the concept and the second one in order to develop the
design that is suitable for mass production. Both of them showed expected efficiency for
the cell temperature and the measured spectrum.
The electrical measurements showed the efficiency of 27.2% what in general can be
improved by adjustments of the optics to the spectrum of the area where the module are to
be placed. The only part that has that degree of freedom (since it is the easiest to do the AR
coatings) is the cover of the system. Since the characterization of the separated parts shown
the predicted performance, this result indicates that a possible temperature problem. By
that can be considered that the heat sink is not working as designed or that a thermal
bonding is not good enough. The other possibility of the failure can be optical bonding of
the cell with SOE, i.e. the possible existence of over- or under- spilling. All these factors
give room for possible improvements and lowering the cost.
Summarizing can be said that in this chapter we saw the proof of concept of previously
described concentrator. High concentration, followed by high acceptance angle, (although
still not as high as the theorical one, but sufficiently high to lose the tolerances of the rest
of the system) gave the module that had the competitive efficiency in the field of CPV.
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Also it could be seen that the Prototype C reflects strong design for manufacturing and cost
effectiveness.
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Chapter V Köhler integrators in
concentrating photovoltaics
V.1

Introduction

In this section is going to be presented Köhler integration applied in the concentrating
photovoltaic. Köhler integration is very well known technique in optics that is used for
achieving uniform irradiance on the target [2]. Köhler illumination was first introduced in
1893 by August Köhler of the Carl Zeiss corporation as a method of providing the
optimum specimen illumination. Presently it is being widely used as homogenizers usually
after parabolic systems with the form of lenslet arrays [2] (also called fly-eye lenses) for
projection displays.

August Karl Johann Valentin
Köhler (1866-1948) was a German
professor and early staff member of
Zeiss in Jena, Germany. He is best
known for his development of the
microscopy technique of Köhler
illumination, an important principle in
optimizing microscopic resolution
power by evenly illuminating the field
of view. This invention revolutionized
light microscope design and is widely
used in traditional as well as modern
digital imaging techniques today.

The photovoltaic concentrator (CPV) design is a good example of a design problem which
contains both the bundle coupling problem for obtaining maximum acceptanceconcentration product as well as the prescribed irradiance one in order to obtain uniform
irradiance distribution on the solar cell active area. Of course this is a very difficult task,
so, only partial solutions have been found.
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Non-uniform illumination of concentration solar cell is usually connected with reduction of
the conversion efficiency. For the concentrator designer, the key question is what local
concentration distribution can be considered good enough for a given cell [4]. The solar
cell manufacturers don’t recommend the high flux differences on the solar cell surfaces,
although this is less significant in multi-junction solar cells because the grid RS (series
resistance) is not limiting efficiency [5]. In silicon solar cells the problem with nonuniformity comes from increased RS what directly influence the cell’s efficiency, while in
multi-junction the limitations come from tunnel diodes that have to be maintained working
in tunnelling region [6].
Recent researches show that the commercial tandem, 1mm2, concentrator cells (as
described in ref [7]) are insensitive to flux distribution even at elevated concentration and
have only modest efficiency decrease at solar intensities of thousands of suns with
localized irradiation. Such desirable traits are not always the rule, and one can apply the
localized irradiation method to map inhomogenities in cell as well as tunnel diode
behaviour. These cells have peak efficiency at 1000 suns, while the bigger cells, of
100mm2, with the same architecture would have it at 320 suns [8]. This is due to increment
in both: absolute photocurrent and front grid resistance, while other contributants to Rs,
such as contact, emitter and tunnel diode resistance, exhibit far weaker dependence on the
cell size [9].
Farther, the same analysis have shown that these cells were insensitive to the location of
the localized irradiation spot and that the absence of any damage or pronounced
deterioration of cell performance even at 10000 suns. That is evidence of the integrity of
the tunnel diode, while in the previous findings where tunnel diodes in multi-junction
concentrator cells did not withstand such high flux levels [6].
Good irradiance uniformity on the solar cell can be potentially obtained using two well
known methods in the classical optics. These two methods are, firstly light-pipe
homogenizer and secondly the Köhler illuminator or integrator [2]. When a light-pipe
homogenizer is used the solar cell is glued to the end of it and the light reaches the cell
after some bounces on the light-pipe walls. The light distribution on the cell can be
uniform depending on the light-pipe length and shape. The use of light-pipe in the CPV
field has some drawbacks. First one is a need for metallization in the case of high
illumination angles what reduces the optical efficiency. Second one is that the longer lightpipe is necessary for better irradiance uniformity what increases the light absorption and
decreases the mechanical stability. And the last one is that it is not suitable when small
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cells are used because the silicon rubber spillage can cause huge losses. Light-pipes have
been proposed several times in CPV systems [9][10][11][12][13] using a light-pipe length
usually much longer than the cell size, typically 4-5 times.

V.2

State of the art

The first photovoltaic integrating concentrator was proposed [14] by Sandia Labs in the
late 80’s, and it was commercialized later by Alpha Solarco. This work is described in a
paper by L.W. James, “Use of imaging refractive secondaries in photovoltaic
concentrators”, SAND89-7029, Alburquerque, New Mexico, 1989. In that paper Kohler
integrator system is used as a photovoltaic concentrator (Figure V.1). This photovoltaic
Kohler concentrator is composed of a Fresnel lens as the primary and a single-surface
imaging lens as a secondary, which encapsulates the cell as in Figure V.1. The primary
images the sun onto the secondary aperture. As primary is uniformly illuminated by the
sun, the irradiance distribution on the cell is also uniform, and it will remain unchanged
when the sun moves within the acceptance angle (equivalently when the sun image moves
within the secondary aperture). The concentration-acceptance angle product that can be
attained with this configuration is very limited, because the numerical aperture on the cell
is small. Additionally the system can not be compact because the optic is refractive and
uses the single Kohler integration element.

