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Abstract

The increase of demand for energy, stimulated by developing countries, particularly China, and consequent

decrease of power sources, is leading to an unsustainable future. Unfortunately, the fossil fuels used to provide

that energy, causes adverse effects to Nature by pollution and the related incidents that occurred caused ecologic

disasters. To avoid this problems, clean energies are necessary to provide the energy, also called renewable

energies. Among those energies, one with particular importance is solar energy. It can be used to produce heat

or can be directly converted into electricity, called photovoltaic (PV) energy. Being one of the European countries

with higher hours of Sun, the use of PV technologies in Portugal are specially advantageous. To achieve the

grid parity (price of PV electricity equal to the price of the electricity grid), the cost of components necessary

to build a PV system have to decrease. Using the principles of Concentrated Photovoltaic, or CPV for short, by

concentrating sunlight , it is possible to reduce the area of PV cells. WS Energia S.A. is a portuguese company

that designs and produces CPV systems. The latest CPV system built was HSUN. The main objectives of this

thesis were to study the HSUN and obtain the tolerances of the optical components of HSUN, design a new

secondary optics, and to develop a model and an experimental prototype to study the profile of the mirrors. The

work done to fulfill this goal was highly successful resulting in a tool for both WS Energia and manufacturers of

parabolic mirrors to evaluate the mirrors and locate systematic errors and being able to correct them.
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1 Introduction

The increasing demand for energy all over the world is

increasing every year, at a tremendous speed [1]. The

analysis done by U.S. Energy Information Administra-

tion predicts that in 2035 the energy consumption in

the world will be 739 Quad. Btu (approximately 24.7

TW). This value represents an increase of almost 50%

from the energy consumption of 2007 [1]. The energy

necessary to keep up with the demand cannot come

only from fossil fuels, as they are reaching a limit in

production (as shown in Figure ??), and they are one of

the major causes for the rise in CO2 emissions, which

is the number 1 believed cause for global warming.

The solution is to turn to clean and renewable energy

sources, capable of supplying large amounts of energy.

Despite the actual global economic crisis, in 2010 it

were invested US$211 billion in renewable power and

fuels, representing an increase of 32% from the invest-

ment made in 2009 [4]. Photovoltaic (PV) Industry is

rising at an astonishing compound annual rate of 65%

[4], showing that the interest in this technologies is

increasing and it is believed that photovoltaic technolo-

gies can really supply the growing energy demand, and

even be the basis of grid supply around the world [?].

To reach the Holy Grail of PV world [?], the famous

grid-parity, the Concentrated Photovoltaic (CPV) tech-

nologies have being studied for many years to improve

their efficiency and reduce the price per watt of energy.

To reach this point, the optics of the CPV systems

need to be properly designed, the lenses and mirrors
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used must be well defined and resistant. to be able

to withstand the climate, in order to the CPV system

be functioning at top efficiency along the entire lifetime.

2 Fundamentals of Concentrated Photovoltaics

In 1839, Edmond Becquerel observed the photovoltaic

effect, in which incident sunlight into a solution gen-

erated a direct current. Being this phenomenon very

important to energy production, as the fossil fuels are

very pollutant and their reserves are lowering, new clean

and renewable energy sources are necessary. Nowadays,

solar cells are made of silicon in several forms (mono or

multi crystalline, string ribbons or thin films) or by rare

element from the III and IV column of the Periodic Ta-

ble, which can achieve higher efficiencies as each element

absorbs a different wavelength range of the spectrum.

The downside to this technologies is the cost of solar

PV cells which is very high. A solution to this problem

is to concentrate the light in a smaller cell, maintaining

the power output, but reducing the amount of solar cell

used, hence lowering the price of the PV system. These

systems that concentrate light, either by using mirrors

or lenses, are called concentrated photovoltaics. To be

able to focus the sun, the CPV systems usually require

a sun tracker, that maintains the CPV system always

align with the sun, along the day.

