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ABSTRACT 

 

NOVEL OPTICAL SCANNER USING PHOTODIODES ARRAY FOR 

TWO-DIMENSIONAL MEASUREMENT OF LIGHT FLUX 

DISTRIBUTION 

 

Yew Tiong Keat 

 

 

 A light flux mapping system or known as optical scanner which is 

capable of acquiring light flux distribution pattern on a two-dimensional flat 

surface of many types of light source has been designed and constructed. The 

special features of the novel optical scanner are its high resolution 

measurement with relatively fewer sensors, fast speed and can be used for 

precise calibration of any light source. In the design of the optical scanner, 25 

photodiodes with a photo-sensitive area of 1 cm2 were arrange closely to each 

other and fixed to an aluminum holder. By moving the row of photodiodes in a 

direction, it can scan and acquire flux distribution data in two-dimensional 

measurement surface plane. The resulting scanner was fast enough to perform 

scanning and recording of light irradiance over a test plane area of 1125 cm2 

within a time period of 5 seconds. The optical scanner is used to study the 

solar flux distribution of different types of artificial light source, the image 

reflected by mirror with different dielectric thickness and finally its 

performance was evaluated with measurement of highly uniform sunlight. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Research Background 

 

The determination of solar flux intensity distribution on the 

photovoltaic or thermal receiver is essential during the alignment of the optical 

components of the concentrator system. For concentrating photovoltaic 

systems, it is well known that a non-uniform light distribution on the cells can 

negatively affect the systems’ electrical performance and can even cause 

failure in some cells due to local overheating. A periodic monitoring of the 

light intensity distribution on the system receiver is also highly desirable as it 

could offer important information on the effective optical efficiency of the 

system (Parretta et al., 2006). 

 

Solar simulators and supplemental lighting systems are widely used in 

research institutes and industries for indoor applications due to their ready 

availability, consistency of supply, and their output not being affected by the 

weather. For photovoltaic research, solar simulators using xenon arc lamps are 

widely employed to characterize the performance of solar cells by plotting I-V 

curves resulting from the simulated sunlight. For horticulture, the use of 

supplemental lighting systems has significantly increased recently as more 

growers are interested in shortening the time needed for their crops to reach 
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maturity, and sometimes to increase annual yield through continuous plantings 

throughout the winter season (Both et al., 2002). 

 

In the aforementioned applications, the uniform illumination 

emanating from the light source in either solar simulator or supplemental 

lighting system is the major concern to obtain the desired outcome. Light 

uniformity of the solar simulator is one of the key factors to obtain accurate 

measurements of I-V curves for the tested solar cell (Vandenberg et al., 1993). 

Any spatial variation of light irradiance will affect the performance of solar 

cells and hence deteriorate the accuracy and consistency of the test result. On 

the other hand, a high degree of light uniformity is also required from a 

supplemental lighting system to ensure the consistency in crop yield 

throughout a growing area. The supplemental lighting system normally 

consists of light source, e.g. light bulb, tube lamps or arrays of Light Emitting 

Diodes (LEDs), etc., and optical components, e.g. reflectors, collimators, 

filters etc. The main objective of the optical components is to project the light 

so that the irradiance from the light source can be uniformly distributed across 

the crops. The uniform exposure of irradiance over the crops is to avoid 

uneven growth and variable quality. The uniformity information can be used to 

determine the maximum allowable lamp spacing across the growing area. 

Therefore, uniformity calibration of the light source across the illuminated 

area in the aforementioned applications is important to quantify the quality of 

the light source.  
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In common practice, the uniformity tester utilizes a two-dimensional 

array of solar cells to assess the uniformity of irradiance on the tested surface, 

which is a rather expensive and complicated solution (PV Measurements Inc, 

2009). In the design of a tester, solar cells are arranged in an m × n array that 

covers a square or rectangular plane surface. By exposing an array of solar 

cells to the light source, a current proportional to the irradiance level will be 

generated by each solar cell. The signal conditioning circuitry then produces 

signals that are proportional to the output current and that are transmitted to 

the data acquisition equipment and subsequently to the computer. Finally, the 

computer performs data interpretation to provide a graphical display of the 

uniformity of the light source in a two-dimensional space. For the 

measurement over a wider surface plane, more solar cells are needed for the 

uniformity tester to achieve the same resolution. The size of the sensor helps 

to determine the resolution of the measurement system. The sensor is unable to 

detect the spatial non-uniformity of light irradiance occur within the sensor’s 

sensitive area because the output of a light sensor is basically the average 

irradiance of the light falling in its sensitive area. Hence the larger the size of a 

sensor used in a measurement system, the lower the ability of the 

measurement system to detect the non-uniformity profile of any light source. 

For a study or test requiring a high degree of uniformity from the light source, 

a reasonably small size sensor will be needed. However, this will indirectly 

increase the cost and complexity of the uniformity tester design.  

 

The aim of this thesis is to present a design and construction of a novel 

uniformity tester called an optical scanner that is able to measure the 
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distribution of light irradiance over a plane surface with reasonably high 

resolution and using a much simpler design (Chong and Yew, 2011). 

 

1.2 Research Objective 

 

There are three objectives of this work: 

1. To design and construct a novel optical scanner for measuring solar flux 

distribution. 

 

2. To evaluate the performance of the optical scanner using different types of 

light source. 

 

3. To study and analyze the uniformity of reflected sunlight from mirrors of 

different thickness using the optical scanner. 

 

1.3 Thesis Overview 

 

The organization of the thesis is as follow: Chapter 1 of this thesis gives a 

general idea of the research and clarifies the research objectives. Chapter 2 

gives the literature about the various types of the evaluation method of light 

flux distribution. In Chapter 3, the design and construction of the optical 

scanner is discussed in detail. Experimental setups and results of the optical 

scanner are discussed in Chapter 4. Chapter 5 ends the thesis with the 

discussion and conclusion. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 

To understand the light flux distribution of solar collector and solar 

simulator, studies are carried out with either direct measurement or simulation 

method. Different types of direct measurement technique and simulation study 

are discussed in the following text. 

