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Abstract 
 

Team 4253 was tasked to provide an instrument that can measure the beam, diffuse, global, and 

plane-of-array components of solar irradiance with high accuracy, which can be employed in 

multiple test locations for long-term data collection.  To solve this problem, the team proposed 

several design concepts that combined the use of thermopile pyranometers, custom-built sun 

tracking systems, photovoltaic cells, silicon light detectors, and commercially purchased dual-

axis sun tracking system.  Based on cost and ease of reproducibility, the final design was chosen 

to be a combination of silicon photodiodes and small photovoltaic cells as sensors with a 

commercially available dual-axis tracking system originally intended for use in astronomy.  The 

constructed system is calibrated against a high accuracy commercial system.  The data from the 

sensors is uploaded onto a University of Arizona server using PHP.  The final design has been 

verified and validated.  The final system will be replicated and placed implemented in Tucson 

locations.  The following report describes the background, design analysis, built system 

specifications, testing, and results.   
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Introduction 

Executive Summary 

The field of solar power production is rapidly expanding and diversifying.  Many new 

products come to market every year, all with differing efficiencies and lifetime performance.  

There exists a current need to evaluate the performance of different photovoltaic cells in different 

environments, in order to characterize their efficiency and degradation over time.  Data is also 

needed to determine the best potential sites for locating new solar power installations in order to 

maximize the generated power per investment.  These problems can be solved using 

commercially available irradiance sensors to measure the beam, diffuse and global components 

of solar irradiance at a proposed location.  The gathered data are used to compare efficiencies of 

different types of equipment installed at the test location, or to compare different sites for 

suitability for development.  However, quality commercially available irradiance sensors are 

prohibitively expensive and thus difficult to employ on a large scale. 

Team 4253 is tasked to provide an instrument that can measure the beam, diffuse, global, 

and plane-of-array components of solar irradiance with high accuracy, and which can be 

produced cheaply enough to employ in multiple test locations for long-term data collection.  To 

solve this problem, the team has proposed several design concepts.  The first combined the use of 

thermopile pyranometers with a custom-built sun tracking system.  A second concept mixed the 

use of photovoltaic cells and silicon light detectors with a commercially purchased dual-axis sun 

tracking system.  However, the most optimal solution decided upon by the team is a combination 

of silicon photodiodes and small photovoltaic cells as sensors with a commercially available 

dual-axis tracking system originally intended for use in astronomy.  This design allows for 

accurate solar tracking and measurement while requiring a cost an order of magnitude lower than 

current commercial alternatives. 

  

Problem Description 

Problem Statement 

The use of photovoltaic cells, which converts sunlight into usable energy, has been 

steadily increasing as a viable energy replacement for conventional fossil fuels.  First 

demonstrated in the 1950’s, photovoltaic technology has been slow to be adopted due its high 

cost per kilowatt-hour as compared to other sources of energy.  Recently, though, advances in 

manufacturing and uses of new materials have brought the cost of photovoltaic energy down to 

feasible levels.  This has led to an explosion of innovation in the field, with many new types of 

cells made from a variety of different materials being developed.  All of the different types of 

photovoltaic cells, however, vary widely in how efficiently they can convert incident sunlight 

into electricity.  Although there are lab tests, which can be used to determine the amount of 

power produced by different types of photovoltaic cells from equivalent amounts of light, the 

results of these tests diverge greatly from what is observed in the field.  As of now, there is no 

way to accurately and inexpensively measure the precise amount of light hitting the photovoltaic 

cells.  Instead, the testing methods are limited to relative efficiencies between the various types 

of photovoltaic cells.  Constructing a calibrated system of sensors would allow for a comparison 

between absolute efficiencies of different materials in the field, which is needed in order to 

determine how efficiently different cell types convert sunlight into electrical energy.  Having this 
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ability will help direct future innovations in the field of photovoltaics toward more cost effective 

cells. 

 The project is sponsored by Biosphere 2, and Sustainability of semi-Arid Hydrology and 

Riparian Areas (SAHRA).  The Sponsor contacts are Nate Allen, Biosphere 2, Gary Woodard, 

SAHRA, and Alex Cronin, University of Arizona Physics Department.   

 Team 4253 will be responsible for delivering a working prototype which will include up 

to 4 sensors to measure and/or calculate beam, diffuse, and global irradiance, and plane of array, 

the ability to track the sun in two axes, and the ability to report output data to a centralized 

database.  The team will be responsible for developing a test plan and following through to 

evaluate all components of the system.  The final design will be tested against existing systems.  

Also, the team will develop a ―how to build‖ and ―how to calibrate‖ document for the prototype 

for future uses. 

 

Mission Statement  

Team 4253 will design and develop a highly precise and low cost instrument that can be 

employed in a distributed network to track and record solar irradiance at multiple locations. 

 

System Requirements 

The following requirements were derived from discussions with Gary Woodard, Nate Allen, and 

Alex Cronin. 

 

Functional Requirements 

The Critical to Quality Matrix table displays the top level functional requirements and the 

corresponding performance metrics. 

 
Functional Requirement Importance CTQ Target Value

FR-1 Calculate the beam component 
of irradiance

5
W/m

2 ≤1% Accuracy

FR-2 Calculate the diffuse component 
of irradiance

4
W/m

2 ≤1% Accuracy

FR-3 Calculate the global irradiance 4 W/m
2 ≤1% Accuracy

FR-4 Measure plane of array 
irradiance

5
W/m

2 ≤1% Accuracy

FR-5 Accept input wavelengths 3 nm

FR-6 Track the sun 5 Degrees ≤5
o

of the sun

FR-7 Collect data 5 Hz At a rate of 1 Hz

FR-8 Transmit the data 4 kb/Hour At least once per hour

Functional Requirement Importance CTQ Target Value

FR-1 Calculate the beam component 
of irradiance

5
W/m

2 ≤1% Accuracy

FR-2 Calculate the diffuse component 
of irradiance

4
W/m

2 ≤1% Accuracy

FR-3 Calculate the global irradiance 4 W/m
2 ≤1% Accuracy

FR-4 Measure plane of array 
irradiance

5
W/m

2 ≤1% Accuracy

FR-5 Accept input wavelengths 3 nm

FR-6 Track the sun 5 Degrees ≤5
o

of the sun

FR-7 Collect data 5 Hz At a rate of 1 Hz

FR-8 Transmit the data 4 kb/Hour At least once per hour
 

Table 1: CTQ Functional Requirement 
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Constraints 

Non Functional Requirements CTQ Target Value

NFR-1 Height off the ground m 0.6 to 1.2 m

NFR-2 Overall foot print m ≤ 1 m2

NFR-3 Size of sensor array m ≤ 0.2x0.4x0.15

NFR-4 Sensor degradation percent ≤ 0.5% per year

NFR-5 Withstand environmental diversity - -

NFR-5a Temperature tolerance Degrees F 20o to 120o

NFR-5b Hail tolerance Golf ball size

NFR-5c Water tolerance Inches of rainfall 10

NFR-5d Wind tolerance mph 10

NFR-6 System Lifetime years ≥3 years

NFR-7 Cost Dollars ≤$1000

Non Functional Requirements CTQ Target Value

NFR-1 Height off the ground m 0.6 to 1.2 m

NFR-2 Overall foot print m ≤ 1 m2

NFR-3 Size of sensor array m ≤ 0.2x0.4x0.15

NFR-4 Sensor degradation percent ≤ 0.5% per year

NFR-5 Withstand environmental diversity - -

NFR-5a Temperature tolerance Degrees F 20o to 120o

NFR-5b Hail tolerance Golf ball size

NFR-5c Water tolerance Inches of rainfall 10

NFR-5d Wind tolerance mph 10

NFR-6 System Lifetime years ≥3 years

NFR-7 Cost Dollars ≤$1000
 

Table 2: CTQ Non-Functional Requirements 

 

Design Concepts and Analysis 

Design Concepts 

For the design process the system was divided into the following components: sensors, tracking, 

housing, support, and transmission.   

Sensors 

Design Concept 1: Thermopiles 

 The first design uses thermopiles in all four sensor systems.  Thermopiles are used in 

commercial alternatives and have known coefficients.  They are highly accurate and require few 

empirical calculation corrections.  However, thermopiles are very costly.  The housing for this 

design is complex.  Thermopiles require glass domes to protect the sensor from the environment 

and prevent heat loss from the sensor.  The glass dome is vacuum sealed on top of the sensor. 

 

 

Figure 1: Hoursing for Global and Plane of Array Sensors for Design 1 
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Design Concept 2: Mix of PV Silicon Cells and Si Photodiodes 

 The second design consists of both silicon PV solar cells and silicon photodiodes.  The 

PV solar cells will be used for global irradiance and plane of array irradiance sensors.  The SI 

photodiodes will be used for beam and diffuse irradiance.  PV cells are inexpensive and have 

consistent availability at a variety of hobby solar cell websites.  Both cells and photodiodes will 

require a temperature sensor and empirical calculations.   