Focal
distance

Primamay optical
element
Focal point on the
secondary mirror
Secondary optical element
Cell

Cell

Figure V.1 “The Sandia concept 90” proved that the cell could be nearly uniformly illuminated on a
square for any position of the sun in the acceptance angle; normal incidence (left) and incidence near
acceptance angle (right)

Despite the simplicity and high uniform illumination on the cell of this concept, their
application is limited to low concentrations because it has low acceptance-concentration
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product (±1deg at 300x). This low acceptance angle is because such imaging secondary
cannot achieve high illumination angles on the cell.
Another approach has also been proposed in the past, using four surfaces and obtaining a
photovoltaic concentrator for maximum acceptance angle and uniform irradiance
distribution on the solar cell [4]. The primary of this concentrator should be an element that
images the sun on the aperture of secondary, for example a double aspheric imaging lens.
As secondary optical element, the SMS designed RX concentrator can be used (see Figure
V.2), which is an imaging element that works near thermodynamic limit of concentration.
[3][15][16]
Integrating system with RX concentrator
off-axis incidence

Solarsolar
cell
Célula

Illumination over the cell

Figure V.2 The use of RX concentrator as the imaging secondary in the integrator with an imaging
primary shows that it is theoretically possible to come very close to optimum photovoltaic
concentrator performance

A good strategy for increasing the optical efficiency of the system (what is one of the
critical merit functions), is to integrate functions in the surfaces of the system, i.e. design
the concentrator surfaces to have a dual function, for example to illuminate the cell with
wide angles and get a uniform irradiance distribution on the cell. It entails a reduction of
degrees of freedom in the design comparing to the four surfaces ideal case. Consequently,
a trade-off has to be made between the selected geometry and the homogenization method
in order to keep the optical efficiency, acceptance angle and the irradiance distribution on
the cell.
From the homogenization scheme point of view there are two ways to face the problem.
The first one is designing a Köhler integrator, as mentioned before, where the integration
process happens in both dimensions of the ray bundle, meridian and sagittal. This approach
is also known as 2D Köhler integrator. The other strategy is only to integrate in one of the
ray bundle dimension; we call it 1D Köhler integrator. The 1D Köhler integrators will

112

Chapter V Köhler integrators in CPV
obtain a lower degree of homogeneity than the 2D ones, but they are easier to design and
manufacture what make them suitable for systems where the irradiance distribution on the
cell is not too critical. A design method for calculating fully free-form 1D and 2D Köhler
integrators was recently developed [17][18], where used surfaces have the dual function of
homogenizing the light and coupling the design edge rays bundles.
In the past has been proposed the use of both type of integration for automotive
illumintation application [17]. It had been made over the previously well known collimator
RXI [19].
The high efficiency and compactness of the RXI make it an interesting device for head
lamp applications. However, the rotational symmetric RXI is not suitable for producing the
more complex beam pattern required, though the freeform device have been developed,
that is an almost perfect device for a high beam, the mass-production seems to be difficult
for the low beam, since the LED placing and chip tolerances affect the cut-off gradient
definition.
The design of a free-form integrator RXI, had permitted to improve the cut-off definition.
Figure V.3 shows such a low beam design, in which the edges between lenticular elements
are visible. The two free-form surfaces performing the integration are the cavity refractive
surface and the back mirror. The device contains 2x3 one-directional lenticular elements
and 2x6 two-directional ones (see Figure V.3). The one-directional integrator elements will
provide the sharp vertical cut-off gradient (see Figure V.3) and the two-directional
integrator elements will provide a vertical and horizontal sharp corner for defining the step
of the hot spot (see Figure V.3).[20]

Figure V.3 Left: schematic view of the far field creation with a free-form RXI ; Right: schematic
view of an integrator RXI (note that all rays emitted horizontally originate from a sharp feature in
the RXI cavity)
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V.3

Statement of the problem
p α
α

T

α

(b)

(a)
Figure V.4 Operation principle of a basic integrator array

In Figure V.4 can be seen an elemental Kohler integrator made as solid piece of refractive
index n>1 bounded by two symmetrical lenslet arrays, separated by a distance T equal to
their focal length. If no aberrations are present, all light hitting one lenslet array with an
arbitrary intensity distribution within off axis angles limited by ±α would be transformed
into constant intensity between ±α after the second lenslet, as long as the irradiance of the
incoming light is constant over each lenslet. This condition can be met by choosing the
lenslets sufficiently small. If these conditions are met, this optical system performs ideally
coupling all the rays impinging on the array from top forming a half-angle:
⎛ p 2⎞
⎟
⎝ T ⎠

α = arctan ⎜

(5.1)

Therefore, the input and output bundles are the same, but the integrator changes the ray
assignations from input to output. This ray assignation exchanges angular and spatial
features, and this is why the integrator can produce angularly uniform output radiation
from input illumination which is angularly nonuniform (but spatially uniform).
For instance, in Figure V.4a the input surface is uniformly illuminated with vertical rays,
that are focused onto the center of the output array lenses, but the intensity at the exit will
be uniform within ±α. Figure V.4.b shows the same integrator but with a tilted impinging
parallel ray fan. The modification of the incident angle of the parallel ray fan from normal
incidence up to angle α does not affect the far field of the exit rays but just the emission
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points at the bottom array are shifted. Therefore, the optical integrator can produce an
intensity pattern that can be quite insensitive to lateral source-position errors of a point
source.
In the Figure V.4 can be seen an integrator that doesn’t do any other function, apart of
integration. We are interested in design of integrators that also have additional functions,
such as collimation, or production of prescribed pattern.
Before getting into the design procedures, we need to state the integrator design problem
more generally. Later we will find approximate solutions to this more general problem,
which will be in general formed by two arrays of reflective or refractive optical surfaces.