 

 

2.1 Direct Measurement method 

 

Currently, there is a commercial Solar Simulator Uniformity Mapper in 

the market developed by PV measurements Inc. (2009). The uniformity tester 

uses an array of solar cells to assess the uniformity of light on its surface. The 

8 x 8 array of solar cells covers a 21 cm x 21 cm plane, enabling the system to 

test solar simulators with a 21 cm x 21 cm illumination area. A 6 x 6 subset of 

these cells can be used to assess the uniformity of light from simulators with a 

15.6 cm x 15.6 cm illumination area. Figure 2.1 shows the Solar Simulator 

Uniformity Mapper and Figure 2.2 shows the intensity map of test data 

collected by Solar Simulator Uniformity Mapper. 

. 
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Figure 2.1: Solar Simulator Uniformity Mapper (PV Measurements Inc, 2009). 

 

 

 

Figure 2.2: Intensity map of test data collected by Solar Simulator Uniformity 

Mapper (PV Measurements Inc, 2009). 

 

 

  



 7 

 Antonio Parretta et al. (2006) described methods for evaluating the 

light intensity distribution on receivers of concentrated radiation systems. 

They based on the use of Lambertian diffusers in placed of the illuminated 

receiver and on the acquisition of the scattered light, in reflection or 

transmission mode, by a charge-coupled device (CCD) camera. The spatial 

distribution of intensity radiation is then numerically derived from the 

received image of the proprietary code. Figure 2.3 shows the schematic of the 

LS–CCD method applied to a planar receiver in the reflection mode. 

 

 

Figure 2.3: Schematic of the LS–CCD method applied to a planar receiver in 

the reflection mode (Antonio Parretta et al., 2006). 

 

 

Steffen Ulmer et al. (2002) built and operated a flux mapping system 

able to measure the flux distribution of dish/Stirling systems in planes 

perpendicular to the optical axis at the Plataforma Solar de Almerı´a (PSA). It 
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used the indirect measuring method with a water-cooled Lambertian target 

placed in the beam path and a CCD-camera mounted on the concentrator 

taking images of the brightness distribution of the focal spot. The calibration is 

made by calculating the total power coming from the dish and relating it to the 

integrated gray value over the whole measurement area. The equipment 

consists of a target package with a water-cooled, moveable target plate placed 

in the beam path, a CCD-camera fixed to the concentrator and a computer on 

the ground that controls target plate positioning and picture acquisition. Figure 

2.4 shows the target package in operation in the EURODISH and the target 

package on ground. 

 

 

Figure 2.4: The left picture shows the target package in operation in the 

EURODISH while the picture on the right shows the target package on ground 

(Steffen Ulmer et al., 2002). 

 

 

J. Ballestrin and R. Monterreal (2004) has designed and built a hybrid 

heat flux measurement system mounted on top of the SSPS-CRS tower at the 



 9 

Plataforma Solar de Almerı´a (PSA) to measure the incident solar power that 

is concentrated by a heliostat field on the flat aperture of a central receiver. 

This device is composed of two measurement systems, one direct and the 

other indirect. Each direct system component, and in particular, the heat flux 

microsensors, which enable these measurements to be made in a few seconds 

without water-cooling, are described. The indirect system is based on a CCD 

camera that uses a water-cooled heat flux sensor as a reference for converting 

gray-scale levels into heat flux values. The main objective is to systematically 

compare both measurements of the concentrated solar power in order to 

increase the confidence in its estimation. Figure 2.5 shows the compound of 

non-cooled white target and non-cooled HFM calorimeters array (J. Ballestrin 

and R. Monterreal, 2004). 

 

 

Figure 2.5: The moving bar is a compound of non-cooled white target and 

non-cooled HFM calorimeters array. The bar passes in front of the receiver 

aperture obtaining two measurements of the incident power (J. Ballestrin and 

R. Monterreal, 2004). 
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 The accurate measurement of the concentrated solar flux densities is 

still a challenge for the research teams working in solar facilities. Calorimeters 

are accurate instruments, but they cannot keep up with fast variations of the 

measured flux density, and their range of utilization hardly covers the full 

range of flux density available in the concentrated solar flux from 50 to 20000 

kW/m2. A Ferriere and B. Rivoire (2002) identified the major parameters of 

the design of the fluxmeter and proposed an optimized design. They 

established the expression of the intensity of light reflected by the internal 

surface of an integrating sphere with an input power provided by a 

concentrated solar beam. This intensity appears to be proportional to the input 

power, and thus makes viable the utilization of a photo-sensor interfaced with 

an integrating sphere to build a solar fluxmeter. 

 

 

Figure 2.6: Schematic of the fluxmeter using an integrating sphere and a 

photo-sensor (1) area of first inpact SF, (2) area of measurement, (3) 

photo-sensor (A Ferriere and B. Rivoire, 2002). 
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 P. Sansoni et al. (2007) developed an experimental procedure for the 

optical characterization of sunlight collectors, prismatic lenses, optically 

designed for concentrator photovoltaic cells. The described instrumentation 

and measurement techniques examine the total collection efficiency of the lens, 

as well as the energy distribution in the image plane. A specific study has been 

devoted to investigate the image uniformity, separating the light contributions 

due to the different lens regions. The image created should be concentrated 

with the maximum achievable collection efficiency and it should be focused 

on the squared area of the PV cell with the maximum achievable uniformity. 

 

 

Figure 2.7: Measurement of the light power impinging on the lens (P. Sansoni 

et al., 2007). 

 

 

A reliable qualification of solar concentrators is crucial for the 

prediction of the capabilities of a solar thermal plant. The optical properties of 

a solar concentrator are strongly dependent on the orientation and mechanical 

strains that deformed the mirror surface. F. Arqueros at el. (2003) presented a 

novel procedure for the optical characterization of solar concentrators. The 
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method is based on recording at night the light of a star reflected by the mirror. 

Images of the mirror taken from its focal region allow the reconstruction of the 

slope map. The application of this technique for the in situ characterization of 

heliostats is particularly simple at very low cost. Uncertainties in the 

reconstructed slopes of about 1.0 mrad of Sun have been estimated.  

 

 

Figure 2.8: Scheme of the SCCAN technique for the optical characterization 

of heliostats in a central tower system (F. Arqueros at el., 2003). 