 The disadvantages to this design are that not all cells respond uniformly to all 

wavelengths of light and empirical corrections would be needed in order to derive correct 

irradiance values.   

 

Figure 2: Housing for Design 2 

Tracking 

Design Concept 1: Commercially purchased tracker 

 The first tracking concept is to purchase a telescope tripod tracking system that is 

programmable in two axes.  This allows for easy replication and set-up within budget.  The 

weight limit, lifetime, and programming language are the concerns for this design concept.  The 

tracker must be able to hold both beam and diffuse sensors.  The lifetime of the system is three 

years so the tracker must be able to last three years constantly moving.  Lastly, the system will 

need to be programmed to follow the sun and the language is unfamiliar to the team.  However, 

once the program is complete few changes will be necessary for future systems. 

 

Design Concept 2: Tracking Ball 

 The second tracking system is made in house and has stationary sensors.  Instead of 

moving the sensors to follow the sun, a ball will rotate around the sensors blocking out the 

necessary part of the sun.  Similar products exist in industry (see Figure 5).  This concept has less 

moving parts, therefore is easy to assemble and repair.  

 The biggest disadvantage of this system is the ability to reproduce it.  Students producing 

these in the future would need machine shop knowledge and access to re-create the designs.  The 

calculations to track the sun would also be more complicated and less accurate. 
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Analysis 

The analysis of the design concepts were judged based on the Multi-Attribute Utility Technique.  

All four designs were rated based on a designated set of criteria specified separately for sensors 

and trackers. Each criterion was assigned a weight and each design concept was given a score 

reflecting how well they met the criteria.  Each weight and score is a number between 0 and 1.  

The weighted scores determined the best design concepts. 

 

Sensor Criteria 

Input/Output Performance Requirements: The following criteria reflect the performance of the 

system’s ability to accept the proper inputs and produce the proper outputs.  This section of the 

trade-off analysis is weighted at .4 (40%) of the entire sensor concept score. 

 

 Responsiveness is measured by spectral response and should have a linear relationship. 

 Precision is measured by the accuracy of reading absolute irradiance.  Ability to correct 

with empirical calculations will be taken into account with the score. 

 

Utilization of Resource Requirements: The following criteria reflect the constraints of the system.  

This section is weighted at .6 (60%) of the overall weighted score.  The weight reflects the 

sponsor desire to keep the system within budget and easily reproducible. 

 Cost of the sensor system budgeted to $400.00 for all four sensors.  Scores are based on 

the cost relative to the budget. 

 Ease of Assembly is measured by amount of time, labor, and skill needed to build the 

sensor unit based on the skill set and resources of UofA students. 

 Lifetime of the system is expected to be at least three years.  Scores are based on the 

lifetime relative to three year. 

 

Tracking Criteria 

Input/Output Performance Requirements: The following criteria reflect the performance of the 

system’s ability to accept the proper inputs and produce the proper outputs.  This section of the 

trade-off analysis is weighted at .4 (40%) of the entire sensor concept score. 

 

 Power is measured by the amount of power necessary to run the tracking system.  Scores 

based on the power needed in relation to no power needed. 

 Accurately follow the sun is measured by the system’s ability to track the sun within 5o.  

Scores are based on ability to track the sum to that accuracy as well as the labor going 

into programming the tracker. 

 

Utilization of Resource Requirements: The following criteria reflect the constraints of the system.  

This section is weighted at .6 (60%) of the overall weighted score.  The weight reflects the 

sponsor desire to keep the system within budget and easily reproducible. 

 

 Cost of the tracking system budgeted to $400.00 for all four sensors.  Scores are based on 

the cost relative to the budget. 

 Ease of Assembly is measured by amount of time, labor, and skill needed to build the 

tracking system based on the skill set and resources of UofA students. 
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Trade-off Criteria Weight (W)

Sensor Criteria Score (S) W x S Score (S) W x S

I/O 0.4 0.65 0.26 0.60 0.24

Responsiveness 0.5 0.40 0.20 0.60 0.30

Precision 0.5 0.90 0.45 0.60 0.30

U/R 0.6 0.32 0.19 0.62 0.37

Cost 0.5 0.00 0.00 0.32 0.16

Ease of Assembly 0.2 0.10 0.02 0.80 0.16

Lifetime 0.3 1.00 0.30 1.00 0.30

Weighted Total Score 0.45 0.61

Trade-off Criteria Weight

Tracker Criteria Score (S) W x S Score (S) W x S

I/O 0.4 0.80 0.32 0.38 0.15

Power 0.2 0.70 0.14 0.70 0.14

Accurately follows sun 0.8 0.83 0.66 0.30 0.24

U/R 0.6 0.44 0.26 0.32 0.19

Cost 0.5 0.07 0.04 0.33 0.17

Ease of Assembly 0.5 0.80 0.40 0.30 0.15

Weighted Total Score 0.58 0.34

Design 2Design 1

Thermopiles Photometric

 

Table 3: MAUT 

 

As the table demonstrates, the sensor design concept 2 has the highest score of 0.61 and the 

tracking design concept 1 has the highest score of 0.58.  Sensor design 1, thermopiles, had a 

higher input/output requirements score than the photometric design, however the cost and ease of 

assembly scored poorly.  Since the utilization of resource requirements had a higher weight, the 

low score caused thermopiles to have the lower final score.  For the tracking system, design one 

scored higher in both categories.  Design 2 did have a higher score for cost, but it was not 

enough to outweigh the remaining criteria.  Based on the MAUT model, sensor design two and 

tracking design one are the favorable options. 

Additional Design Concepts 

Transmission 

 The system must be able to transmit data from various locations to a centralized location 

and given intervals.  Design concepts for transmission included manually retrieving data from 

the site, Ethernet, and Wi-Fi.   Through discussions with our sponsor, Alex Cronin, the decision 

to use Ethernet was made.  Although a traditional MAUT study could have come to this 

conclusion, the decision was made based on availability of time and resources.  All test sites 

have Ethernet but may not have Wi-Fi.  Furthermore, Ethernet is more reliable.   

 

Housing 

 Housing was not a design concept listed above because it was dependent on the type of 

sensor and tracking system chosen.  Given that the PV silicon cell was chosen for global and 

plane of array sensors, the housing will be a rectangular aluminum box with the sensor encased 

in glass.   

 The design components for beam and diffuse components were designed separately for 

the different sensors and tracking systems.  The two designs that were detailed were for the 

chosen sensor and tracking components.  The first design includes a pyrheliometer, a long tube 
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with a sensor at the end, and a glass encased sensor with a ball to block the beam component of 

irradiance.  This design concept is commonly found in industry and the technology if familiar to 

the team members.  Moreover, the system has low housing costs. 
 

Sensor for 

Beam Irradiance

Sensor for Diffuse 

Irradiance

Glass Covering

Aluminum Body

Glass Dome with 

Direct Beam Block

Line Out on the 

Underside

Sensor for 

Beam Irradiance

Sensor for Diffuse 

Irradiance

Glass Covering

Aluminum Body

Glass Dome with 

Direct Beam Block

Line Out on the 

Underside
 

Figure 3: Preliminary housing design 1 

 

 The second design concept uses glass filters over the sensors to reflect or absorb beam or 

diffuse irradiance.  This technology introduces more inaccuracy in the system, therefore 

requiring more empirical corrections.  The disadvantages of this design are the costs and 

unknowns involved with the introduced error of the glass. 

 

Final Design and System Build 
Based on the MAUT trade-off analysis and discussions with mentors and sponsors the final 

design consists of PV silicon cells, silicon photodiodes, and commercially purchased tracker.  

The final design is composed of three independent sensors (global, plane of array, and beam and 

diffuse), and a microcontroller box. The final design is described in detail among the following 

sensor, mechanical, electrical, and calculations components.  
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class Sensor System Rev . 2

Beam Sensor

+ MeasureBeamCurrent() : void

Diffuse Sensor

+ MeasureDiffuseCurrent() : void

Global Sensor

+ MeasureGlobalCurrent() : void

Plane of Array sensor

+ MeasurePOACurrent() : void

Microcontroller

+ ConvertSensorData() : void

+ RecieveSensorData() : void

+ SendProcessedData() : void

+ StoreProcessedData() : void

Transmitter

+ RecievedData() : void

+ TransmitData() : void

Irradiance

Computer

 

Figure 4: Class Diagram for the final design 

 

 
Figure 5: Block Diagram of Overall System Schematic 
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Functional Decomposition 

 The following decomposition breaks down the functional requirements and matches them 

to design objectives in order to meet all system needs.  The functional requirements are 

decomposed up to three levels.  