2.1 Case Study: HSUN concentrator

In this thesis, the object of study was a new CPV sys-

tem developed by WS Energia S.A. R&D team. This

new system, HSUN, uses a parabolic trough mirror that

focus the sunlight into a secondary optic system, formed

by two plain mirrors forming a V-trough, and to the

receiver (solar PV cell). In the prototype built, some

errors occurred, mainly related to the correct reflection

of sunlight to the receiver. The main objective of this

thesis was to study the errors by developing methods to

analyze and measure them, and also propose solutions

to them.

3 Fundamentals of Nonimaging Optics

With the advent of CPV, a new field of optics appeared

to study and develop those systems, the Nonimaging

(Anidolic) Optics. As the main objective in PV systems

is to transfer the sun energy (light) into a receiver (solar

cell), the formation of an image is irrelevant. This way,

the Nonimaging Optics theory studies the transfer of en-

ergy from a source to any point of a receiver. As in CPV

systems the objective is to concentrate light, opposing

to illumination where the light is wanted to be spread

in room per example, it appears a fundamental concept

called the concentration ratio. The geometrical concen-

tration ratio (Cg) is given by Cg = a
a′ , where a and a’

are the entry and exit aperture of the CPV system. One

question that immediately comes to mind is if there is

any limit to the concentration level? Considering the

second law of thermodynamics, it was proven that the

maximum concentration (Cmax) that a 2-D concentra-

tor can achieve is given by Cmax = n
sin(θa)

, where n

is the refractive index and θa is the acceptance angle,

i.e., the maximum angle that a given sun ray can enter

in the entry aperture and be properly reflected and/or

refracted to the receiver. Combining those two equa-

tions, it can be defined the Acceptance-Concentration

Product bound (CAP), that for a 2-D concentrator is

CAP = Cg×sin(θa). The CAP value is a constant that

for a given concentrator, the closer it is to 1, better

built is the concentrator, as it is closer to the thermo-

dynamic limit. With this equation it is also possible

obtain the relation between the concentration (Cg) and

the acceptance angle (θa). To a certain optical design,

to increase one, the other must lowers. This equation

explains why the trackers are needed, with the increase

of concentration. If Cg increases, θa lowers, so there is

needed some type of system to keep the CPV module

facing the sun.

4 Tolerancing methods

To improve and develop CPV technology, as in any

other product, there is necessary to know the effect of

manufacturing errors in the performance. In optics, a

small contour error in a mirror or a misalignment in the

optical elements, might decrease the performance of the

system. In CPV, these errors can lower the amount of

sunlight that reaches the receiver, hence decreasing the

energy production. To perform a tolerance analysis,

several methods were developed. In this thesis, it were

studied the positioning tolerances, using a inverse sen-

sitivity analysis, in which the change in performance is

determined and the software computes the tolerances

that change the performance to the value wanted. Next

it was used a sensitivity analysis that evaluates the

change in performance that a given tolerance value pro-
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duces. Finally it was used the Monte-Carlo simulation,

in which random values are assigned to all tolerances

and the global effect is studied.

5 Positioning tolerance analysis of HSUN

Figure 1: General view of HSUN optical elements mod-

eled in ZEMAX environment.

To obtain the tolerances of the optical elements of a

given optical system (in this thesis is HSUN) a method

to calculate the tolerances was developed and applied.

The tolerances were computed using the ray tracing

software ZEMAX. This professional software largely

used in optical applications, has some integrated tol-

erancing routines which allow to obtain the position-

ing tolerances that generate a determined performance,

measured with a Merit Function (MF). As this tolerance

routine only gives the nominal values, the evolution of

performance with a certain misalignment or tilt is un-

known. To obtain that information, the misalignment

and tilt is manually defined, and the MF value is cal-

culated. Then a graphic is drawn to show the relation

between the misalignment and the performance of the

system (defined as the total amount of incident irradi-

ation in the receiver). Finally it is also performed 1000

Monte-Carlo trials to simulate the total influence of the

sum of several tolerances of each component. Table 1

shows the results of the minimum and maximum toler-

ances of each component and each parameter studied.