 

 

 Digital close range photogrammetry has proven to be a precise and 

efficient measurement technique for the assessment of shape accuracies of 

solar concentrators and their components. The combination of high quality 

mega-pixel digital still cameras, appropriate software, and calibrated reference 

scales in general is sufficient to provide coordinate measurements with 

precisions of 1:50000 or better. The extreme flexibility of photogrammetry to 

provide high accuracy 3D coordinate measurement over almost any scale 

makes it particularly appropriate for the analysis of solar concentrator systems. 

Klaus Pottler at el. (2005) presented a selection of measurements done on 
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whole solar concentrators and their components. The paper gave an overview 

of quality indicators for photogrammetric networks, which have to be 

considered during the data evaluation. 

 

 A. Parretta et al. (2007) developed a radiometric method suitable for 

both total power and flux density profile measurement of concentrated solar 

radiation. The high-flux density radiation is collected by a first optical cavity, 

integrated, and driven to a second optical cavity, where it is measured by a 

conventional radiometer operating under a stationary irradiation regime. The 

attenuation factor is regulated by properly selecting the aperture areas in the 

two cavities. The radiometer has been calibrated by a pulsed solar simulator at 

concentration levels of hundreds of suns. 

 

 

 

Figure 2.9: General model of the radiometer with two coupled integrating 

spheres. G1 irradiance in the first sphere; G2 irradiance in the second sphere; 

(wpd) photodetector window for irradiance measurements (A. Parretta et al., 

2007). 



 14 

 Concentrated solar radiation can give temperature above 3000 K. It is 

fundamentally importance to measure the temperature of the irradiated target. 

Osamu Kamada (1964) developed a pyrometric method of measuring the 

surface temperature of a target in a solar furnace by using 1.38-µ wavelength 

radiation. The measured temperature distribution of irradiated graphite 

together with the theoretical consideration of the performance is presented. 

Figure 2.10 shows the arrangement of a solar furnace and an apparatus 

measuring target temperature while Figure 2.11 shows optical system of the 

brightness pyrometer. 

 

 

Figure 2.10: Arrangement of a solar furnace and an apparatus measuring target 

temperature (Osamu Kamada, 1964). 

 

 

Concentrator 

Target 

Mirror 
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Figure 2.11: Optical system of the brightness pyrometer (Osamu Kamada, 

1964). 

 

 

 C.A. Estrada et al. (2007) developed a calorimeter for measuring the 

concentrated solar power produced by a point focus solar concentrator. The 

temperature distribution inside the receiving plate of a calorimeter, under 

concentrated solar irradiation conditions, was determined experimentally. 

Temperatures are measured at different points of the plate and fit with a 

theoretical model that considers heat conduction with convective and radiative 

boundary conditions. 
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Figure 2.12: (a) Flat plate calorimeter and (b) cross-sectional diagram showing 

the coordinate axes used in the theoretical model (C.A. Estrada et al., 2007). 

 

 

K.-J. Riffelmann et al. (2007) had developed and tested a new flux 

mapping system to measure flux densities near the focal line of parabolic 

trough collector, named PARASCAN. With PARASCAN the concentrated 

sunlight is detected by photodiodes which are placed behind transulucent 

targets with Lambertian transmission properties. Photodiodes are arranged in 

two lines: one line is located in front of the receiver (between parabolic mirror 

and receiver), detecting all incoming sun rays, the other line is placed behind 

the receiver and registers all rays missing the absorber tube. Figure 2.13 shows 

the PARASCAN flux scanner mounted on the EuroTrough prototype collector. 
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Figure 2.13: PARASCAN flux scanner mounted on the EuroTrough prototype 

collector, and the two sensor parts (below right, zoomed in) (K.-J. Riffelmann 

et al., 2007). 

 

 

M. Adsten (2004) developed a method to measure the radiation 

distribution on the absorber of an asymmetric CPC collector with a flat 

bi-facial absorber. A monitoring device as shown in Figure 2.14 consisting of a 

photo diode that can slide along the absorber width has been discussed. The 

photo diode was attached to a device sliding on a potentiometer, allowing both 

the irradiation and position of the diode to be registered. 
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Figure 2.14: Photo of monitoring device attached to absorber. The photodiode 

is situated at the end of the sliding device (M. Adsten, 2004). 

 

 

2.2 Simulation Method 

 

K.K. Chong et al. (2010) have carried out a comprehensive analysis 

vial numerical simulation based on all the important design parameters, i.e., 

array of facet mirrors, f/D ratio, receiver size, and the effect of sun-tracking 

error, which lead to the overall optical performance of new concentrator. 

 

The Monte Carlo ray tracing method is the simulation technique 

widely used in predicting the light flux distribution of various types of solar 

collector and solar simulator. The Monte Carlo method is a statistical 

simulation of radiative transfer performed by tracing a finite number of energy 

bundles through their transport histories. The histories of these energy bundles 

are traced from their points of emission to their points of absorption. What 

Photodiode 
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happens to each of these bundles depends on the emissive, reflective, and 

absorptive behaviors within the surface; it is described by a set of statistical 

relationships. 

 

Yong Shuai et al. (2008) used Monte Carlo method to predict radiation 

characteristics of the solar collector system. The Monte Carlo algorithm is 

developed to simulate radiation characteristics in the solar collector system 

and the corresponding model is validated with analytical calculation, 

COMPREC code, and geometry analytical method. Two important factors (sun 

shape and surface roughness) that influence the flux profile at the focal plane 

are studied. 

 

J. Facao and A.C. Oliveira (2011) had carried out a numerical 

simulation using simplified ray-tracing and computational fluid dynamics 

(CFD) of a trapezoidal cavity receiver for a linear Fresnel solar collector 

concentrator. The CFD simulation makes possible to optimize cavity depth and 

rock wool insulation thickness of the concentrator. 

 

L. Pancotti (2007) developed optimized reverse ray tracing model for 

flat mirror concentrators that allows reducing the noise and the computing 

time necessary for the simulations to obtain the irradiance distribution on the 

absorber of solar concentrator. 

 

R. Leutz, H. P. Annen (2007) have introduced a model using reverse 

ray-tracing for the evaluation of the performance of stationary and 
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quasi-stationary solar concentrators. Using a simple solar irradiation model, 

the tilt angle of a novel micro-structured linear concentrator is optimized. 