FR1 Calculate Beam Irradiance

• FR1.1 Measure Incident irradiance within 5%

• FR1.1.1 Measure voltage across resistor

• FR1.2 Perform empirical corrections on data

• FR1.2.1 Perform corrections using microcontroller

FR2 Calculate Diffuse Irradiance

• FR2.1 Measure Incident irradiance except 5%

• FR2.1.1 Measure voltage across resistor

• FR2.2 Perform empirical corrections on data

• FR2.2.1 Perform corrections using microcontroller

FR3 Calculate Global Irradiance

• FR3.1 Measure total Incident irradiance 

• FR3.1.1 Measure voltage across resistor

• FR3.2 Perform empirical corrections on data

• FR3.2.1 Perform corrections using microcontroller

FR4 Calculate Plane of Array Irradiance

• FR3.1 Measure total Incident irradiance 

• FR3.1.1 Measure voltage across resistor

• FR3.2 Perform empirical corrections on data

• FR3.2.1 Perform corrections using microcontroller

FR5 Accept Input Wavelengths

• FR5.1 Accept only 300nm to 1100nm wavelengths of sunlight

• FR5.1.1 Use silicon solar cell

FR6 Track Sun

• FR6.1 Track Sun in two axes

• FR6.1.1 Use modified telescope tracker

• FR6.1.2 Use 3Q-3M Electronic Drives

FR7 Collect Data

• FR7.1 Convert current to voltage

• FR7.1.1 Use resistor 

• FR7.2 Use Microcontroller

• FR7.2.1 Use Analog to Digital Converter

• FR7.2.1.1 On Board 12 bit A to D converter

• FR7.2.1.2 Perform programmed steps to calibrate data

FR8 Transmit Data

• FR8.1 Connect to LAN

• FR8.1.1 Connect to ethernet

• FR8.1.1.1 Send Data to server  
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Sensors 

Global and Plane of Array Sensor  

The global and plane of array sensors were constructed using ―Supercells‖ hobby solar cells from 

Solar World.  The cells used were 3 cm by 2.5 cm in order to keep the overall size of the system 

small.  In order to protect the sensor from environmental elements, the cells were sandwiched 

with four pieces of 3/32‖ replacement window glass.  Two of the pieces were wider than the 

solar cell and formed an outer layer.  The other two pieces were narrow and were sandwiched 

between the larger pieces created a small gap.  The temperature sensor was placed in this gap.  

The temperature sensor used was a Texas Instruments TMP175.  This integrated circuit provided 

a highly accurate temperature measurement in a small and easily integrated design.  The entire 

sensor assembly was held together with GE Silicone II caulking.  The caulking not only acted as 

an adhesive but also provided a watertight seal and let light through. 

 

 

Figure 6: Sensor construction 

 Wires must be soldered to the grid connections on the solar cell in order to feed out to the 

plug, which will then be fed into the microcontroller.  The temperature sensor also must be 

connected to the pin setup, with a 5 volt and ground input to the sensor and a digital output from 

the sensor.  The temperature sensor will then be placed in this space in order to get accurate 

temperature measurements of the cell.    

 The exterior housing for the sensors is a Centex electrical box.  Originally, the housing 

was going to be custom made by the team out of sheet metal, but this solution makes it easier to 

build future systems while still meeting all of the team’s needs.  A hole was cut in the top so that 

the sensor could be exposed to light while the circuitry was stored inside, protected from the 

elements.  The entire box was coated with white paint in order to protect the plastic from sun 

damage.  The sensor interacts with the rest of the system through a 9-pin connector mounted in 

the side of the box. 
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Figure 7: Sensor Housing 

 Two of these sensors will be built (one global and one plane of array), and connected to a 

box containing the microcontroller.  They will be fed into a common bundle of wires, which will 

then be connected to a pin connecter to for the microcontroller.  The only difference between the 

global and plane of array sensors is how they are mounted.   The global sensor is mounted on the 

tracking system while the plane of array sensor is placed in the plane of a power generated 

photovoltaic system and does not move throughout the day.  

 

Beam and Diffuse Sensors Design Overview 

The beam component of solar irradiance shall be considered to be the component of 

irradiance incident on a plane normal to the line between the plane and the sun, which has an 

angle of incidence 2.5° or less—in other words, light confined within a 5° cone with its point at 

the intersection of the measurement plane and the sun-plane line.   The diffuse component is the 

total irradiance incident on the plane, excepting the beam component—light incident on the 

intersection point with an angle of incidence greater than 2.5°. 

  

Beam Component Sensor Composition 

The beam sensor is designed to fulfill the functional requirement of measuring the beam 

component of irradiance, within the constraints outlined in the non-functional requirements 

(weather resistance, spectral sensitivity, reliable lifetime, and cost).  The sensor utilizes a 

Hamamatsu S1087-01 photodiode with a sensitivity spanning the visible and near-infrared 

ranges.  The diode has a square active area of 1.3x1.3 mm and will be mounted on a 6061 T6 

aluminum plate, backed with a temperature sensor.  The mounting plate will butt against the 

sensor tube, also of 6061 aluminum and length 13.66 in., with the sensor assembly at the base of 

the tube.  At the opposite end, the tube is capped with a glass plate to prevent contamination and 

damage to the sensor.  A second 6061 aluminum plate will cover the glass, with an aperture of 

diameter 1.16 in. to allow light entry into the tube.  Inside the tube, at the convergence point of 

the 5° cone that delineates the beam component from the diffuse, a light baffle is positioned with 

a second, smaller aperture of diameter 1.5 mm.  The baffle serves to reduce or eliminate any 

stray reflected light that may have otherwise reached the base of the tube and caused an 

overestimation of the irradiance.  All components inside the light tube of the sensor will be 

painted matte black using Krylon #1602 Ultra-Flat black paint to reduce internal reflections and 

light contamination. 
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The entire sensor assembly will be mounted inside a length of schedule-40 ABS pipe of 

outer diameter 2.87 in. (3 in. nominal), using an aluminum mounting ring fitting around the 

sensor tube, and the aperture plate, which has an outer diameter of 2.87 in.  This outer pipe will 

be sealed at the base with a standard 3 in. slip cap, and at the top with the aperture plate, which 

will cover the entire end of the pipe.  The pipe and any external components will be coated in 

white latex paint to prevent UV degradation and to reflect any excess heat away from the sensor 

electronics, in order to keep the sensor as close as possible to ambient temperature.  The data and 

power lines to the temperature and irradiance sensors will exit through the base of the pipe cap 

via a drilled hole sealed with silicone, to interface with the microcontroller assembly. 

6061 T6 aluminum was chosen as the structural material of choice because of its high 

resistance to corrosion, low cost, low weight, moderately good machinability, and least 

importantly its mechanical properties.  The structure of the sensor assembly is not designed to 

operate under any heavy external loads and will only be expected to hold its own weight without 

deformation. Since the entire assembled weight is expected to remain at less than 10 pounds, this 

will pose no mechanical challenge to the assembly.  The PVC outer housing for the assembly 

was chosen mainly for its low weight.  The outer diameter of standard schedule-40 pipes is also 

suitable for the attachment of standard telescopic mounting rings, which will allow for simple 

and adjustable mounting of the entire sensor assembly to the tracking system, discussed below. 

 

 

Figure 8 Beam Sensor Housing (see Appendix D for drawing) 

 

 

Figure 9: Beam Sensor 

Diffuse Component Sensor Composition 

 The original design called for a pair of nested tubes with a two sensors mounted to them. 

The inner tube was to be a light guide for a sensor mounted at its base and partially shielded by a 

light aperture at the top, as well as a light baffle placed at the convergence point of the relevant 

cone of light to be measured. The outer tube, composed of PVC plastic and 3.5 inches in outer 

diameter, was to serve as a housing and adapter to mount the light tube to a standard equatorial 

telescope mount using telescope tube rings of 90mm diameter. It was also to serve as a mounting 

point for the second sensor, which was intended to measure only the diffuse irradiance 

component, and which would be partially shielded by a small shade placed directly above it. 
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 The final design eliminated the second sensor for two reasons. First, the component of 

irradiance measured by such a device would not be directly algebraically related to the beam and 

global components which are the other two primary measurements taken by the system. This 

lack of a linear relation would make the data less useful to the sponsor as a check to the data of 

the other two components. Second, designing a second full system to measure the diffuse 

component that is related algebraically to the beam and global components would have required 

more time than was available to the team for completion and increased the cost of the project. 

Since the diffuse component can be simply calculated from the equation Idiffuse = Iglobal – Ibeam, 

and we are calibrating the data from the beam and global sensors against known highly-accurate 

thermopile sensors, we can safely discard the third redundant sensor as long as regular 

calibration checks are made while the system is in operation. 