Table 2 shows the results of the Monte-Carlo simula-

tion.
Component Parameter studied Tolerance values

SOE 1 (top)

X’ Position -2.5 mm 4.1 mm

Y’ Position -6.2 mm 7.1 mm

Z Tilt -25.0◦ 28.0◦

SOE 2 (bottom)

X’ Position -3.8 mm 5.8 mm

Y’ Position -1.7 mm 6.3 mm

Z Tilt -19.5◦ 20.0◦

Both SOE + receiver
X’ Position -7.6 mm 6.8 mm

Y’ Position -4.5 mm 4.0 mm

Table 1: Results of the tolerancing tests performed at

each element

Nominal Percentage %

Merit function value 247.99 100

Worst Trial 216.856 87.56

Average merit function value 241.842 97.64

Standard Deviation 6.061 2.45

Table 2: Results obtained from the Monte-Carlo simu-

lation, with the tolerance values of ±1mm for displace-

ments errors and ±1◦ for tilt errors.

One can see that the tolerance values for each

component are very large (in manufacturing

procedures, a tolerance of 1mm and 1◦ are easily

achieved). The Monte-Carlo simulation also confirms

this hypothesis. Testing the effect of ±1 mm and ±1◦

tolerances, it is seen that the average efficiency is

approximately 97%, and in the worst case almost 88%.

The tolerancing tests focused in the secondary optics

and the receiver, so the major font of errors must be in

the parabola. To test the parabolic trough mirror,

several models were modeled in SolidWorks and then

imported to ZEMAX. One common error seen in the

mirrors, was that the profile of the parabolic trough

was not correct. The extremities were practically

rectilinear so this problem was modeled and tested.

Figure 2 shows the results for 3 tests, comparing the

effect of a rectilinear part in the beginning of the

parabola, the end and in both extremities.

Figure 2: Variation of percentage of total power in the

receiver with the location of the rectilinear part in the

parabola. Red line in both extremities, green in the end

and blue in the beginning.

The results obtained for the tolerance values that

lowered the total incident irradiance to 90% of value of

the ideal case where all large (comparing to the usual

tolerances in manufacturing processes. The Monte-

Carlo simulation was performed to tolerance values that

were reasonable to the tools of manufacturing used to

build the HSUN prototype, ±1mm for displacements

and ±1◦ for tilts, the result was an average loss of

2.4%, and for worst case 12.44%. This result shows that
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HSUN has a relatively high tolerance to manufacturing

errors.

6 Design of a new optic elements for HSUN

Another objective of this thesis was to Relatively to the

new secondary optics, this new design should satisfy 3

main objectives:

1. Increase the acceptance angle of the overall opti-

cal system;

2. Improve the uniformity of the radiation in the re-

ceiver;

3. Should be easy to construct with the current ex-

isting manufacture tools;

To design the new SOE, it was necessary to choose the

design method. As there are several methods avail-

able to design optics, three methods were chosen and

then the results were compared. The first method

applied was an iterative method consisting in an al-

gorithm based in ”piece-by-piece” designing methods,

such as the the String Mehtod or in ”Luminaires” [8],

which are usually used to design primary optics, but it

were adapted to design secondary optics in HSUN). The

other two design methods were the asymmetrical CEC

and the asymmetrical CPC methods, successfully used

before to design secondary optics, as described in [6].

The iterative method was chosen to develop a general

SOE design model, resulting in a tool for WS Energia,

possible to use in other CPV models. After this model

was made, a validation of the algorithm was performed,

and then, the application to HSUN. The asymmetrical

CEC and CPC methods were used based on the design

method ”Combination of Primaries with Flow-Line Sec-

ondaries”, described in [?]. As there are several simi-

larities between the optical elements described in CEC

and CPC methods and HSUN, these methods were good

candidates to give the new SOE.