V.3.1Kohler integration in two-dimensions
We will define the general integrator problem in two dimensions as follows: finding an
optical system that couples the rays of a given source impinging on each input array cell
with the rays exiting the corresponding output array cell towards the target with the
following two conditions: (1) the rays emitted by one point of the source must illuminate
the whole target (and not only part of it), and conversely, (2) the rays arriving at one point
of the target must have been emitted by all points of the source.
Figure V.5 shows the integrator lens to be designed. This lens is going to be insensitive to
the source position and also is a collimating lens that collect the rays from source segment
Pe- P’e and transmits them to target segment Ps- P’s.
Assume that the blue region over L and M in Figure V.5 has already been calculated. Then,
the optical lengths as, bs, bi, a’e, and be are known (optical length is defined as the product of
the length times the refractive index). Our problem is to calculate the position of points M’
and L’ (4 unknowns) limiting the next region. For this let us impose the following
equations.
Etendue conservation [3]:

(b

e

+ be' ) − ( ae + ae' ) = ( ai + ai' ) − ( bi + bi' ) = ( bs + bs' ) − ( as + as' )

(5.2)

L’ belongs to the Cartesian oval passing through L and focusing P’e in M :
be + bi = ae + ai

(5.3)

M’ belongs to the Cartesian oval passing through M and focusing P’s in L:
bs + bi = a 's + a i'

(5.4)

L’ belongs to the Cartesian oval passing through L and focusing Pe in M’:
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be' + bi' = a e' + a i'

(5.5)

M’ belongs to the Cartesian oval passing through M and focusing Ps in L’:
bs' + bi' = as + ai

(5.6)
bi

entry aperture

exit aperture
M

L

as

Ps

a'e

Pe

b's
b'e

b'i

L'
ae

be

ai

bs

M'
a's

a'i

P'e
P's
Figure V.5 Curved lens integrator design method

The two equations contained in Eq. (5.2) can be derived from Eqs.(5.3), (5.4), (5.5) and
(5.6). Thus, as yet, we have only four independent equations.
The unknowns, which are the optical lengths ae, be, ai, a’i, b’i, a’s, and b’s can be written as
functions of the tour coordinate positions of the (unknown) points L’ and M’ and the
coordinate positions of L, M, Pe, P’e, Ps, P’s (which are known). Thus, the coordinate
positions of L’ and M’ can be calculated solving Eqs.(5.3), (5.4), (5.5) and (5.6).
These conditions are necessary but not sufficient to guarantee that there is sharp focusing
of P’e in M, P’s in L, Pe in M’ and Ps in L’. In fact such focusing is not possible, and only an
approximation can be obtained.
Figure V.6 shows the two Cartesian ovals focusing P’s in L, and Ps in L’. Both cross points
M and M’ but the slope at these points is not the same for both ovals. This means that there
is no slope at M such that the ray from Ps goes to L’ and the ray from P’s goes to L.
If a sharp cut-off is desired at Ps, then we will choose the Cartesian oval focusing Ps in L’
for the exit aperture and the oval focusing P’e in M for the entry aperture (so it does not
send light to the previous calculated output section over M, which would refract the light
over Ps).
Figure V.7 shows the basics for understanding the proposed solution. The microlens mAG’,
is a Cartesian oval that images points A and G’ (the same notation is used for mGC, and
mBG’). The point G’ (which may be located at the infinity) is where we want to get a sharp
cut-off. The source, located at the left hand side, has a smooth irradiance transition around
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the point G. The microlens mAG’, images approximately the neighbour points of A into the
neighbour points of G’. Similarly, the microlenses mBG and mGC image the source into the
points of the mAG’ and adjacent right most microlenses. An observer at a point P of the
microlens mAG’ sees a sharp transition of illuminance at the point A due to the slope
discontinuity of the lens profile at the point A: the ray coming from a point above A is
illuminated by a point of the source far above G while the ray coming from a point slightly
down point A is illuminated by a point of the source far from G. This sharp illuminance
discontinuity seen at A from the point P is imaged at G’, where the sharp cut-off is
obtained. This scheme is repeated in all the microlenses.

L

M

L'

M'

Ps

Pe

P'e
P's
Figure V.6 The Cartesian ovals focusing Ps’ in L and Ps in L’ lay on M and M’ but they are different
profiles

The point G can be considered as the lower edge of a virtually enlarged source. In general,
the selection of the lowest and highest point of this virtual source must be done not only to
prevent the event of weak gradient but also to allow for source position tolerances. The
integrator design will guarantee that if the source moves inside the integrator the
illuminance at target will remain unchanged in good approximation.
Although the statement of the integrator problem was set symmetrically with respect to
input and output, in order to achieve a sharp gradient at point G’ of the target, it is not
necessary that the input microlenses (mEM, mEP, etc.) image the source on the output
microlenses, that is, condition (2) need no to be fulfilled. However, fulfilling condition (2)
will maximize the illuminance on the target (or intensity, if located at infinity) for a given
prefixed exit aperture size, which is desired in the most demanding applications.
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mGC
C
A

mAG’

P
B

G
mBG

G’

Figure V.7 The sharp cut-off of illuminance at G’ is caused by the slope discontinuity at O

V.3.2Kohler integration in three-dimensions
In 3D geometry, edge points O, M, P, etc. in Figure V.7 become edge curves, and the
microlenses curves (mAG’, mGC, mGB, etc.) become microlenses surfaces. Additionally, in
three-dimensions, two types of Kohler integration concepts are possible: the onedirectional integration, in which the integration is provided for just one of the preferred
direction of the ray bundle, and the two-directional integration, in which the integration is
provided for both the directions at the same time. That means that if we have a rectangular
source of corners A,B,C and D, the one-directional integration would provide insensitivity
of the pattern to the source movement parallel to the sides AB and CD, while twodirectional integration would provide insensitivity to any movement of the source.
In the case of one-directional integration, edge curves of the microlenses will be
constituted one family of spaced curves that do not cross one to another (Figure V.8).
On the other hand, in two-directional integrators, the edge curves will be constituted by
two crossing families of spaced curves, in general not mutually orthogonal. This mesh is
analogous to the rectangular mesh form by the edges of a classical integrator lens array.
Figure V.9 shows a two-directional Kohler free-form integrator lens. It is composed by two
surfaces which are formed by pairs of free-form lenticular elements as So and Si, whose
edge curves are the curve segments of the original design.
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Like in the one-directional integrator case, adjacent lenticular elements show slope
discontinuities at their edge curves, which means that the vectors normal to adjacent
lenticular elements at their intersection curve will have an angular difference.
Occasionally, there may be not only an angular difference but a step between the surfaces,
usually small, which defines an inactive face as occurs in a Fresnel lens.
The two-directional integration provides insensitivity to LED variation in the two
dimensions of the chip. This means that the pairs of lenticular elements approximately
image one to another, as it is also done in conventional Kohler integrators.
output surface