 

Tracking Components  

Since the beam sensors requires accurate tracking of the solar position throughout the day, 

an active system to maintain their orientation is required.  This can be accomplished through a 

bespoke design by the team to interface with the sensor assembly, or by purchasing a tracking 

system and adapting the hardware of the sensor system to mount to it.  After consideration the 

team concluded that a custom design would be unlikely to outperform commercially available 

hardware from well-known manufacturers of astronomical equipment such as Meade Telescopes 

and Orion.  A ready-made tracking solution also improves the reproducibility of the complete 

sensor package, avoiding the construction and assembly time of a custom solution. 

The tracking system has two main requirements: first, it must adjust the orientation of the sensor 

package in two axes (zenith angle and declination) in order to compensate for the change in solar 

position over the course of a single day and through the change of seasons.  Also, its positional 

accuracy must degrade slowly enough over time that it does not require frequent recalibration to 

remain in acceptably close alignment with the sun.  Secondarily, it must be relatively low-cost so 

as not to endanger the project budget.   

 

Requirements Rating Acceptable? Requirements Rating Acceptable?

Dual-axis positioning 5 Yes Dual-axis positioning 5 Yes

Automatic operation 5 Yes Automatic operation 5 Yes

Load capacity 5 Yes Load capacity 5 Yes

Cost 4 Yes Cost 3 Yes

Design Time 4 Yes Design Time 2 No

Reproducibility 5 Yes Reproduction time 2 No

Weatherability 4 Yes Weatherability 5 Yes

Overall 32 Yes Overall 27 No

Orion AstroView Equatorial Mount Custom Design

 

Table 4: Tracker Specifications 

 

 The AstroView dual-axis equatorial mount was chosen for this purpose based on several 

characteristics. Since rebuildability is a key requirement of the design, it was considered 

advantageous to use a commercially available solution, which requires less assembly time and 

design complexity, where possible as long as performance and price requirements were met. The 
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AstroView provides the ability to accurately position the sensor on both axes for a low price. 

However, the controller required extensive modification to enable automatic tracking and 

resetting of solar angle over many days of operation, since the AstroView mount was originally 

intended for attended, manual operation. A second microcontroller was added and programmed 

to power and control the two motors (synchronized to a remote server for solar angle and time 

data) for true unattended automatic control of the angle of the beam component sensor at all 

times. This modification represents a significant time expense in the design process but will not 

adversely affect reproduction time, given that it is mainly implemented in software and can 

simply be copied over to any new units to be produced in future. 

 

 

 

Figure 10: Orion Mount and Tracker 

 

The sensor package is mounted to the AstroView using standard telescope mounting 

rings, which are available in sizes down to 76 mm (3 in.), the outer diameter of the PVC sensor 

housing.  This allows for simple but sturdy attachment or removal of the entire assembly for 

adjustment, maintenance or replacement. 

 

Electrical Components 

 The electrical setup of the irradiance system is housed in a junction box and contains two 

microcontrollers, Ethernet shield, a power strip, and circuit board.  The microcontroller performs 

a variety of functions: collects data from the sensors, power the sensor circuit boards, and 

controls the tracker.   

 First, all the components are linked up to the microcontroller, feeding in a voltage output 

from the photovoltaic cell to be converted by the analog to digital converter into a value.  The 

microcontrollers are powered off the electrical grid with a wall wart.   

The functional requirements state that irradiance data should be collected at a rate of 1 Hz 

and transmitted once every hour.  Technology requirements were derived in order to achieve the 
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previous functions.  The required technology includes microcontroller with A to D converter, 

resistors, and transmitter.   

 In order to determine which microcontroller to purchase the following requirements were 

determined.  The microcontroller must have at least 8 analog inputs for our four sensors, 

Ethernet add-on capabilities, and internal A to D converters.  The cost and programming 

language of the microcontroller were also analyzed while determined what product to buy. 

 The Arduino Mega microcontroller was chosen based on the technical abilities and cost.  

The microcontroller uses the ATmega1280 MCU and runs at a speed of 16 MHz, which is more 

speed than required for the system to work. The Arduino has 16 analog inputs and 54 digital I/O 

pins. It has an operating voltage of 5V and a recommended input voltage from 7 to 12 volts. This 

microcontroller can be powered via USB, batteries and also a power supply. The power supply 

used for this type of microcontroller is a switch mode wall adapter that regulates voltage to 9V.  

The Arduino also comes with a flash memory of 128 KB and 12bit A to D converters. The 

processing language used is wiring which is derivation of the C++ language. This 

microcontroller has the ability to plug an Ethernet shield on top. 

 

 

Figure 11: Arduino Mega 

 

Figure 12: Ethernet Shield 
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Figure 13: Arduino connection to Ethernet Shield 

 

The Arduino Mega microcontroller is the best choice for the system to meet all functional 

and technical requirements, is cost effective, and user friendly.   

 

Microcontroller connections:  

The final system consists of three unique sensors.  Each sensor has its voltage and temperature 

read by the microcontroller, and stored in an SD card along with the time the measurement was taken.  In 

order to facilitate movement of the system between sites, a generic 9 pin connector was used in order to 

connect each separate sensor to the microcontroller.   The pin layout is shown in the following figure.   

 

 

Figure 14: 9 Pin Layout 

 

 

SCA and SDL here correspond to the two wire controller protocol (I2C) which is used in order to 

communicate between the temperature sensor and the microcontroller.  An address is assigned to each 

temperature sensor corresponding to the connection of the address pins in the sensor to the voltage supply 

and ground.  The designation of different addresses for each sensor allows for two ports on the 



Team 4253: Beam, Diffuse, and Global Irradiance Sensor for Solar Panels -26- 

microcontroller (which implement the I2C protocol) to effectively read and communicate with each 

temperature sensor in the three different sensors.   

Vo is the output voltage from the solar cell to be measured by the analog to digital converter in the 

microcontroller.A different analog port on the microcontroller reads each sensor voltage and converts it to 

an irradiance value.  Due to the complexities of the connections between the microcontroller and sensors, 

the use of this plug allows for the sensors to be easily connected and disconnected from the ports of the 

microcontroller without having to open up the housing of the system.  The values read in by the system 

are then stored on an SD card connected to the microcontroller through a Serial Peripheral Interface (SPI) 

which is located on the chip.   

 

Temperature Sensor 

 The temperature sensors used in each irradiance sensor are Texas Instruments TMP175 surface 

mounted sensors.  They have an accuracy of ±.5°C between -25°C and 85°C, which is well within the 

standard operating range of our system.  The temperature sensors are mounted directly behind the solar 

cell and encased in silicone, in order to get them at the same thermal temperature of the solar cell.  Wires 

are soldered to each of the leads on the temperature sensor, and are protruding out the side of the solar 

cell enclosure which allows for the sensor to be addressed and read.  The silicone used to encase the solar 

cell has a thermal conductivity of .21 W/mK.  Although this does not create a perfect thermal bond, heat 

is transferred between the two devices in the medium, which allows for temperature of the chip to be 

equivalent to that of the solar cell.  

Each temperature sensor is controlled by the microcontroller using the two-wire interface  (I2C) 

protocol.  The Arduino Mega microcontroller has two independent ports reserved for such devices.  This 

protocol allows for multiple devices to be connected to the same ports, as long as they have different 

addresses.  Since the system being built utilizes three such sensors, the address pins of each TMP175 

sensor must be connected in a different combination to ground, a voltage rail, or no connection (floating).  

This gives each sensor a distinct address, and lets the microcontroller differentiate connections between 

them.  When the microcontroller initiates the data-recording program, it addresses each temperature 

sensor and specifies that they should measure the temperature with the largest bit resolution possible (in 

this case they are set to a 12 bit resolution).  The refresh time of the temperature sensor in this high 

accuracy mode is 220 ms, so given the one hertz data acquisition requirement, the sensor is more than fast 

enough for this system. 

 The temperature sensor is powered through the 5 volt rail on the microcontroller, and it must also 

be connected to ground.  Another requirement for the sensor is that the SDA and SCL pins are connected 

to pull up resistors.  For this system, a 5kΩ resistor is connected between the voltage rail and the pin in 

order to not draw too much current to the temperature sensor.  A schematic depicting the connection of 

the temperature sensor is shown below. 
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Figure 15: Connection Schematic of TMP 175 or 275 sensor 

The address pins are A0, A1, and A2 here. They are each connected in a different manner to in order to 

generate a different bit address to be called at for the sensor.   Up to 27 different devices can be connected 

to the microcontroller using these address schemes. 

 

 

Figure 16: Pin layout of TMP 175 or 275 sensor 

 

 

Figure 17: Circuit Schematic for solar cell and TMP sensor 
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Irradiance Sensor Circuit 

 The solar cell has its output current driven across a load resistance in order to produce a 

voltage to be measured by the microcontroller.  It is necessary to keep the load resistance small 

in order to keep the voltage produced by the solar cell under .1 Volts.  This is required in order to 

ensure that temperature variations in the voltage produced by the cell do not greatly affect the 

cell output.   