6.1 Iterative method

The iterative method consists in a model, developed in

Mathematica, in which the iteration algorithm was im-

plemented. The objective of the iterative method was

to calculate the top (and bottom) SOE mirror profile

which reflected the rays coming from the parabola to

the opposite edge of the receiver. The iterative method

consists in the following procedure:

1. Computation of the reflection angle of an incident

ray in the end of the parabola;

2. Calculation of the initial point where the mirror

will began;

3. Calculation of the exact slope that an infinitesi-

mal mirror should have to reflect the ray to the

opposite edge of the receiver

4. To guarantee the continuity of the mirror profile,

the next mirror point is immediately determined.

Knowing the length and the slope of the previous

mirror point, the coordinates of the next mirror

point are obtained.

5. Then the algorithm searches for the point of the

parabola that will reflect a ray to the new mirror

point.

6. With the coordinates of the mirror point, the al-

gorithm goes back to the beginning, repeating this

cycle until the mirror reaches the receiver.

6.2 Asymmetrical CEC method

Parabola

Receiver

Y

X

G

F

H

I

Theoretical ellipse

Foci G I

Theoretical ellipse

Foci F H

Figure 3: Representation of the asymetric CEC design

method.

In this method, it was adapted the well known case

of asymmetric CEC to HSUN. The CEC is known to be

the ideal design for a source at a finite distance from the

receiver. As the source is the parabola, it is at a finite

distance from the receiver, so the use of the asymmet-

rical CEC should work perfectly (as in the case repre-

sented in [?]. To apply this method, the first step was to

design an ellipse, representing the top SOE. The foci of

that ellipse were chosen to be the end of the parabola

and the end of the receiver. The same was done to

the bottom mirror, being the foci the beginning of the
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parabola and the other end of the receiver. Then the el-

lipse was limited in order to do not shadow the primary

optic, and to do not surpass the receiver.

6.3 Asymmetrical CPC method

Parabola

Receiver

Y

X

H

I

Theoretical Parabola

Parallel to ray 4

Focus in I

Theoretical Parabola

Parallel to ray 1

Focus in H

4

2

1

3

5 6

Figure 4: Representation of the asymetric CPC design

method.

To apply the asymmetrical CPC method, there

should be two source at an infinite distance from the

receiver, i.e.,the rays were parallel to each others. In

HSUN, the rays after reflecting on the parabola are far

from being parallel and even resembling two sources,

so apparently this method could not be applied. How-

ever, representing the edge rays from the desired accep-

tance (starting with ±2 degrees and then maximizing

this value), and considering just the rays that will re-

flect to the top SOE, the angular difference between

them is not very large. So applying the CPC design

equations to HSUN, making the axis of the parabolas

parallel to the edge rays (for θi=0◦), and limiting the

SOE length until it reaches the outer edge rays in order

to do not block any of them, to avoid creating a shadow

in the receiver.

6.4 Design Results

(a)

(b)

(c)

Figure 5: Representation of a generic ray incident in

the parabola at position x, and reflected by the SOE at

point E to the edge of receiver (point R)

Analyzing the resulting SOE mirrors for the iter-

ative method (Figure 5(a), the first noticeable fact is

that the top SOE curve is located above the receiver.

The end of top SOE and the end of the receiver do not

coincide, leaving a very large gap between them, fact

highly undesired as the light passing in that gap, would

not be captured. In the lower SOE, the result is more

closer to a normal case, than the previous one, but it

still have some flaws. In this case, the bottom SOE

and the receiver also do not coincide, forming a gap of

1mm, not noticeable in the figure. The results for the

asymmetrical CEC method, Figure 5(b), shows that a

possible solution for a new SOE design was achieved.