input surface

source

Ro

Ri

pinhole projected
images

target plane

Figure V.8 One-directional free-form integrator lens
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output surface

input surface

So

source
Si

pinhole projected images
target plane

Figure V.9 Two-directional free-form integrator lens

V.4

XX Radial Köhler integrator

In this section is described the design of XX photovoltaic concentrator that resolves the
problem of uniformity on the cell incorporating Köhler integrator. This design is a
particular case of 2D two-mirror Köhler integrator with rotational symmetry where the
integration is done in one direction. It is based on the aplanatic system that produces sharp
imaging of normal incidence rays on the cell center and satisfies the Abbe sine condition
[1].
Secondary
mirror

Cell on focal
plane

Primary mirror
Solar cell

Figure V.10 Operation principle of 2-mirror imaging design when the sun is centered
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In the Figure V.10 we can see such a two-mirror aplanatic system without non-imaging
concentrator. It can be seen that a primary mirror concentrates the light onto the secondary
mirror which illuminates the solar cell. This configuration has a clear limitation because it
produces a highly non-uniform illumination on the solar cell, which reduces the cell
efficiency and system reliability. This is because the optics is imaging the plane at infinity
onto the plane of the target, where the cell is placed, i.e. the sun is imaged on the cell.
The angular acceptance of the two mirror aplanatic concentrator is several times (for
instance 3) greater than the angular size of the sun allowed for tolerances. The imaging
mapping makes the acceptance angle to sun angle ratio the same as the cell diameter to sun
image diameter ratio. Therefore, the area of the round target would be 32 times greater
than the sun image area. If the average concentration of the prior art design is 500 suns, the
local concentration can reach as much as 32 x 500 = 4500 suns.
These values were considered critical for the cells [6], but recent measurements have
shown that no significant changes in solar cell behavior have been detected for the local
irradiance of 10000 suns [8][9]. Even though, the fabricants still don’t guarantee the
proper, long term behavior of solar cells under these conditions.

Sun spot
diameter
Integration

Figure V.11 Left: Schematic light distribution on a solar cell photo produced by a pinhole in the
aperture of a radial integrator; Right: The rectangular pinhole images rotate around the rotation axis
and form a hotspot in the center of the cell.

Since the radial Köhler system achieves the integration effect only in the meridian
direction, every pinhole at the POE produces an elongated image of the sun on the solar
cell, the smaller side of it depending on the sun angular size and the larger size on the
chosen integration zone (matching the acceptance angle, see Figure 4). As a pinhole is
moved across the POE surface, the rectangular pinhole images on the cell rotate around the
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symmetry axis, and a hotspot is created at the cell centre (see Figure V.11, right). Although
such hotspot is evident (4-5 times the average concentration), it is much lower than the non
integrating approach.

V.4.1Optical design
A two mirror Kohler homogenizer optical design produces an ultra-compact solar
concentrator with moderate irradiance non-uniformity. The Kohler optics is combined with
a multi-junction solar cell system to create a system that produces electrical output with
very high efficiency.
Secondary mirror

2b 1b
1a

Solar cell

Focal ring on
secondary mirror

2a

Slope
discontinuity

Primary mirror

Figure V.12 Operation principle of radial Kohler integration for on-axis incidence (center sun)

The system consists of two mirrors that that each one of them consists of the same number
of lenticular optical surfaces, that work in pairs. Each segment of the primary mirror is
designed such that makes an image of the sun onto its pair on secondary mirror, and the
corresponding secondary segment is designed to image the primary segment on the cell.
The segments on the primary (1a, 2a, etc.) are essentially parabolic, each with the focus at
associated mirror segment (1b, 2b, etc.) on the secondary and along the vertical axis. The
secondary mirror segments (1b, 2b, etc) are elliptical with foci at the location of the
associated primary mirror segment and the target. There is continuity in profile but
discontinuity in the slope in both secondary and primary. The target plane of the
combination of the primary and the secondary mirror is placed at the cell. [23]
The design procedure is following. First we have to define the system that we want to
design, i.e. the entry aperture area, size of the mirrors, the position and the size of the
receiver, relative position of elements respect to each other and the acceptance angle that
we want to achieve with the concentrator.
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Once the input parameters are selected, we can proceed with the design of the first pair of
mirrors (1a and 1b). The initial point of segment 1a should be the border of the system.
Next step is selection of the point where we want to focus the incoming sun rays, which
later will become a point of the segment 1b and will define its position. Having the focus,
direction and starting point we can construct desired parabola (Figure V.13).

Parabola focus
Parabola

Cell
Figure V.13 Design of the segment 1a

Once we have constructed the parabola, we can choose one point on it. For example, it can
be the point P1 that later will be the border of the segment 1a (which is known by definition
of the entry aperture area), as shown the Figure V.13. This point will be used as one of the
foci of ellipse that will do the imaging of the parabolic segment onto the cell. This means
that the second focus has to be placed on the cell (point C on the Figure V.14). Now we
have defined the ellipse that is going to be segment 1b. The selection of point P1 gives us a
degree of freedom and that is used later in the process of optimization.
α
P1

1b

1a

C
Ellipse foci
Figure V.14 Design of the segment 1b: construction of ellipse (left) and defining the borders of the
segment 1b (right)

The edges of a given segment of secondary mirror are designed so that their images at
infinity through the associated primary segment match the acceptance angle (Figure V.14,

123

Aleksandra Cvetković
right), while the edges of a given segment of a primary are designed so that their images on
the target through the associated secondary matches the cell size (Figure V.15). Since the
source-image is not projected onto the target, the source misplacement and its luminance
inhomogeneities do not affect the target illumination.
This procedure is being repeated till we get primary mirror gets shadowed by secondary.
This part was optimized such that both, primary and secondary works properly and don’t
have parts that are not illuminated. The optimization process has been done by changing
the relative position of the elements and position of the foci (e.g., instead on the edge of an
element, placing it in the middle).