They evaluate the yearly energy collection efficiency of the concentrator, 

using a solar radiation model, and reverse ray-tracing, which depends on 

latitude and the fraction of direct solar radiation. In reverse ray-tracing, rays 

originating at the receiver of the concentrator are traced towards the 

surrounding hemisphere. The method allows for the evaluation of the absolute 

energy collection: new concentrators may be optimized for location and tilt, 

requiring one-time ray-tracing. The tilt of existing concentrators is optimized. 

Only possible solar incidence is considered by their model. The method is fast 

and realistic; it can be modified for concentrators in tilt operation. Ray-tracing 

is a statistical method tracing rays of light from a source to a target, e.g. from 

the sun to a solar concentrator. Ray-tracing can be time-consuming, since for 

an error of nn / , n rays have to be traced for any bin, where a bin is a 

combination of parameters like solar azimuth and elevation, or location on the 

receiver. Reverse (or backward) ray-tracing in combination with a solar 

radiation model can simplify this procedure by tracing only rays that are of 

interest, omitting those that come from impossible positions of the sun. Source 

becomes target, and vice versa; now the receiver of the concentrator 

illuminates part of the hemisphere above. The concentrator optics modify the 

rays’ paths. Backward ray-tracing has been used in the past in order to 

evaluate flux distributions on cylindrical solar concentrators, where a grid of 

rays was traced from the receiver towards the sun. The flux of each ray was 

calculated according to the location, where it hit the solar disk, using a model 

of the solar brightness distribution. 
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CHAPTER 3 

 

METHODOLOGY 

 

 

3.1 The Optical Scanner 

 

A novel optical scanner with the resolution of about 1 cm2, equal to the 

photo-sensitive area of a single unit photodiode used in the scanner, and 

capable of performing one complete measurement cycle within a time period 

of 5 seconds had been designed, constructed, and tested in Universiti Tunku 

Abdul Rahman (Chong and Yew, 2011). 

 

The high speed scanning method of the optical scanner can allow us to 

map a reasonably high resolution light flux distribution pattern with a total 

coverage area of 1125 cm2, where the light flux is defined as the photon 

energy per square-meter per second with the unit of W/m2.  

 

For a complete measurement, 1125 readings are taken by the 

photodiodes array for a plane with total surface area of 45 cm × 25 cm. The 

rapid measurement enables us to analyze the collected data almost 

instantaneously by plotting a flux distribution map after all the data is 

transferred to the computer. 
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Figure 3.1 shows the major components of the optical scanner. The 

optical scanner consists of an array of photodiodes, amplifier circuit, 

microcontroller, stepper motor, multiplexer circuit and computer. The light 

flux measurement and data acquisition of the optical scanner are controlled by 

a computer with a custom designed user interface program. 

 

 

Figure 3.1: Schematic diagram to show the major components of the novel 

optical scanner. 

 

 

3.1.1 Photodiode 

 

The photodiodes used in the optical scanner are solderable planar 

photodiodes with photo-sensitive area of 1 cm2. The planar photodiode was 

chosen as it can be fixed on an aluminum heat sink using thermal adhesive for 

cooling purpose. The selected photodiodes are able to respond linearly to the 

irradiance of the detected light over the range of 0 – 1000 W/m2. Figure 3.2 

shows the diagram of solderable planar photodiode with its dimension. The 
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photo-sensitive area of the photodiode will determine the resolution of the 

optical scanner which is 1 cm2. The photodiodes have a protective coating that 

protects them from humidity effects and also provide a reliable and 

inexpensive detector for instrumentation and light beam sensing applications. 

 

 

Figure 3.2: Diagram of solderable planar photodiode with its dimension. 

 

 

3.1.2 Stepper Motor and Microstep Driver 

 

Figure 3.3 shows the DC geared type stepper motor with gear ratio 

1:7.2 that used in the optical scanner is able to perform very accurate 

positioning with the rotation of very fine step of 0.25°. Figure 3.4 shows the 

microstep driver that used to drive the stepper motor. 
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The specifications of the stepper motor are list as below: 

Maximum holding torque: 0.3 N m 

Basic step angle: 0.25° 

Permissible speed range: 0~250 r/min 

 

 

Figure 3.3: Geared type stepper motor used in the optical scanner with gear 

ratio of 1:7.2. 

 

 

 

Figure 3.4: Mircrostep driver of stepper motor. 
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3.1.3 Microcontroller 

 

Figure 3.5 shows pin diagram of PIC18F4550 microcontroller used to 

generate motor stepping pulses and data acquisition. 

 

 

Figure 3.5: Pin diagram of microcontroller PIC18F4550. 

 

 

Two important features of PIC18F4550 were utilized in the optical 

scanner operation: 

 

1. UNIVERSAL SERIAL BUS (USB) V2.0 Compliant: PIC18F4550 

incorporate a fully featured Universal Serial Bus communications module 

that is compliant with the USB Specification Revision 2.0. The module 

supports both low-speed and full-speed communication for all supported 

data transfer types. It also incorporates its own on-chip transceiver and 
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3.3V regulator and supports the use of external transceivers and voltage 

regulators. 

 

2. 10-bit, up to 13-channel Analog-to-Digital Converter module (A/D) with 

Programmable Acquisition Time: This module incorporates programmable 

acquisition time, allowing for a channel to be selected and a conversion to 

be initiated, without waiting for a sampling period and thus, reducing code 

overhead. 

 

 

3.1.4 Multiplexer 

 

The multiplexer used is HCF4053B, which is a triple 2-channel analog 

multiplexer. The propagation delay of the signal from input to output is very 

short, i.e:30 ns. The fast switching speed enables the data acquisition in high 

speed. Figure 3.6 shows the pin diagram of HCF4053B multiplexer. 
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Figure 3.6: HCF4053B triple 2-channel analog multiplexer. 

 

 

3.1.5 Operational Amplifier 

 

TL084A is the general purpose J-FET quad operational amplifiers use 

to convert and amplify the photodiode output current to voltage that read by 

ADC. Figure 3.7 shows the pin diagram of TL084A op-amp. The op-amp has 

very low input offset current which will greatly reduce noise and error of 

output signal after the amplification. 
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Figure 3.7: Pin diagram of general purpose J-FET quad operational amplifiers 

TL084A. 