 

Figure 18: Solar Cell driven across a load resistance 

  

 The microcontroller measures the difference in voltage across this resistor (Va to Vb) and 

convert it into a digital reading with the onboard analog to digital converter on the 

microcontroller.  The load resistance is varied according to the maximum output current of each 

cell being used in the system.  A ground line needs to be supplied to the solar cell and the load 

resistance from the microcontroller, and the voltage will be measured in regards to that.  The 

connection setup is fairly simple and straightforward electronically, but that is simply because if 

we decided to use an amplifier to get a larger voltage signal we would introduce some 

unintended errors into the system (especially temperature drift on the amplifier) that would have 

to be accounted for.  Our analog to digital converter is sensitive enough to read in .1 Volt 

measurements accurately, which is why we are simply driving the solar cell current across a load. 

 

Tracker 

 The tracker being used in an Orion dual-axis telescope tracker which tracks celestial objects in 

elliptical coordinates (declination and right ascension angles).  The tracker consists of two bipolar stepper 

motors, which move at a rate of 6000 steps per one motor rotation (or .06 degrees per step).  When the 

tracker was initially bought, it consisted of a control box which used a much less powerful 

microcontroller to translate button clicks into movements of the tracker.  The wires and connectors were 

stripped from this system, and an Arduino Mega microcontroller with a stepper motor library was used In 

order to accurately control the motion of the stepper motors.  A H-bridge circuit was also implemented in 

order to translate the signals from the Arduino into movements of the stepper motors.  
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Figure 19: Arduino connection to the tracker 

Two identical H-bridge circuits have been implemented in order to move each independent stepper motor.  

Each circuit is connected to the same ground and voltage rails, as well as an independent power supply 

which is used to provide enough voltage to power the tracker.  For the tracker it has also been determined 

the number of steps each stage must take in order to move it to a certain angular value.  These ratios are 

then used in order to accurately determine the amount of steps that must be executed in order to move the 

stages to accurately track the sun.  

 Since the stepper motors on the tracker do not provide any digital feedback as to their positions or 

angles that the tracker currently resides at, a system in the code was implemented which allows for the 

tracker to move accurately to a calculated angular position.  When the microcontroller is powered on it 

assumes that position of the declination and right ascension angle of the tracker is currently at 0 degrees.  

A startup procedure is then run which moves each portion of the tracker to the required position.  The 

declination angle is adjusted only once per day, since it will only move, at max, .5 degrees over the course 

of 24 hours.  The right ascension stage, though, moves continuously throughout the day.  The right 

ascension angle is recalculated every minute (using empirical formulas and the current time obtained from 

a government time server), and the stage is moved accurately and at a consistent speed to reach the new 

angle exactly every minute.  The RPM’s of the motor are dynamically adjusted in order to ensure that the 

motor will move at a consistent speed when changing its angular position.  Once the sun has set, the 

tracker will adjust the declination angle for the next day, and set the right ascension angle at a new initial 

position so it can begin tracking anew the next day.  

 The tracker motors never make a full 360° rotation, so the cords will not become tangled and 

have to be unplugged and reset.  The tracker moves one way, and will move back the same way in order 

to ensure that the cables do not become twisted.   

 

Internet Connections 
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The microcontroller, in order to keep accurate time of when measurements were taken, uses the 

Network Time Protocol in order to query a government time server to sync its internal time.  To do this, 

the microcontroller implements a library, which allows for it to accept UDP data connections, and transfer 

UDP packets.  It establishes a connection with the government time server over network port 123 (the 

standard NTP port), and synchronizes its internal clock with the accurate time.   The microcontroller 

resynchronizes every day in order to prevent drift in its internal clock.  

Another function accomplished by the microcontroller through an internet connection is the 

calculation of the angles in which the tracker must follow.  Two United States Naval 

Oceanography databases are utilized in order to accurately move the tracker to follow the sun.  

The first is the a database which supplies the altitude and azimuth angle of the sun at minute 

intervals for a specific latitude and longitude throughout the day.  Since the tracker we have 

implemented doesn’t track in altitude and azimuthal coordinates (it instead utilizes an equatorial 

coordinates), a conversion must be done on this data.  Another angle is needed to convert this 

data into usable angles, and that is the local side real time (LST).  This value must be found 

throughout the day in order to make accurate conversions between the azimuth and altitude 

angles provided and the equatorial coordinate system used by the tracker.  Once all the angles 

have been loaded onto the microcontroller, they are formatted and the tracker is moved 

accordingly.  The Stepper motor Movement calculations are as follows: 

 

Declination angle: 

            (1) 

 Equation of time: 

          (2) 

Where B is: 

                (3) 

 Local Standard Time Meridian: 

                (4) 

Time correction Factor: 

             (5) 

 Local Solar Time: 

                 (6) 

 Hour angle: 

              (7) 
 

The process of obtaining these angles on the microcontroller is initiated by a method run by the 

microcontroller.  The microcontroller establishes a connection with a web server in the physics 

department over port 80, the standard http portal.  Using a standard http address call, the microcontroller 

calls a PHP script located on the server.  This script, once called, then calls a Perl script in order to query 

the Naval databases for the appropriate angles.  This script fills out the HTML form with the necessary 

data to calculate the data, and submits it for processing.  It then takes the response of the server and parses 
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it to obtain the necessary angles.  These angles are then formatted and written to a file.  The PHP script 

then reads this file and sends the data to the microcontroller.  The microcontroller then parses the data and 

converts it into numeric values, where it is then utilized in the movement of the tracker.  The whole 

process takes about 1 to 2 seconds, and all the angles for the day are usually found and stored on the 

microcontroller at 1 am the night before.  This process allows the tracker to effective track the sun across 

the sky, without wasting too much computing power on the microcontroller trying to accurately calculate 

the angles.  

The data that is stored on the microcontroller is sent to the server in a similar manner.  The 

microcontroller calls a PHP script on the server through an http address, and utilizes the GET function in 

PHP.  This allows for the PHP script to take in a variable that is contained in the address call.  The 

microcontroller passes a line of data for a sensor (time, irradiance, temperature) all at once, where it is 

stored in a CSV file on the server.  The data is then processed by a script on the server and output for easy 

viewing as a graph.   

 

Empirical Calculations 

Three main things prohibit solar cells from being suitable irradiance detectors right out of 

the box, both of which are time of day dependent. The first is that the solar cells don’t respond 

evenly to all wavelengths in the solar spectrum.  As the sun moves across the sky the overall 

solar spectrum becomes ―redder‖ at sunrise and sunset, and ―bluer‖ at noon.  Thus, this change in 

overall spectrum influences the output of the solar cells.  The second is that, as the angle of 

incidence changes throughout the day, optical characteristics in the solar cell causes for their 

output to vary.  Finally, the solar cell produces a different current depending on the temperature 

of the cell.  And being out in the sun all day increases the operating temperature of the cell, 

which needs to be taken into account.   

 

 

 

General Solar Cell Calculations 

In general, the output produced from a solar cell is a current.  In order to measure the 

output of the cell, a load resistance must be used in order to drive the current produced from the 

solar cell across it.  The equation for this is ohms law, shown below. 

 

                             (8) 

 

With this general relationship, the current produced from the solar cell can be found from 

the measured voltage, and resistance that the cell is loaded with.  The efficiency of the cell being 

used can be characterized by the incident irradiance, peak photovoltaic power output, and the 

device area (A).  This is a good baseline to start many of the calculations from, and many solar 

cell manufacturers will provide this value for their solar cells. 

 

             (9) 

 

The peak Power can be found by characterizing the cell and creating an IV Curve, also as 

shown below. The curve is created by loading the solar cell with a resistance varying from open 
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circuit to short circuit.  To find the max power point of the cell, the IV curve must be looked at 

and the point in which the solar cell produces the most power (voltage times current) is 

ascertained.  

 

Figure 20: Genreral I-V curve desmonstrating solar response 

 

The cell being used will be characterized with a potentiometer and a known incident 

irradiance in lab conditions in order to find the peak power of the cell.  The curve yielded will 

show which resistance is optimal for operation of the solar cell, and will allow for an unknown 

irradiance incident on the cell to be derived through some empirical relationships.  Solar Cells 

can also be characterized by the relationship known as Fill Factor (FF).  This equation is noted 

below: 

  

                  (10) 

 

 Often times the fill factor is provided by the manufacturer for a particular cell, thus it will 

allow us to compare our measured values for peak voltage and short circuit current to what the 

manufacturer found.  Another important value that must be found for the cell being used is its 

spectral response.  This value characterizes the cell as the number of incident photons on the cell 

compared to the number of electrons output by the cell.  In more general terms this is the ratio of 

Amps of current produced by the cell to the power incident on the cell itself (A/W).  At each 

wavelength the cell will have a specific spectral response that can be characterized through 

various lab measurements.  Empirically this formula appears as:  

 

              (11) 

 

Where η is the efficiency defined above, h is the Planck constant, c is the speed of light, q 

is the charge of an electron, and the wavelength shows that this responsivity is calculated for a 
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single wavelength.  The graph demonstrated below shows the spectral response of an ideal cell 

and a measured spectral response at corresponding wavelengths. 