1a

1b

Figure V.15 Defining the borders of the segment 1a

The actual three-dimensional device is rotationally symmetric, as shown in Figure V.12, so
that the segments of the primary and secondary mirrors form rings. Since the Kohler
integration is done only in the meridian cross-section, no uniformity is gained in the
sagittal direction. This means that if the acceptance angle is 3 times the solar disk, the local
concentration is only 3 times the average. Thus, for a 500-sun average concentration the
maximum local concentration on the cell is 1500, which is acceptable.
Regarding the local concentration produced on the secondary mirror, when the sun is
centered on the axis, the irradiance pattern on each annular segment of the secondary
mirror is a thin ring centered on the segment with about 100-150 suns concentration, which
is also acceptable for a mirror durability.
Although the maximum local concentration on the cell can be kept below the 1500 suns,
this means that the cell is working at the limit that the actual that can stand. In order to
improve the behavior of the system, i.e. to get higher concentration and lower local
concentration, but also to get easier positioning of the system, we’ve used additional
encapsulation element (dome).
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S0
Secondary mirror

Dome
Solar cell
P2
XX receiver plane

P1

P1

Figure V.16 Dome design

The main aim of the dome was to guarantee lower local concentration, but since it was
made of dielectric material it achieves higher concentration of the system. The dome is
moving the receiver plane higher than it is placed in the previously designed XX Kohler
system.
The design problem of the dome is the classical design of Cartesian oval, where for the
central part of the dome we redirect the ray bundle coming from the top edge of the
secondary mirror, S0 (Figure V.16), towards the edge of the solar cell P2. Once the rays
coming from the point S0, start suffering total internal reflection on the dome, the type of
oval has to be changed. It becomes the one that transforms the rays that should go to the
edge of the receiver plane of the designed XX system, point P1, Figure V.16, to the rays
with direction to the edge of the solar cell, i.e., it images point P1 to point P2. The
discontinuity in the center is forced in order to obtain the lower irradiance in the center.
This design doesn’t give us the full control of all incoming rays but helps us to do the
redistribution of the rays such that when integrating the irradiance distribution in 3D, don’t
get a peak in the center. In Figure V.17 we can see that distribution in 2D. As it can be
seen the irradiance distribution with Köhler integrator in 2D is uniform, but when
integration is done we get superposition of all the section and get the high irradiance in the
center. Though when we have a dome that is making a “hole” in the center, and integrating
it we get significantly lower peak irradiance (see in the Results section).
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Irradiance distribution on
cross-section of XX system
XX Köhler+dome
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Figure V.17 Irradiance distribution on cross section of the solar cell with and without dome

When the sun is off-axis, but still inside the designed acceptance angle, the thin irradiance
ring on each segment of the secondary is displaced, although still inside the segment. In
Figure V.18 can be seen this displacement in the meridian cross-section. Even then the
maximum irradiance levels on secondary and on the cell remain unchanged.
Focus moves to
exterior

Focus moves
to interior

Figure V.18 Operation principle of raidial Kohler for off-axis incidence (within the concentrator
acceptance angle)

V.4.2Results. Raytrace analysis
In order to prove the concept, has been developed a first prototype based on the air-filled
version. The parameters of the optical design are [23]:
•

Geometrical concentration: 650x

•

Entry aperture: Circular, 288 mm in diameter

•

Secondary shading: 4%

•

Depth to diameter ratio = 0.28
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•

Solar cell: triple junction 1 cm2 triple junction cells

•

Cover: PMMA

•

Dome: B270 glass (n=1.52)

•

Mirror coatings: Protected silver, reflectivity 94%

•

Simulated acceptance angle α90% = ±0.9º

•

Simulated optical efficiency = 78%

•

Average optical concentration = 650 x 0.78 = 507suns

Figure V.19 Ray trace on the air-filled design for 650x and 1 cm2 multijunction cells

The design is highly compact, only slightly higher than 0.25, which is the compactness
limit for this geometry [21]. This limit is obtained when primary and secondary rims are
coplanar. However, the desired acceptance angle-concentration product requires, by
etendue conservation [3], an illumination angle of the cell about ±30º degs, and this
implies that the cell has to be located well inside the primary mirror in this compact-limit
case.
For practical purposes, the depth has been slightly increased with respect to the limit to
achieve the additional condition that the cell is located coplanar to the back of the primary
mirror. This forces to put the secondary deeper than the primary rim in order to maintain
the illumination angle on the cell. This practical condition is convenient for the system
design, because the cell can be directly attached to a flat heat sink.
Figure V.20 and Figure V.21 show the results of the ray tracing computer simulations.
Figure V.20 shows the relative optical efficiency versus the incidence angle. An
acceptance angle at 90% transmission is deduced for about ±0.9º.
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Figure V.20 Ray-trace simulation of the 650x air-filled design: relative transmission versus
incidence angle

Figure V.21 shows the local concentration factor for normal incidence. The maximum is
below 1,400x. This value is even smaller that the one calculated in the previous section
although the acceptance angle is slightly higher. This has been obtained by the specific
design of the dome, which further increases the homogenization. In real operation, at the
typical 850 W/m2 of beam irradiance, this will imply less that 1,200 suns. Furthermore, the
inaccuracies in the manufacturing of the optics and the surface scattering will contribute to
further reduce the peak concentration.
The fact that the irradiance distribution is lower at the edge than at the centre improves cell
positioning tolerances: if the 1 cm2 cell is out of place by 1 mm, a perfectly uniform
illuminated cell would lose 10% of the power, while the losses in the nonuniformly
illuminated case are significantly smaller.