 

 

3.1.6 User Interface Program 

 

A user interface program was developed to control the whole 

measurement process. It is capable of sending commands to the 

microcontroller to perform desired functions such as to collect and to process 

the measurement results. The user interface shown in Figure 3.8 was 

developed using Delphi programming language. 
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Figure 3.8: Graphic user interface of optical scanner 

 

 

3.2 Optical Scanner Design 

 

In the design of the novel optical scanner, planar photodiodes were 

employed to detect the incoming light irradiance. The photodiodes are 

relatively small in size with a photo-sensitive area of 1 cm2, constituting the 

basic pixel of the light flux distribution map. 

 

A single row of n photodiodes is used in the novel optical scanner to 

measure the light irradiance across a squared or rectangular plane. This 

method can greatly reduce the number of sensors used and the cost of the 

device as compare to the m × n photo-sensors method. 
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In this optical scanner, 25 planar photodiodes are arranged in a single 

row and attached to an aluminum holder to form a photodiode array. The 

photodiodes are arranged closely to adjacent photodiodes to avoid blank gaps 

that will affect the resolution of the flux distribution maps. The arrangements 

of the photodiodes are shown in Figure 3.9. All the photodiodes are slotted 

into a slot on the thin aluminum bar and the aluminum surface beneath the 

photodiodes is insulated from the photodiode itself with thermal adhesive 

material that is thermally conductive but electrically insulated to avoid short 

circuiting because the output current from each photodiode had to be read 

separately to determine the light irradiance level at that particular pixel. 

 

 

Figure 3.9: The arrangements of 4 of the photodiodes in the photodiodes array. 

 

 

 

Photodiode 

Anode wire Cathode wire 
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On the top surface of the photodiode array, a stainless steel cover that 

contains 25 equally distant circular apertures with a diameter of 2.5 mm each 

is placed in such a way that each aperture is located over the center of each 

photodiode. The apertures located 3 mm above the photodiodes were used to 

block part of the diffuse component of the light so that the photodiode mainly 

detects the directional or beam component of the light that enters the aperture. 

The cover also serves as light attenuator to prevent heat from the light source 

to heat up the photodiodes. The small aperture can decrease the output current 

as well as the heat generated from the photodiode in order to simplify the 

electronic circuit design. Temperature variation will change the responsivity of 

photodiode (Parr et al., 2005), therefore this approach is to maintain the same 

operating temperature of the photodiodes throughout the measurement to keep 

the responsivity change of photodiodes negligibly small.  

 

For the choice of aperture, there is a relationship of both the aperture 

distance from the photodiode and the size of aperture with the field of view of 

the photodiode as illustrated in Figure 3.10. The priority for the design of the 

aperture was to aim at reducing the heat absorbed by the photodiode and thus 

to reduce the signal noise that can be caused by the temperature variation. 

Therefore, the field of view of the current design was 102.68°, which is less 

than the 160° standard required for a solar simulator. However, the current 

optical scanner can be easily modified to comply with the standard required 

for a solar simulator by reducing the distance between the aperture and the 

photodiode, h, to 0.32 mm.
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The calculation of the angular field of view is demonstrated as follow: 

Field of View is defined as FOV = 180° – 2 tan–1 (h/d), where d is the half 

width of photodiode minus the radius of aperture and h is the distance between 

aperture and photodiode. 

 

Based on the current design, FOV = 180° – 2 tan–1 (3 mm / 3.75 mm) = 

102.68°. 

 

The photodiode aluminum holder was mounted on a linear slider and 

driven by a stepper motor via a metal chain. The shaft of the stepper motor can 

rotate in steps according to the step pulses generated by the microcontroller. 

The microcontroller generates 3000 pulses per second to drive the photodiode 

array at a speed of 9 cm per second. The positioning of the photodiode holder 

has proven to be robust, consistent and highly accurate with negligible 

backslash even after many measurement runs had been performed. 

 

The high speed scanning can also overcome the problem of heat 

management of the photodiode array due to the short exposure time to the 

light irradiance. In the optical scanner design, the initial and final positions of 

photodiode array are set to be off from the illuminated area of light source so 

that the photodiodes are not heated up and the effect of the temperature to the 

measurement result can be minimized. In this case, passive cooling is 

sufficient by using an aluminum heat-sink connected to the rear side of the 

photodiode array. 
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Figure 3.11 shows the optical scanner with a single row of photodiodes 

that scans in a direction from top to bottom. All the photodiodes are covered 

by a stainless steel plate with small apertures to expose the surface of the 

photodiodes. The square cells as shown in Figure 3.11 denote the positions at 

which the readings of light irradiance is acquired and subsequently sent to the 

microcontroller. During the process of data acquisition, the readings are 

collected simultaneously for all the photodiodes arranged in the same row and 

then the scanner is shifted to the next row after the readings are stored. The 

position and the reading of each cell are recorded by the microcontroller and 

these data are sent to the computer for further processing and analysis.  
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Figure 3.11: Small cell representing the position and the area of each 

measurement during the scanning process. The square cells as shown in the 

above schematic diagram denote the positions at which the readings of light 

irradiance are acquired and subsequently sent to the microcontroller. During 

the process of data acquisition, the readings are collected simultaneously for 

all the photodiodes arranged in the same row and then the scanner is shifted to 

the next row after the readings are stored.  
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Each individual photodiode was calibrated to obtain the relationship 

between the light irradiance and photodiode output current. All the 

photodiodes were calibrated against a standard radiometer, EPPLEY 

pyrheliometer Model NIP, which provides absolute irradiance level of the light 

irradiance. Figure 3.12 shows the pyrheliometer used for the measurement of 

normal incident solar irradiance.  

 

 

Figure 3.12: Pryheliometer that measure normal incident sunlight. (US 

Resource Assessment, 2011). 