 

 

Figure 21: Spectral Response for an ideal and measured solar cell 

 For our solar cell we will have to use known light sources with a specified wavelength in 

order to measure the output amps and watts of our solar cell.  These values can then be plotted in 

a graph, and fit to a curve similar to the one above.  When integrated, this will yield the spectral 

response of the solar cell over all wavelengths.  When the output current of the cell is found, it 

can be divided by the spectral response in order to find the power output of the cell at that 

instance in time.  With the efficiency of the cell, and the known area, the irradiance can then be 

calculated from these values.  This irradiance, though, will not be the true irradiance from the 

sun, though, due to many non-idealities inherent in how the solar cell responds to different 

wavelengths of light, and also how solar cells respond to different angles of incidence of the sun.  

These non-idealities will be discussed further in the following sections. 

 

Non Idealities 

Below is a graph depicting the solar spectrum.  The inherent unevenness at different 

wavelengths is shown by the spikes and dips present.  
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Figure 22: Solar Spectrum of the sun at corresponding wavelengths for global, direct, and airmass zero irradiance 

 

  Thus these inherent deficiencies must be accounted for when using a solar cell as an 

irradiance sensor.  As the solar spectrum changes during the day, so does the ISC of the device.  

In order to account for this, a spectral mismatch parameter (M) is derived using a reference 

detector and the solar cell desired to be used as a sensor.  This value is used to correct values of 

measured ISC found from the solar cell.  In order to use a reference detector, a thermopile 

pyranometer must be set in the same plane as that of the solar cell.  This will allow for the 

reference detector to help normalize the output of the photovoltaic cell to be used as a detector.  

The first equation to be used in this calibration is shown below: 

 

   (12) 
Where: 

 ERef is the reference solar spectra irradiance of a reference thermopile pyranometer. 

SR is the spectral response of a reference thermopile pyranometer. 

ES is the solar spectra irradiance present during the test 

ST is the spectral response of the test module (solar cell in our case) 

The integration limits should be the desired operation spectrum of the solar cell (300 nm to 1100 nm)  

 

With this spectral mismatch parameter found, these must be plotted compared to the airmass of 

the sun at a specific time of the day.  In order to make an accurate comparison, a corrected value 

for the airmass must be found, known as the absolute airmass.  This equation for the absolute 

airmass is shown below: 

   (13) 
Where: 

P is the barometric pressure 

Po is the pressure at sea level 
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Θ is the angle between the sun and the zenith in degrees 

 

Using these corrected Air Mass values, a response curve must be derived plotting the 

short circuit current output corresponding to an absolute airmass value.  This data is then fit as a 

function called f1(AMa), which is analogous to the spectral mismatch parameter (M).  f1(AMa) 

can be considered a continuous, empirically derived, mismatch parameter. 

 

         (14)  
Where: 

ISCt is the measured short circuit current from the test module (solar cell) 

E* is irradiance from the reference pyranometer (thermopile) for the test spectrum 

Eo* is the irradiance from the reference pyranometer for AMa=1.5 

ISCto is the measured short circuit current from the test module (solar cell) at AMa=1.5 

When graphed it will look something like this: 

 

Figure 23: Relative ISC plotted compared to Absolute airmass of at general device 

There will be current on the Y axis (the response) corresponding to an absolute airmass.  

A fit should be done on the data in order to yield an equation which yields current response as a 

function of absolute airmass.  Another correction that is necessary in order to adjust the output of 

the solar cell deals with the angle of incidence.  A function has been derived which relates the 

cells ISC output current to the angle of incidence of the sun.  To derive this correction function 

the cell in question and a reference thermopile pyranometer must be mounted to a tracker to 

follow the sun across the sky.  The angle of incidence was calculated throughout the day in the 

following manner: 

 

                  (15) 

 

Where Tm is the tilt angle of the module, Zs is the zenith angle of the sun, AZm is the 

azimuth angle of the module, and AZs is the azimuth angle of the sun.  The output ISC response 

of the cell corresponding to the angle of incidence must be measured and plotted for the device, 

and fit should be done in this data in order to yield a relationship.  An example of this plot is 

shown below: 
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Figure 24: Relative ISC of the cell plotted compared to the angle of incidence of the sun 

 

Another parameter that is needed for the correction of the measured voltage value into an 

irradiance value is the calibration constant Cn.  This value is obtained by testing the solar cell in a 

standardized spectra of AMa=1.5 and a temperature To that is known.  This calibration should be 

done according to ASTM standards, and it will yield a voltage value that can be used to correct 

and find the total irradiance from a measured voltage.  This measurement can be done in a lab 

with a light source that has a known irradiance value.   

Finally, temperature corrections must be incorporated into the irradiance calculations.  

More on this will be discussed later in the paper, but a temperature correction coefficient must be 

incorporated into the irradiance corrections in order to account for heating in the solar cell.  Once 

all of these corrections have been derived, they will need to be used in order to find the total 

incident irradiance from the equation: 

 

        
 (16) 

Where:  

R is the measured voltage of the cell in mV 

Eo is the a reference irradiance level of 1000 W/m
2
 

α is the temperature correction coefficient 

T is the measured device temperature 

To is the reference temperature of 25°C 

Et is the calculated broadband solar irradiance 

 

With all of these corrections we are able to obtain an accurate value for the solar 

irradiance incident on the cell, which is much more accurate than other methods of irradiance 

measurement.  These calculations can be performed in the microcontroller program, in order to 

output accurate values that don’t need any further corrections. 
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Temperature Corrections for Solar Cells 

One standard temperature correction for solar cells is related to the ambient temperature, 

the nominal operating temperature of the cell (NOCT) when the cell is exposed to 20 ˚C ambient 

temperature and 800 W/m
2
 total irradiance.  This can be characterized for out purchased cells in 

order to get the correct value. 

 

         (17) 

 

The dependence of the open circuit voltage and the short circuit current on temperature 

for a silicon solar cell can be written as the following relationship: 

 

            (18) 

 
Where: 

B is a temperature independent constant 

T
γ
 is the temperature dependence of the saturation current (characterized by the manufacturer) 

EGo is the band gap of the module extrapolated to zero.   

Io1 (the dark current) is: 

             
(19) 

 
Where: 

ni is the intrinsic concentration of carriers (10
10

/cm
-3

) 

NA is the carrier concentration in the cell  

Dn is the diffusivity of the material 

Ln is the diffusion length in the cell.   

 

These values are known for the type of monocrystalline silicon that we’re using, and also 

can be characterized for the cell.  When the derivative is taken of the above equation for the open 

circuit voltage, the change in Voc as a function of temperature change can be observed from the 

following relation.  

 

         (20) 

   

 

For silicon this is about -2.2mV per degree Celsius with the increase in temperature.  The 

short circuit current increases with an increase in temperature but it is much less than that change 

exhibited by the open circuit voltage of the cell.  This can be found by taking the change in VOC 

and plugging it into the ISC equation above.  Graphically, this will look like: 
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Figure 25: IV curve at different temperatures for a photovoltaic cell 

 

It can be observed that the voltage of the cell changes much more drastically with a 

change in temperature than does the short circuit current of the cell.  Thus, when we load the 

solar cell, we want to keep the output voltage of the cell low (around .1 volts) in order to not be 

so dependent on temperature fluctuations in the output voltage of the cell.  Other solar cell non-

idealities such as parasitic resistances are addressed in appendix C at the end of the paper. 

 

General Optical Calculations 

Angular calculations from the sun need to be done using solid angles (which are three 

dimensional, conical angles).  The equation for a general solid angle is the following: 

 

 (21) 

 

 The solid angle is shown as follows in relation to the corresponding azimuthal and zenith 

angles.   

 

Figure 26: The solid angle (conical) depicted in a half circle 
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 As the sun moves across the sky, it can be characterized in a variety of ways.  One of 

those ways is through the airmass, which is the optical path length  through the earth’s 

atmosphere of light from the sun.  The equation for this is: 

 

          (22) 

Theta here is the angle relative to the zenith angle of the sun, where airmass 1 is when the 

sun is directly overhead.  This airmass is depicted in the following diagram: 

 

Figure 27: Airmass angle diagram 

 

 For our sensors we must calculate the beam, diffuse, and global irradiance.  A figure 

illustrating how the different components of irradiance come to be incident on the solar cell are  

illustrated in the following diagram. 