128

Chapter V Köhler integrators in CPV

Figure V.21 Ray-trace simulation of the 650x air-filled design: Local concentration distribution on
the cell when the sun is centered.

V.4.3System approach
A prototype of a system based on this new concentrator has been developed. Figure V.22
shows the configuration used [22].
The primary mirror has been done by injection molding of polycarbonate, usual technology
in the automotive industry. The secondary mirror, on the other hand, has been made of
coated molded glass part, which is allocated on the slightly-conical injection molded
PMMA front cover. This cover has an indentation with the secondary shape to allocate it
and guarantee the alignment.
For thermal dissipation, the cell is soldered on an aluminum nitride substrate, which acts as
a heat spreader with excellent CTE (coefficient of thermal expansion) matching to the solar
cell and will provide the necessary electrical isolation. The substrate will be glued with a
conductive epoxy (Dow Corning 1-4173 adhesive) to a U-shape aluminium extruded beam.
This beam is black anodized (note that it will not be exposed directly to the sun) and is
performing the double function of heat sink and supporting structure.
Thermally, the heat sink has been designed to provide a temperature difference between
cell and ambient below 40ºC with no wind and 850 W/m2.
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The sources of heat will be the non-converted power in the cell (about 29 W at 850 W/m2)
and the absorbed light in the primary and secondary mirrors (3 W each). The 3 W of heat
to dissipate from the secondary coating, since its area is significantly smaller than the
primary (a factor over 20) result to be non-negligible, and this is the reason why the
secondary is being made in glass in prevention of reliability problems of the coating if
made on plastic.
From the structural point of view, the U contributes with a weight of 4.9 Kg/m2 of
concentrator aperture (i.e., less than a 2 mm sheet of aluminium of the same aperture area
as the concentrator), while the concentrator itself weights 9.5 Kg/m2 of concentrator
aperture. In this first small prototype, each U-beam will be 1.4 m long to allocate 5
concentrators, although its stiffness (moment of inertia = 10-13·109 m4) is enough to be
extended to hold 8-10 concentrators with two intermediate supporting points.

Secondary mirror
(glass molded silver
coated)

Primary mirror
(injection molded
first-surface silver
coated)

PMMA injection
molded protective
cover

Glass-molded dome
Alumina heatspreader
& MJ cell

U-structural beam
/Heatsink
Figure V.22 CAD model of the prototype design (a quarter of the primary, secondary and cover have
been removed).

The concentrator units will be supported by the extruded heatsink. Its flatness better than
0.4 degs will be required to guarantee the sufficient alignment between the concentrator
units when mounted (no additional adjusted will be done). Although for this prototype a
circular aperture has been selected, hexagonal or square contours for higher energy density
are also possible. In any case, the independency between concentrator units gives exit
paths to the wind, which reduces significantly the resulting load, and permits for lighter
structures or larger pole-mounted systems.
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This optical design and the system proposed can be adapted for use in either low-profile
roof top trackers or for higher profile pole-mounted ones. Figure V.23 and Figure V.25
illustrate examples of possible scaleable designs for both applications.

Figure V.23 Pole-mounted configuration

Tracker

Angle support

Heatsinks
Module

Horizontal torque

Figure V.24 Dimensions of the prototype design (pole-mounted configuration)
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Figure V.25 Low-profile system for roof-top applications

The characteristics of those two systems are shown in the next table. It is remarkable the
high energy density (per concentrator entry area) and the compactness (last dimension,
which is depth, include the beam/heat-sink).
Table V.1 Characteristics of roof top and pole mounted systems

Roof top

Pole mounted

Number of cells

48

96

Total entry aperture (m2)

3.14

6.28

Voc (V)

144

144

Isc (A)

6.6

13.2

Nominal power (Wp)

800W

1600W

Dimensions (mm)

2400x2500x250

4800x1750x150

Figure V.26 Glass dome
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Figure V.27 Pole-monted prototype

V.5 XR Köhler integrator in three
dimensions
In this section is going to be presented an academical example of one 3D design of Köhler
integrator that does the integration in two directions. The selected configuration is the XR
one with Köhler integrator in which both, mirror and the lens, consists of 4 lenticulations
that work in pairs. They are designed such that the mirror lenticulation focus incoming rays
from the sun on the corresponding lenticulation of the secondary lens, while the secondary
lens images the primary on the cell. In this case the irradiance on the cell is an integration
of the four images of the primary lenses.
Cell
Secondary lens (R)

Primary mirror (X)
Figure V.28 Operation of XR Köhler integrator in 3D
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V.5.1Optical design
The equations of both elements, primary and secondary, can be expressed analytically, and
are obtained solving the equations of constant optical path length between selected
wavefronts. For the primary mirror they are given by:
OPL = r0 + P0Q0

(5.7)

r + PQ0 = const = OPL

(5.8)

where r0 is the distance of initial point P0 from the plane input wavefront and r distance of
the point P, that is being calculated, from the same wavefront, see Figure V.29.
r0
P0

Q0

Figure V.29 Parameter definition for POE

And the expressions for the secondary lens are obtained solving the equations:
OPL1 = P0Q0 + Q0 E0

(5.9)

PQ0 + QE0 = const = OPL1

(5.10)

where Q0 is the focal point of primary mirror, and Q is the point that is being calculated,
see Figure V.29.
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E0