 

 

Using the calibration information, measurements can be correlated 

with the absolute value of irradiance level. Figure 3.13 shows the calibration 

graph for one of the photodiodes used in the optical scanner. All the calibration 

graphs show very good linear relationship between the output current of 

photodiode and light irradiance since the R-squared values of all the linear 
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graphs are higher than 0.95. Regression analysis of the graphs has been carried 

out to study the standard error of the regression lines. The standard errors of 

all regression lines have been calculated and were within the range of 2.61% 

to 3.67% when they were compared using the error of the mean of the 

dependent variable. The standard errors appear to be small and hence the 

linear regression model of light irradiance as function of the photodiode 

current was determined to be good. The absolute value of the light irradiance 

detected by the photodiode used in the calibration graph as revealed in Figure 

3.13 can be calculated as follow: 

 

 Light irradiance, I (Wm–2) = Re × Iph × Gain + Ioffset 

 

where Iph is the photocurrent of photodiode (mA), Gain is the amplification 

gain of photodiode output signal, and Re is the responsivity per unit area of 

photodiode, which is a constant to describe the performance of photodiode in 

terms of the photocurrent generated per incident optical power per unit area 

(Wm–2
⋅ mA–1) and it can be obtained from the slope of the calibration graph as 

shown in Figure 3.13. Ioffset is a constant and it can be obtained from the graph 

as shown in Figure 3.13 when the photocurrent output, Iph, is zero (mA). 
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Figure 3.13: Calibration graph for one of the photodiodes installed on the 

measurement array. 

 

The output signal of the photodiode can be measured as a voltage or a 

current. Current measurements demonstrate far better linearity, offset, and 

bandwidth performance. The generated photocurrent is proportional to the 

incident light power per unit area. Photodiodes and Op-Amps can be coupled 

such that the photodiode in a short circuit current mode. The op-amp functions 

as a simple current to voltage converter also known as a trans-impedance 

configuration amplifier. In the configuration of current-to-voltage converter, 

the photodiode can be operated with or without an applied reverse bias 

depending on the specific application requirements. They are referred to as 

“Photoconductive” (biased) and “Photovoltaic” (unbiased) modes.  
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In the photovoltaic mode, the photodiode is unbiased; while for the 

photoconductive mode, and external reverse bias is applied. Mode selection 

depends upon the speed requirements of the application, and the amount of 

dark current that is tolerable.  

 

The most precise linear operation is obtained in the photovoltaic mode, 

while higher switching speed s realizable when the diode is operated in the 

photoconductive mode, as shown in Figure 3.14, at the expense of linearity. 

Under these reverse bias conditions, a small amount of current called dark 

current will flow even when there is no illumination. There is no dark current 

in the photovoltaic mode. In the photovoltaic mode, the diode noise is 

basically the thermal noise generated by the shunt resistance. In the 

photoconductive mode, shot noise due to conduction is an additional source of 

noise. Photodiodes exhibit their fastest switching speeds when operated in the 

photoconductive mode. 

 

 

Figure 3.14: Photoconductive mode: reverse bias, has "dark" current, higher 

noise (Johnson + shot), high speed applications. 
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When a photodiode is used in the photovoltaic mode, the voltage 

across the diode is kept at zero volts. Consequently, this almost eliminates the 

dark current altogether (Wilson, 2005; Jung, 2006). Thus, the shot noise due to 

the dark current is also negligible and it thus increases the precision of the 

output signal. In addition to offering a simple operational configuration, the 

photocurrents in this mode have less variation in responsiveness with 

temperature. For this purpose, we have configured the current-to-voltage 

converter in photovoltaic mode as shown in Figure 3.15. 

 

RF

-

+

-

+

Op-amp 1
 

Figure 3.15: Photovoltaic mode: zero bias, no "dark" current, low noise 

(Johnson), precision applications. 

 

 

Although the shot noise is negligible in the photovoltaic mode, other 

noises found in the electronics circuit still exist including thermal noise of the 

photodiode, thermal noise of the feedback resistor in the amplifier, and the 

input offset current of the amplifier. The thermal noise of the feedback resistor 

and the thermal noise of the photodiode are expressed in the equations IN = 

[4kT/RF] ½ and ITH = [4kT∆f/RSH] ½, respectively, where k is the Boltzmann's 

constant, T is the absolute temperature of the photodiode, RF is the feedback 

resistance of the amplifier circuit, RSH is the shunt resistance of the photodiode, 
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and ∆f is the bandwidth of the photodiode. The total calculated noise was 

8.66×10–7 A and the equivalent noise output voltage was 0.234 mV when it 

was amplified by a gain of 270. Hence, the error signal caused by the various 

noises was relatively small and negligible. 
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Figure 3.16: The overall architecture of the photodiodes and the accompanying 

electronic circuit. 

 

 

After converting the signals from current to voltage, the voltage signals 

were amplified and read by a microcontroller through a multiplexing circuit. 

The analog data were converted to digital data first via 10 bits 

Analog-to-Digital Converter (ADC) and the digital signals were then 
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transferred to the computer. In the conversion, a Least Significant Bit (LSB) 

represented an equivalent value of 4.88 mV, with a reference of 5 V as 

maximum voltage. When the equivalent value was translated into light 

irradiance using the calibration graph, the equivalent light irradiance value 

was 3.6 W/m2. ADC conversion contains errors that are integral linearity 

errors, differential linearity errors, offset errors, and gain errors. The total error 

was 4.5 LSB or equivalent to 16 W/m2. The accuracy of the system is 

basically limited by the ADC error, so the resulting light irradiance had 

accuracy in the range of ± 16 W/m2. 

 

The total response time of the electronic circuit and photodiode was 

determined by the rise time of the photodiode, slew rate of the 

trans-impedance amplifier, multiplexer propagation delay time, and the 

acquisition and conversion time of the ADC. The photodiode had a rise time of 

less than 4 µs. The amplifier had a slew rate of 8 V/µs of which it took 0.625 

µs to increase from 0 V to 5 V, representing the maximum voltage read by the 

optical scanner. The delay time of the multiplexer was 360 ns, and the total 

response time of ADC was 4.2 µs. The total maximum time to read a signal 

from a photodiode until the signal could be converted to a digital signal and 

then stored in the register was approximately 9.185 µs. Hence, it took a 

maximum time of 229.625 µs to complete the data acquisition process by the 

photodiodes array. The response time of the data acquisition system is fast 

enough compared to the time it took to shift the photodiode holder by 1 cm, 

which was approximately 111 ms. 