 

Figure 28: Different components of irradiance incident on a surface 

The general equations that describe these irradiance values are shown below.  For global 

irradiance a standard empirical calulation for this is shown below: 

    (23) 
Where:  

AM is the airmass at the moment in time 

Bo is the standard irradiance level of 1000 W/m
2
 

ɛo is an eccentricity factor for the sun  

 

 For diffuse irradiance, the standard calculation that is used in order to derive it is: 

 

   (24) 
Where: 
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L is a diffuse radiance from eminated from a horizontal surface 

ϑZ` is the incident angle from the solid angle element 

This equation is integrated in regards to the solid angle of the non-obstructed sky 

 

 Since the irradiance from the sky is not very uniform is it difficult to find a general 

solution for each of these componenets. With the calculation for the global and diffuse irradiance, 

though, a relationship between them is demonstrated to be: 

 

         (25) 

 

 Thus we can derive calculations in order to compare our measured values to the 

theoretical calculations to see if they correspond.  Some final optical calculations that are needed 

in order to correct tilt angles corresponding to how the earth moves in relation to the sun are 

given below.  The following diagram demonstrates the relative earth sun position and how the 

earth is tilted in relation to the sun at certain times of the year. 

 

 

Figure 29: Relative earth sun position with corresponding angles 
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Figure 30: Position of the sun relative to a point on the earth 

 

In order to calculate the angular position of the sun in the sky, and to take into account 

the relative earth sun position at a specific time of the year, the following equations can be used. 

 

  (26) 

 

   (27) 
Where: 

φ is the angular corrdinate of the sun with respect to the geographic latitude 

ψs is the solar azimuth angle  

δ is the solar declination angle 

γs is the solar altitude angle 

θzs is the solar zenith angle 

  

These calculations characterize the sun’s movement across the sky and allow for the calculation 

of the proper airmass and angle of incidence to be used in the correction equations, as well as to 

be used in order to program the tracking system to follow the sun across the sky. 

 

Corrections for the Glass Cover 

 

 One aspect of the system which needs to be accounted for is the reflection and refraction 

of the incident light introduced by the glass covering on the solar cell.  The focus of the light will 

be altered due to the refractive index of the glass, and the glass will also reflect a portion of the 

light.  This correction for the refractive index of glass can be approximated with the following 

equation 

 
(21) 
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Where d is the displacement of the light, n is the refractive index of the glass, and t is the 

thickness of the glass.  Snell’s law takes this relationship into account very simply with the 

following equation. 

 
(28) 

Where n1 is the refractive index of air and n2 is the refractive index of the glass.  This 

relationship demonstrates that there will be some difference in the incident light on the glass, and 

the light which propagates through and is absorbed by the solar cell.  This situation can be 

viewed in figure 1 below.  The incident light on the surface is refracted a certain angle 

determined by the refractive index of the medium, and a portion of the light is also reflected due 

to the glass as well.  

 

 

Figure 31: Reflection and Refraction of incident light on a glass surface 

 

 

 In order to account for these reflections, it must be noted that light can have two 

polarizations, s and p.  These polarizations will reflect from the glass surface differently, so they 

must be accounted for in different equations.  For s polarized light, the reflection coefficient is 

found to be 

 

     (29) 

           (30) 

 

Where RS is the reflection of s polarized light and rs is the reflection coefficient of polarized 

light.  This same relationship can also be found for p polarized light.  It is as follows. 
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     (31) 

      (32) 

 

Where Rp is the reflection of p polarized light, and rp is the reflection coefficient of p 

polarized light.  The light that is transmitted through the glass is given with the following 

relationship for both s and p polarized light. 

 

Ts = 1 − Rs      (33) 

 

Tp = 1 − Rp      (34) 

 

 

Where Tp is the transmission of p polarized light, and Ts is the transmission of s polarized light.  

This relationship between the reflected and transmitted wave is demonstrated with the following 

picture. 

       

Figure 32: Graphical Representation of the Reflected and Transmitted Wave at an interface 

 

 Another issue that also must be noted for the glass is the fact that a critical angle exists in 

which all of the incident light on the surface of the glass at that angle will become internally 

reflected.  This allows for all the incident light at that angle to be absorbed, thus there will be no 

reflection of light at this angle.  The general calculation in order to find the critical angle is given 

as 

          (35) 

 

So at this angle of incident light for the glass, the reflection corrections will not have to be taken 

into account.  Thus, when this angle is derived, separate corrections can be made for the time of 

day and the corresponding incident angle of light emitted from the sun on the device. 
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One solution to dealing with this reflection is the application of an antireflective coating 

to the glass.  The ideal antireflective coating to use on this glass would be the square root of the 

refractive index of glass, as demonstrated by the proceeding relationship. 

 

AR n       (36) 

  

Thus, with this we can derive the ideal material to be used as an anti-reflection coating 

for the glass.  This will reduce the need to use the reflection calculations, and limit the amount of 

corrective addition we will have to do to the final value in order to get the actual irradiance 

incident on the solar cell.  Although there is noise and uncertainty from various other parts of the 

system, such as shot noise (unequal photon distribution), Johnson noise (random motion of 

charge carriers), and photon noise, these are all accounted for in the empirical corrections and 

fitting of the data produced by our solar cell as compared to other calibrated and verified 

pyranometers.  Thus, all these uncertainties will be covered in our calibration and empirical 

corrections of the system and do not need to be addressed individually.   

 



Team 4253: Beam, Diffuse, and Global Irradiance Sensor for Solar Panels -45- 

Failure and Risk Assessments 

Failure Mode and Effects Analysis (FMEA) 
Function Failure Mode Consequence Cause Mitigation

Broken Electrical 

Connection

Incorrect or No 

Voltage output

Wire/Solder 

degradation

Protected/Covered Wires 

and connections

Cell Shading Destruction of Cell

Blocked View of the 

Sun

Ensuring operation in an 

open area

Fail to measure the 

Temperature Incorrect digital output

Faulty Thermal 

Bonding

Periodic reapplication of 

thermal paste

Fail to calibrate 

correctly

Incorrect Irradiance 

Measurement Degradation Periodic calibration

Heat is not uniform 

across the heat sink

Incorrect temperature 

measurements

Temperature doesn’t 

match cell Temp.

Ensure Uniform application 

of thermal paste

Heat does not 

transfer between the 

cell and sink

Warmer cells with 

worse response

Improper thermal 

bonding

Periodic reapplication of 

thermal paste

Broken Connection

No microcontroller 

input

Loosely connected 

plugs Screw the plugs together

Voltage change

Improper irradiance 

Measurement

Resistance introduced 

on line Use low resistance wire

Network failure

No data uploaded to 

server Internet failure

Storage of data on the 

microcontroller

Transmission errors

Incorrect data uploaded 

to server Programming errors

Test and calibration of the 

uploading program

Inaccurate/Variable 

Interval steps

Incorrect values for 

beam and diffuse 

irradiance

 Improperly calibrated 

tracker Periodic calibration

Broken Tracker

No measurement for 

beam and diffuse 

irradiance 

Motor Failure 

(Jammed or worn out 

motor)

Periodic cleaning, protect 

fragile components from 

the elements

Measure Beam 

Irradiance Obstructed aperture

Incorrect/No 

measurement for beam 

irradiance

Dust or bird waste 

covering the opening

Periodic cleaning, Anti-

stick coatings

check for faults before 

installation

replace failed components

failure of light seals reseal light tube

check for faults before 

installation

replace failed components

failure of sensor tube 

seal
reseal sensor tube

mechanical failure of 

sensor tube

Protect electrical 

components from 

environmental damage

light leaks
overestimate of beam 

irradiance

mechanical failure of 

sensor tube or PVC 

housing

contamination
incorrect measurement, 

damage to sensor

Measure Incident 

Irradiance

Measure Temperature 

of the Solar Cell

Heat Dissipation in the 

heat sink

Transmit Data to 

Microcontroller

Transmit Data to Server

Tracking the Sun

 

Table 5: FMEA 

For TRIZ analysis see Appendix E.
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Risk Analysis 

 

The following risks have been identified as a tool to develop mitigation techniques before they 

arise. 