Both SOE mirrors ends in the respective edges of the

receiver, hence leaving no gap between each piece. For

the asymmetrical CPC method, Figure ??, a good re-

sult was also obtained, being very similar to the CEC

method. Both SOE mirrors fit perfectly the edges of

the receiver. This result is also a good candidate to the

new SOE design for HSUN. To compare the new designs

and compare them to the actual design of HSUN, some

test were run, in order to calculate the relevant optical

parameters that allow a full comparison (acceptance,

radiation uniformity index, 2-D CAP). The results ob-

tained for the comparison tests are presented in table

3.
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CEC SOE CPC SOE Actual SOE

acceptance -2.5◦/+1.9◦ -2.1◦/+2.1◦ -1.5◦/+1.5◦

Mean R.U.I. (±1◦) 85.95% 87.18% 78.48%

2-D CAP 0.663/0.872 0.733 0.524

Table 3: Comparison between optical parameters of the

new secondary optics designs. Comparing the three

cases, the CPC based method produced the best result,

allying a good acceptance angle (with the most simi-

lar values either for negative and positive angles), and

has the best radiation homogeneity within the accep-

tance angle of ±1◦ (corresponds to the angle precision

guaranteed by the sun tracking system)

New HSUN

Actual HSUN

New HSUN

θθθθa(º)

Actual HSUN

Future HSUN with 

higher concentration

4444

3333

2222

1111

20202020 40404040 60606060 80808080 100100100100

Cg(suns)

Figure 6: Relation between acceptance angle and ge-

ometrical concentration considering the 2-D CAP for

both actual (at purple) and new (at blue) HSUN de-

signs.

7 Experimental model to evaluate parabolic

troughs

To be able to evaluate and measure quantitatively those

errors, an experimental model to evaluate parabolic

troughs was developed. This evaluation model had to

satisfy these three objectives:

1. Measure slope (hence position) errors and their

direction, along a parabola;

2. Tell if the errors of a given parabolic trough, are

tolerable by the SOE;

3. Measure the efficiency of a parabolic trough to

reflect correctly all incident light;

The parabolic evaluation model consists in a mathemat-

ical model that is able to measure the errors of slope

along a section in a parabolic trough. The laser light

scanning the parabola trough, forms a section that has

a form of a parabola. Later, a prototype was built to ex-

perimentally apply the model to real parabolic troughs.

This model was developed based in an existing system:

VSHOT, which is a laser ray-trace system, that scans

the surface of parabolic type mirrors, used in solar con-

centration [9],[10]. The model developed in this thesis,

aimed to obtain similar results and information from

the parabolic troughs used in HSUN, but using a dif-

ferent configuration and operation model for the laser

ray-trace system. The procedure can be described as a

sequence of the following steps:

1. a laser is placed above the aperture of the

parabola, parallel to the axis of the parabola;

2. if the parabola has a perfect contour, the light

coming from the laser, will be reflected to the fo-

cus;

3. an opaque vertical target plan is placed in the

focus plan, in which the reflected ray will be inci-

dent, in at a certain distance from the focus;

4. measuring that distance and knowing the position

of the parabola where the ray was reflected, the

reflecting angle is measured and compared to the

theoretical angle (considering a perfect parabola);

5. that angle deviation can be related to an error in

the slope of that point of the mirror and using

the slope error to trace infinitesimal mirrors, the

mirror contour is traced;

To obtain more information considering now all of the

optical system (in this case HSUN optical system) and

not just the primary optics, a complementary model to

measure the efficiency of the mirror to reflect correctly

the rays into the aperture of the SOEs was also

developed. By calculating the positive and negative

maximum angle deviation that each point of the

parabola can have and comparing the angle deviation

with that maximum value, it is possible to tell if a ray

will be reflected into the SOEs aperture or not.

Making the ratio of the mirror points that have a

slope error within the positive and negative limits with

all the scanned points, the efficiency of the parabola is

measured.
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Extensible 

Arm (2)

Engine (1) Laser pointer (4)Suport structure (3)

Positioning LED (5) 

Target (6)

CCD camera (9)

Parabolic trough (7) Focus line (8)

Mirror (10)

(a)

(b)

Figure 7: Fig a) Prototype of the new model. It is

represented a descriptive figure of the prototype made

to test the new model. The most important compo-

nents are: extensible arm(2) attached to the engine(1)

moves the laser pointer(4); the laser light is reflected in

the parabolic trough(7) and is reflected to the target(6);

the CCD camera(9) field of view is divided in two areas,

one captures the target image and the other captures

the positioning LED(5) light through a mirror(10). Fig

b) Photograph of the built prototype to test the model.