 



 43 

3.3 Operating Procedure 

 

Figure 3.17 shows the operational flow chart of the optical scanner, 

respectively. The optical scanner is placed in the measurement plane in which 

the sensors surface is normal to the light beam. The process is started by 

sending a command from the computer to the microcontroller through USB 

communication. The microcontroller will check the USB communication 

status before starting to perform measurements. After the USB connection is 

established, the aluminum holder will be shifted 1 cm by the stepper motor. To 

shift the aluminum holder, the microcontroller has to calculate the number of 

steps needed to run the stepper motor for 1 cm of movement. After the 

calculation, microcontroller will generate the required number of step pulses 

and the pulses will trigger the stepper motor driver to drive the stepper motor. 
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Figure 3.17: Flow chart of the optical scanner operation. 

 

 

For each centimeter of the photodiodes array shifted, the 

microcontroller will read the output signal from each photodiode through a 

high speed multiplexer circuit. The analog data is then converted to 10 bits 

binary numbers by an ADC and the digital data is stored in the USB 

communication registers of the microcontroller. After the conversion process 

is completed, the registers are read by the host computer. The computer will 

then store the data in a temporary memory array. This data collection process 
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is repeated for 45 times, equaling the 45 cm in total distance the sensors holder 

has to be moved as shown in Figure 3.11. After the whole process is 

completed, the data stored in the temporary memory array is converted from 

voltage value to light irradiance value using the calibration factor obtained 

from the calibration graph. The irradiance values are written to a Microsoft 

Office Excel worksheet and the contour map is then plotted. 
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CHAPTER 4 

 

EXPERIMENT SETUP and RESULTS 

 

 

4.1 Experiment Setup 

 

4.1.1 Artificial Light Sources 

 

The optical scanner has been tested to measure the light flux 

distribution maps of two selected artificial light sources. The non-uniform 

light source is a good reference to test the capability of the optical scanner for 

detecting the variation of irradiance. The first light source tested was an 

artificial light source consisting of three motorcycle xenon headlamps of 35 W 

each. The second light source was also an artificial light source comprised of 

three commercial xenon lamps of 20 W each. The distance between both 

artificial light sources and the scanner was fixed at 50 cm. All the lamps used 

during the measurement were reasonably new with the total operating time of 

less than 5 hours. Figure 4.1 shows the experiment setup of optical scanner with 

light source consisting of motorcycle xenon headlamps of 35 W each. 
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Figure 4.1: Experimental setup of the optical scanner with light source 

consisting of motorcycle xenon headlamps of 35 Watt each. 

 

 

4.1.2 Sunlight  

 

The third light source was the sunlight with a direct normal irradiance of 

752 W/m2 as measured by a pyrheliometer. During the measurement, the 

optical scanner was setup in a way that the incident sunlight is normal to the 

measurement surface of the scanner. The measurement was made during the 

noon time under a very clear sky. 
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4.1.3 Solar Flux Distribution for Different Thickness of Mirror 

 

Figures 4.2 and 4.3 shows the experimental setup of the optical scanner 

to measure the solar flux distribution for different thickness of mirror. The 

specimen flat mirror is fixed at the position as near to the centre of the NIPC 

concentrator as possible to minimize cosine loss with the target distance of 4.5 

m from the receiver plane where the optical scanner is located. The optical 

scanner is placed at the target plane of prototype non-imaging planar 

concentrator in which the sensors surface is normal to the incident light beam 

at the target. The solar concentrator was tracking the sun during the 

measurement was made.  

 

 

Fig. 4.2: Experiment setup of Optical Scanner 

Photodiodes array 



 49 

 

Fig. 4.3: Prototype of Non-Imaging Planar Concentrator (NIPC) with all the 

mirrors blocked with black plastic cover except the specimen mirror. The 

specimen flat mirror with different thickness has been tested under the sun. 

 

 

The measurement results are later compared with the simulation result 

from the numerical simulation method developed by Chong et al. (2010) and it 

was modified for simulation of image reflected by a single mirror. 
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4.2 Results 

 

4.2.1 Artificial Light Sources 

 

Figures 4.4(a) and (b) show the light distribution pattern of the first 

artificial light source from a picture taken by CCD camera and a contour map 

generated by the optical scanner, respectively. Similarly, Figures 4.5(a) and (b) 

reveal the light distribution patterns of the second artificial light source from a 

picture taken by CCD camera and a contour map generated by the optical 

scanner, respectively. The variation in the irradiance of the two artificial light 

sources can be easily identified from the contour maps with a resolution of 1 

cm2 within the measurement plane. 

 

The measurement results of the optical scanner were compared with 

grayscale picture taken by the CCD camera for the same light sources during 

the measurement. The pictures were taken at the distance of 80 cm between 

the CCD camera and a black screen placed at the measurement plane of the 

scanner. The pictures of flux distribution patterns as shown in Figures 4.4(a) 

and 4.5(a) are consistent with the measurement results obtained using the 

optical scanner for both position and irradiance level as shown in Figures 

4.4(b) and 4.5(b), respectively. The contour map of light flux distribution can 

also provide information about the absolute value of the light irradiance level. 

More detail about the light distribution can be accomplished by choosing a 

smaller range of light irradiance.  
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4.2.2 Sunlight  

 

The performance of the optical scanner is also evaluated by using a 

highly uniform illumination source, sunlight, and therefore the irradiance 

distribution of sunlight was also acquired and the result are shown in Figure 

4.6. With a direct normal irradiance of 752 W/m2, the flux distribution map in 

Figure 4.6 has revealed that most of the measurement area exhibited irradiance 

levels ranging from 700 – 800 W/m2 except a few locations. However, the 

overall measurement result was still within the accuracy of the optical scanner, 

showing a very promising performance of the optical scanner to acquire light 

irradiance levels from any light source. 
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4.2.3 Solar Flux Distribution for Different Thickness of Mirror 

 

The solar images reflected by four types of flat mirrors with different 

dielectric thicknesses on the receiver plane of NIPC prototype were measured 

in the experiment. The real time solar flux distribution profiles were acquired 

by using optical scanner that is installed at the receiver plane and at the same 

time the solar irradiance was also measured with pryheliometer as the 

reference. Figure 4.7(a)-(d) show the flux distribution maps of solar image 

from the flat mirrors with thicknesses ranging from 3 mm to 6 mm, which 

have been installed on the prototype of NIPC as shown in Figure 4.3. 