Solar cell

2α

P0

Figure V.30 Parameter definition for SOE

The design procedure is following:
1) Definition of input parameters:
• Defining the cell size and position;
• Defining the aperture of the system;
• Defining the cell illumination angle.
With these data it is possible to determine starting points for both surfaces.
2) Calculation of the primary mirror (POE) as a paraboloid with focus in the starting
position of the secondary lens and direction that is normal to the cell, see Figure
V.29.
3) Calculation of the borders of the POE tracing the edge rays coming from cell’s
contour and passing though the POE focal point. With this we are forcing that the
normal incidence ray bundle reaches the cell.
4) Check if assumed starting point of POE accomplishes the condition 3). If not, select
new point on the calculated POE that is going to be focal point of the SOE.
5) Constructing the SOE such that all the rays coming from selected POE point, go to
the opposite edge of the cell, see Figure V.30.
6) Calculating the borders of the SOE, tracing rays from the ±α cone, to the SOE focal
point that is part of POE, reflecting them and finding the intersection with
calculated SOE. With this we are forcing that while the sun moves inside of this
cone the efficiency is not getting lower.
7) Repeat the same procedure for three more quadrants in coordinate system.
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Solar cell

Secondary
lens

2b
3b

Primary
mirror

1b
4b

4a
1a
3a
2a

Figure V.31 Four sectors freeform XR 2D-Köhler concentrator designed for a Cg=804x. 1a and 1b
form an integrating doublet.

Secondary
lens

Focal points on
secondary lens

Primary
miorror

Figure V.32 XR Kohler integrator; Ray paths at normal incidence are shown.
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V.5.2 Results. Raytrace analysis
In Figure V.33 can be seen the example of the XR Kohler design, made for 1cm2 solar
cell.[24] All the dimensions in the Figure are in centimeters. From the same figure can be
concluded that design is also highly compact.

Figure V.33 Dimensions of the system (in cm)

The design was done using a square unitary cell (cell side=1) being possible to escalate its
size depending on the real cell size used. The thermal scheme used to remove the heat from
the cell will be determine by the used sell size. The parameters for the optical design are:
Cg = 804x, shadowing of the SOE = 1% and square cell and aperture. Assuming mirror
reflectivity of 95%, transmission of the cover of 91%, and taking into account the Fressnel
losses of the SOE, the resulting simulated optical efficiency of the concentrator is 80.97%.
The resulting system has a concentration ratio of 804x, for which it achieves the
acceptance angle (90% efficiency drop off) of ±1.41 degrees. The relative transmission
curve is shown in Figure V.34. The spectral dependence of the optical performance
(optical efficiency, acceptance angle and irradiance distribution) are negligible due to the
fact that the reflection at the mirror is achromatic and the secondary lens operates at very
wide local acceptance angles (see Chapter 14 in ref [3]).
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Figure V.34 Transmisión curve

The analysis of irradiance on the cell, gives an excellent uniformity and the peak irradiance
of 650 suns (DNI@850 W/m2). The irradiance on the cell is below 1500 suns which is
sufficiently low for present high-efficiency tandem solar cells. The simulation result of
irradiance distribution on the cell when the concentrator is perfect aimed to the sun can be
seen in see Figure V.35. In Figure V.36 the irradiance distribution on the cell when the
concentrator has a tracking error of 0.7 degrees is shown. In this situation the irradiance
peak rise up to 1108 suns which is also still acceptable for the cell performance.
Freeform Köhler XR. Irradiance distribution on the cell.
Perfect tracking

Irradiance
[suns]

cell side

Figure V.35 Irradiance distribution on the cell for normal incidence
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Freeform Köhler XR. Irradiance distribution on the cell.
Tracking error 0.7 deg

Irradiance
[suns]

cell side
Figure V.36 Irradiance distribution on the cell, off axis 0.7 degrees. Peak irradiance is 1108 suns

Freeform Köhler XR. Irradiance distribution on the cell.
Tracking error 1 deg
2500

Irradiance
[suns]

2000

2000-2500
1500

1500-2000
1000-1500
500-1000

1000

0-500

500
0.26
0.00
cell side -0.25
-0.50

0
0.00

-0.25

-0.50

0.25

Figure V.37 Irradiance distribution on the cell, off axis 1 degree. Peak irradiance is 2370x

V.6

Conclusions

Köhler integrating optics consisting of two arrays of lenticular elements can improve the
performance of non imaging optical designs considerably. If integration in one direction is
applied, all light can be confined between two sharp boundaries or a single sharp gradient
can be created. Two directional integration can confine the output within rectangular
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irradiance or intensity to create perfectly uniform output. All designs can be superimposed
onto flat or spherical reflective and refractive surfaces as well as sophisticated freeform
optics, so that no additional optical elements are being added. The basic optical behavior of
the underlying optical design is maintained. Disadvantages like more complex tooling,
slight losses of efficiency or acceptance angle, are offset by partially decoupling the light
output from the light source position and irradiance characteristics.
In this chapter have been presented two different examples of Köhler integrators for CPV
applications: one and in two directional integrators.
As the 1D integrator has been designed the rotational XX solar photovoltaic concentrator.
It is a two-mirror high concentration nonimaging design that shares the advantages of
present two mirror aplanatic imaging concentrators but also overcomes their main
limitation of trade-off between acceptance angle and irradiance uniformity.
It is capable to work with an acceptance of 15 mrad half-angle and an (average)
concentration over 650x with local concentrations below 2,000 and without a
homogenizing kaleidoscope. It does not image the sun on the cell, but the profile contains
Kohler integrator elements to homogenize the illumination on the cell radially without
reducing the acceptance angle. Since the integration has been done only in one dimension,
the cell has been encapsulated with a glass dome that also had an additional function of
decreasing the peak irradiance on the cell.
In order to show the benefits of integration in two dimensions have been designed the 3D
free-form XR Kohler integrator. It has been developed as an example for photovoltaic
application since it can solve the problem of non-uniform irradiance distribution on the
cell. It is highly compact design that does the integration in both directions of the ray
bundle, meridian and sagittal.
The presented device has a geometrical concentration of 808x and acceptance angle of
±1.41º and peak irradiance gets only to 792 suns (DNI 850W/m2). Even when the perfect
tracing is not possible, it maintains the peak irradiance below the critical values for multijunction solar cells.
The following table lists the performance of the three concentrators shown above with and
without Köhler facets. The Concentration Acceptance Product Ratio (CAPR) is the
simulated CAP5 (concentration-acceptance angle product) divided by the theoretical upper
bound CAPmax, and expresses how far the device performs from the maximum possible
aiming tolerance for a given concentration. The Irradiance Uniformity (IU) is the average
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irradiance over the peak irradiance as a measure of close to “perfectly uniform” the
irradiance pattern is.
Table V.2: Comparison between concentrators with and without the addition of Köhler integration