To evaluate the parabolic troughs using the

developed method and prototype, a simple procedure

was adopted. Two parabolic troughs were evaluated,

one manufactured with a high precision machine, while

the other was made using a circular approximation

method (less precise). On each studied parabola, 5

different positions of the webcam were studied, as

presented in Table??. Each line (parabola), it was

analyzed using the laser ray-tracer prototype. In the

first analysis of each parabolic trough, a calibration

procedure was done. As the parabolic troughs are well

fixed in the support structure, in the parabolic troughs

changing process, the HSUN module tends to get

displaced from the initial position. Along the same

parabolic trough measurements,the calibration was not

performed, as the laser, the target and the webcam

supports can slide easily to the correct position,

without changing the relative distances between them.
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Figure 8: Graphics of Mirror point slope vs the position

of the laser. In Figure a, the best result obtained by the

prototype. In Figure b), the slope error was transfered

to position errors. Comparing with Figure a), the re-

sults are concordant as higher the slope error is, higher

is the position error (difference between the actual po-

sition and the ideal position). Figure c) shows the ef-

ficiency of each location to correctly reflect the rays to

the SOE aperture for location C of parabolic trough 2.

To notice that only the beginning of the parabola has

losses. Comparing with Figure a), this results is ex-
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pected as the first location are the ones with the largest

slope error.
Mirror Location Worst error(◦) Mean error(◦) % losses

1

A 19.24 2.20 00.00%

B 25.48 3.24 15.96%

C 23.22 3.01 13.08%

D - - -

E 4.94 1.64 13.08%

2

A - - -

B 7.42 1.89 45.24%

C 3.94 0.34 13.33%

D 9.01 1.92 39.00%

E 20.71 2.57 27.17%

Table 4: Results obtained for the parabolic troughs

evaluation, using the laser profilometer. Location A

to E represent the location of the analyzed section (a

parabola). Locations D from parabolic trough 1 and A

from parabolic trough 2 were excluded due to corrupt

data.

8 Conclusion

The first study of this thesis consisted in a series of

tests that aimed the computation of the positioning tol-

erances of HSUN. The tests were performed using a ray

tracing software that is prepared to perform this stud-

ies. To obtain more information about the results, a

large number of simulations were performed to obtain

the variation of performance with the variation of a spe-

cific parameter, instead of obtaining just a number for

the tolerance. Finally it was evaluated the total perfor-

mance decay with the sum of all tolerances.

The second objective consisted in the development of a

new SOE design for the HSUN concentrator. For this

step, a design algorithm was implemented and two well

known design methods were adapted to HSUN optical

system. The results from the algorithm were not the

ideal but with some improvements it might be a very

useful tool for SOE designing. The application of the

other methods was done using a new concept: the equa-

tions and limits were designed in a CAD software. This

way the design process was much faster and simple, op-

posed to the coding of an algorithm to apply the specific

methods. The optimization was also easily performed

by the new method. The results confirmed the success

of the method, being both new SOE design, one based

in asymmetrical CPC and the other on asymmetrical

CEC, better than the actual SOE. To choose the best

design, the optical parameters of each new SOE were

calculated and compared to best fit the specificities of

HSUN.

The last objective was to develop a model to evaluate

parabolic troughs. The model uses the focus property

of the parabola to evaluate the contour errors and that

way determine which zones of the parabola are worst.

The model also allows to integrate the SOE and that

way calculate if the mirror, even with errors, is reflecting

radiation to the SOE aperture. To test and validate the

model, a prototype was built. The results showed that

the model functioned and it had great potential. With

some improvements, the method can be a very useful

tool to evaluate the parabolic troughs used to assemble

HSUN. It can also be a tool for parabolic mirror man-

ufacturers to evaluate their products and even detect

systematic errors in their machines, and then correct

them.
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