 

Solar image cast by 6 mm flat mirror has the highest uniformity while 

solar image reflected by 3 mm flat mirror shows the worst uniformity. To rank 

the uniformity of solar flux distribution produced by different thicknesses of 

mirrors, according to the result shown in Figure 4.7, the thicker the mirror the 

better the uniformity will be. It is reasonable that the thicker mirror with 

higher mechanical strength can have a better resistant to external force that 

may deform it during the installation. In our experiment, it also can conclude 

that the 6 mm mirror is the most suitable thickness to sustain the specular 

reflection surface and able to produce highly uniform image on the target.   

 

The simulation result in Figure 4.8 shows similar size for the highest 

illumination area with the measurement result of image reflected by 6mm 

mirror shown in Figure 4.7(d). 
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CHAPTER 5 

 

DISCUSSION and CONCLUSION 

 

 

5.1 Discussion 

 

The novel optical scanner has been constructed and tested with 

artificial light source and sunlight to evaluate the performance. It was later 

utilized to evaluate the light flux distribution of image reflected by flat mirror 

which was used in the Non-Imaging Planar Concentrator built in Universiti 

Tunku Abdul Rahman, Kuala Lumpur, Malaysia. 

 

 

5.1.1 Trade-offs in terms of Cost, Speed, Accuracy and Type of Light 

Source 

 

The scanner was built at lower cost but was able to perform 

measurement and provide outcome same as other commercial light flux 

mappers. Comparison had been done to study the trade-offs in terms of cost, 

speed, accuracy and type of light source among three different possible 

methods for acquiring the light flux distribution map. The comparisons are 

shown in Table 5.1. For the cost comparison, the estimated cost of a stepper 

motor and its associated driving components to be US$ 312.50 and the cost of 

a photodiode at US$ 12.50. The cost estimation of the aforementioned items 
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was based on our cost of setting up the current optical scanner which is able to 

perform measurement over an area of 45 cm × 25 cm. 

 

 Single 
photodetector 
configuration 

Single row 
photodetector 
configuration 
 

m × n array of 
photodetector 
configuration 
 

Configuration 1 photodiode and 
2 stepper motors 
with associated 
driving 
components 
 

25 photodiodes 
and 
1 stepper motor 
with associated 
driving 
component 
 

1125 (or 25 × 
45) photodiodes 

Estimated cost 
(US$) 

12.5 + (2 × 
312.50) = 637.50  

(25 × 12.5) + 
312.50 = 625.00 
 

1125 × 12.5 = 
14,062.50 

Data acquisition 
time 
 

125 second 5 second < 1 second 

Accuracy Lowest accuracy 
that is highly 
relied on the 
accuracy of 2-D 
motions of two 
stepper motors. 

Moderate 
accuracy that is 
highly relied on 
the accuracy of 
1-D motion of a 
single stepper 
motor. 
 

Highest 
accuracy. 

Type of light 
source 

Stable artificial 
light source 

All types of light 
sources including 
real time sunlight 
and artificial light 
source. 

All types of light 
sources 
including real 
time sunlight 
and artificial 
light source. 
 

Table 5.1: Comparisons in terms of cost, speed, accuracy and type of light 

source among three different possible methods of acquiring the light flux 

distribution map. 
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 From the overall comparison, the single row photodetector 

configuration fare better that single photodetector configuration and m × n 

array of photodetector configuration. Although in a certain aspect the single 

row photodetector configuration is not the best among the three but it is the 

most balance configuration when more than one aspect was taken into 

consideration for the measurement requirement. It only cost a bit more than 

the single photodetector configuration but is very much faster and accurate. m 

× n array of photodetector configuration is able to perform measurement in 

less than a second but the single row photodetector configuration measurement 

time 5 second and is considered reasonably fast. 

 

 

5.1.2 Potential for 3-D Measurements 

 

Since the 3-D measurement device is gaining interest in many 

applications, it is also possible for the current design to be further upgraded 

from a 2-D to a 3-D optical scanner by adding an additional motion to the 

photodiode array in the vertical direction (z-axis). In this case, the data 

acquisition algorithm has to be modified as well to allow the data collection in 

three dimensions. 
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5.1.3 Measurement of Light Flux of Very High Concentration 

 

 The optical scanner can be modified to measure the light flux 

distribution of very high concentration light flux. Concentrator photovoltaic 

(CPV) cells which can response to thousand concentration of light flux can be 

used to substitute the photodiodes used for the current optical scanner for very 

high concentration light flux measurement. An active cooling system must be 

used to cool down the CPV cells under very high concentration to prevent the 

cells from damage and to obtain a consistence measurement. The output of 

CPV cells vary with temperature and thus a cooling system is needed to 

maintain the temperature of the CPV cells. 

 

 

5.2 Conclusion 

 

An optical scanner that is capable of plotting the light flux distribution 

pattern across a two-dimensional surface has been successfully designed and 

constructed. The advantage of the novel optical scanner is that it can perform 

direct measurement of high resolution flux distributions in absolute irradiance 

levels from a light source using a fast scanning speed. The optical scanner can 

produce almost instantaneous results, using a scanning time of only a few 

seconds. The scanner can be easily scaled up by adding more photo-sensors 

and by increasing the length of the sliding bar to cover larger illumination 

areas. Furthermore, the current photodiodes used in the system can be replaced 

by different types of sensor, i.e. concentrator photovoltaic cells that respond 
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linearly to high light irradiance so that the highly concentrated light up to a 

thousand times the irradiance of the sun can also be measured. 

 

Image reflected by thicker mirror shows better uniformity of solar flux 

distribution. This is due to the higher mechanical strength in the mirror with 

thicker mirror. Thinner mirror suffered more deformation during the 

installation on the prototype of NIPC, thus solar flux distribution of image 

reflected is not uniform. The measurement results were then verified by the 

simulation result, and the results show good agreement between simulation 

and measurement. To obtain better uniformity of illumination on the 

concentrator photovoltaic (CPV) cells to have better performance, the flat 

mirror with thickness of 6 mm is preferred. 
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