CAPR (typ.)
W/O Köhler

IU(typ.)
With Köhler

W/O Köhler

With Köhler

XX(1d-Köhler) 0.47

0.3

0.05-0.1

0.54

XR(2d-Köhler)

0.5

0.05-0.1

1

0.6

Notice the CAPmax is only achievable by an optimum design (isotropic illumination of the
cell, which is embedded in n>1) in which the concentrator entry aperture and solar cell
would have circular apertures. Apart from imperfections in the design, all these three
concepts have square POE and solar cells that explains why the CAPR is always below or
equal 0.6.
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Conclusions
In the major part this thesis treats the application of simultaneous multiple surface design
method in three dimensions. There are presented several designs that use the numerous
advantages of this method. Although in general it deals with CPV application there is also
presented the full car headlamp design for LEDs (by full meaning the low and high beam
design). Apart of SMS3D design one chapter has been dedicated to Köhler integrators.
There have been developed three concentrators and one full automotive headlamp (both,
low and high beam). Two concentrators have been developed with Köhler integration,
while the other two designs used SMS3D.
Chapter II detailed combination of two potent non-imaging design methods to create a new
optical architecture that is viable for many applications, in this case for an automotive
headlamp. Presented headlamp was composed of XR SMS3D optics and LED combiner
designed with flow-line method.
Legal ECE low and high beam designs with >75% total optical efficiency respectively
(without cover lens) and patterns similar to HID headlights have been achieved. Very high
hotspots, low glare values, a sharp cut-off and wide beam spread make this headlight an
extremely save and comfortable lighting device.
It has been demonstrated that described system is versatile and very efficient. It preserves
the etendue, tolerates misalignments, and handles luminance variations across the chip
surfaces. It also handles color and flux mixing of several LEDs. Although in the present
there are some commercial full LED automotive headlamps, the design presented here was
one of the pioneers in the field. Also was proven that the SMS3D family devices introduce
numerous advantages over conventional configurations, such as efficiency, control of light
and compactness.
The rest of the chapters have been dedicated to the photovoltaic concentration. Several
innovative concepts have been presented.
The Chapter III is dealing with direct application of SMS3D to the CPV to the XR design.
That shows us the advantage of SMS3D to adjust the same concept to the different
applications.
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The XR concentrator in this system is an SMS 3D design has been chosen for its excellent
aspect ratio and for its ability to perform near the thermodynamic limit. An additional
ultra-short homogenizing prism was used to improve the irradiance uniformity on the cell.
The XR presented here is off-axis configuration (very asymmetric) in such that shadowing
is completely avoided. For the geometrical concentration of 1000x the simulation results
show the acceptance angle of ±1.8 deg. This large acceptance angle relaxes the
manufacturing tolerances of all the optical and mechanical components of the system
included the concentrator itself and is one of the keys to get a cost competitive
photovoltaic generator. The optical efficiency (power on the cell surface over the power of
a parallel beam reaching the entry aperture of the concentrator considering Fresnel losses,
absorption losses and mirror reflectivity (95%)) is 81% (that includes the losses at the
cover, whose transmission is 91%).
In the Chapter IV could be seen the characterization of the SMS3D XR photovoltaic
concentrator. In this chapter was presented the proof of concept of previously described
concentrator. High concentration, followed by high acceptance angle, (although still not as
high as the theorical one, but sufficiently high to lose the tolerances of the rest of the
system) gave the module that had the competitive efficiency in the field of CPV.
In Chapter V was presented another approach for resolving the irradiance uniformity
problem, Köhler integration. Köhler integrating optics consisting of two arrays of
lenticular elements can improve the performance of non imaging optical designs
considerably. If integration in one direction is applied, all light can be confined between
two sharp boundaries or a single sharp gradient can be created while two directional
integration can confine the output within rectangular irradiance or intensity to create
perfectly uniform output. All designs can be superimposed onto flat or spherical reflective
and refractive surfaces as well as sophisticated freeform optics, so that no additional
optical elements are being added. The basic optical behavior of the underlying optical
design is maintained. Disadvantages like more complex tooling, slight losses of efficiency
or acceptance angle, are offset by partially decoupling the light output from the light
source position and irradiance characteristics.
In this chapter have been presented two different examples of Köhler integrators for CPV
applications: one and two directional integrators, the XX rotational and XR free-form PV
concentrator.
As the 1D integrator has been designed the rotational XX solar photovoltaic concentrator.
It is a two-mirror high concentration nonimaging design that shares the advantages of
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present two mirror aplanatic imaging concentrators but also overcomes their main
limitation of trade-off between acceptance angle and irradiance uniformity.
In order to show the benefits of integration in two dimensions have been designed the 3D
free-form XR Kohler integrator. It has been developed as an example for photovoltaic
application since it can solve the problem of non-uniform irradiance distribution on the
cell. It is highly compact design that does the integration in both directions of the ray
bundle, meridian and sagittal.
The Köhler solutions are not limited just on presented configurations. In the case of XX
concentrator, the integration doesn’t have to be done between two mirrors, but for
example, between the dome and cover, or between cover and secondary mirror.
As next step could be considered the integration of two presented concentrator, i.e.
designing the off-axis XR free-form concentrator, just replacing the homogenizing prism
with Köhler integrator. This would make the CPV system much easier, since there
wouldn’t be shadowing and the fabrication of the lens would be much simpler without
prism.
All seen concentrator solution can be redesigned for higher concentration if cells in the
future permit it. This would mean lower acceptance angle but still higher than are in the
present standard design (such Fresnel lens or parabolic dish type of concentrators).
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