 
Risk No. Risk Consequences Likelihood Severity Risk Factor

1 Does not track sun properly

Beam and Diffuse does not measure 

correct irradiance 0.6 0.9 0.54

2 Partial PV cell shading

Destruction of cell, incorrect voltage 

output 0.6 0.4 0.24

3

Microcontroller malfunctions due to 

temperature Fail to calculate accurate measurements 0.5 0.8 0.4

4 Cell degradation

Calibrations will be wrong, outputting 

incorrect irradiance 0.9 0.5 0.45

5 Network down User will not receive output 0.1 0.7 0.07

6

Mechanical assembly too difficult for 

student reproducibility Fail to meet customer requirements 0.2 0.2 0.04

7 Cell obstruction of view Underreport measurements 0.9 0.8 0.72

8 Fail to withstand hail Defaced system may block sensors 0.4 0.75 0.3

9 May not achieve desired accuracy

Overall system performance not 

acceptable 0.9 0.1 0.09  

Table 6: Risk Analysis 

 

The risk plot displays the previous risk table.  Risks 1 and 7 are high risks and require more 

attention to develop mitigation techniques. 
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Figure 33: Risk Plot 

Testing 

Validation 

Validation tests were performed to confirm that the final system design meets all of the customer 

requirements.  The customer requirements include measuring beam, diffuse, global, and plane of 

array solar irradiance.  Furthermore, the data must be collected and stored in a UA database. 
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Method 

Functional Requirement Target Value Method of Verification 

FR-1 Calculate the beam 

component of irradiance 

≤1% Accuracy I. Test sensor with 

collimated light 

source.  Compare 

against known 

percentage of light 

expected. 

II. Run multiple system tests 

outside at a variety of 

locations.  Run high 

quality commercial 

systems at the same times. 

III. Use known equations to 

calculate the theoretical 

irradiance of the beam.  

Compare system output 

data to theoretical values. 

IV. Compare system output 

data to commercial 

systems output data. 

FR-2 Calculate the diffuse 

component of irradiance 

≤1% Accuracy I. Test sensor with 

collimated light source.  

Compare against known 

percentage of light 

expected. 

II. Run multiple system tests 

outside at a variety of 

locations.  Run high 

quality commercial 

systems at the same times. 

III. Use known equations to 

calculate the theoretical 

irradiance of the beam.  

Compare system output 

data to theoretical values. 

IV. Compare system output 

data to commercial 

systems output data. 

FR-3 Calculate the global 

irradiance 

≤1% Accuracy I. Test sensor with 

collimated light source.  

Compare against known 

percentage of light 

expected. 



Team 4253: Beam, Diffuse, and Global Irradiance Sensor for Solar Panels -48- 

II. Run multiple system tests 

outside at a variety of 

locations.  Run high 

quality commercial 

systems at the same times. 

III. Use known equations to 

calculate the theoretical 

irradiance of the beam.  

Compare system output 

data to theoretical values. 

IV. Compare system output 

data to commercial 

systems output data. 

FR-4 Measure plane of array 

irradiance 

≤1% Accuracy I. Test sensor with 

collimated light source.  

Compare against known 

percentage of light 

expected. 

II. Run multiple system tests 

outside at a variety of 

locations.  Run high 

quality commercial 

systems at the same times. 

III. Use known equations to 

calculate the theoretical 

irradiance of the beam.  

Compare system output 

data to theoretical values. 

IV. Compare system output 

data to commercial 

systems output data.e 

known equations to 

calculate the theoretical 

irradiance of the beam.  

V. Compare our values to the 

values from an industry 

standard system. 

FR-5 Accept input wavelengths At least visible range I. Send various wavelengths 

through glass covers to 

measure the outputs 

II. Compare to desired 

wavelengths 

FR-6 Track the sun ≤5
o
 of the sun I. Use known angles of the sun 

to compute theoretical 

angles of the tracker. 

II. Measure the angle of tracker 

at every hour to compare to 
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calculated values. 

FR-7 Collect data At a rate of 1 Hz I. Run a full system test and 

time stamp all data sent 

from the microcontroller.   

II. Verify data is being 

collected in one second 

intervals based on time 

stamps.  
 

FR-8 Transmit the data At least once per hour I. Run a full system test and 

time stamp all data sent 

received in the database.   

II. Verify database time stamps 

are at least once per hour 
 

Table 7: Validation Testing 

Verification 

 

Verification was performed in order to confirm that the final system was built correctly and 

functions properly. 

 

Method 

 

Run complete system test over a specified interval at two locations, PAS roof and off campus 

location.  The system will be run in real time under varied environmental conditions. 

 

During test, complete visual inspections on tracker to check for movements corresponding to the 

sun in order to validate beam and diffuse irradiance measurements.   

 

Check UA database for desired measurements.  Visually confirm that the correct types of 

measurements are made and the data is being stored in the correct location. 
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Design Results 

Target Value Results

FR-1 Calculate the beam 

component of irradiance

≤1% Accuracy

Yes, but not to 1% accuracy

FR-2 Calculate the diffuse 

component of irradiance

≤1% Accuracy

Yes, but not to 1% accuracy

FR-3 Calculate the global 

irradiance

≤1% Accuracy

Yes, but not to 1% accuracy

FR-4 Measure plane of array 

irradiance

≤1% Accuracy

Yes, but not to 1% accuracy

FR-5 Accept input wavelengths Yes

FR-6 Track the sun ≤5
o
 of the sun Yes

FR-7 Collect data At a rate of 1 Hz Yes

FR-8 Transmit the data At least once per hour Yes

Functional Requirement

 

Table 8: Results Table 

 

Figure 34: IV Curve of Implemented PV Cell 
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Figure 35: Irradiance Graph 

 

Conclusion 
 The final design meets the basic functional and non-functional requirements of the 

customers.  The calculation of irradiance within 1% accuracy was not achieved; however, 

instructions have been left with the customers to calibrate the sensors further.  Currently, the 

technology needed to calibrate the cells is not available to students.  In the future, if they become 

available, the clients will be able to calibrate the cell close to 2%-3% accuracy. 

 The final design was implemented in several Tucson locations.  It withstood a variety of 

weather including rain, hail, cold temperatures, and warm temperatures.  The system was able to 

produce the proper data tasked to the system. 

 Lastly, a build manual has been made and left with the sponsors.  The ultimate goal of the 

project is to take the designed technology and build several systems and place them around 

Tucson.  With the build manual, the customers will be able to fulfill the end goal. 
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Appendix A: Answers to questions asked during oral Critical 
Design Review 
 

Q:  What does EVA stand for? 

A:  EVA stands for Ethylene Vinyl Acetate.  It is a coating used in solar cells to extend their 

lifetime.  It is durable, transparent, and resists corrosion as well as photovoltaic degradation. 

 

Q:  What are you using as an accuracy baseline?  How do we know when it’s ―perfect‖? 

A:  Our device will be compared to the output of the other models in the industry that are the 

current gold standard.  We will also be calibrating the sensor from the light source of known 

output in order to measure its accuracy. 

 

Q:  How do you compensate for the properties of the glass used as the cover? 

A:  The device will be calibrated with the glass in place so that it is accounted for as well as 

using theoretical empirical corrections. 

 

Q:  Which component do you expect to fail first? 

A:  The mechanical components are the tracker are most likely to fail first because of their 

complexity, the number of moving parts, and the accuracy that they have to maintain in order to 

function properly. 

 

Q:  PVC piping quickly degrades in the sun.  How do you intend to approach this problem? 

A:  The pipe will be coated in lots of white paint in order to minimize the damage from the sun. 

 

Q:  Will the glass be a dome or a sheet? 

A:  The glass covering will be a flat sheet in order to reduce cost and to make the calculations 

simpler. 

 

Appendix B: Ideal Final Result 
Performs the following tasks 

• Measures the absolute beam, diffuse, global, and plane-of-array components of solar 

irradiance at 1Hz intervals with uncertainty less than 1% 

• Upload measurements to a central location for analysis with low latency (less than 1 

minute) 

• Store measurements locally as a backup for 1 year 

With the following constraints 

• Has minimal costs  

• Requires minimal assembly time 

• Occupies minimal space and weight 

• Requires minimal power 

• Require minimal maintenance 

• Has long lifetime with minimal degradation 
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Appendix C: Empirical Calculations 
 

Other Solar Cell Non-Idealities, Parasitic Resistances in Solar Cells: 

 

Solar cells have an inherent parasitic resistance due to the overlaying of grid contacts on 

the actual solar cell itself.  These resistances can be measured through lab testing, and must be 

accounted for in the analysis equations in order to correct for any discrepancies in the output they 

may cause. 

 

Figure 36: A model of a solar cell, with parasitic series (RS) and shunt (RSH) resistances 

 

The short circuit current equations with these resistances included are shown below: 

 

      (37) 

 

Where RS and RSH are the series and shunt resistances that are inherent in the solar cell.  

Ao is a diode ideality constant that is between 1 and 2.  It is given for different cell types, and for 

monocrystalline silicon it is around 1.2.  When the cell is operated at open circuit with these 

resistances included the equation looks like: 

 

                 (38) 

 

Thus from these ISC and VOC are able to be adjusted with the addition of a series and 

shunt resistance to the ideal solar cell model.  The effects of a series resistance on the IV curve 

are shown below: 
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Figure 37: The I-V curves shown with the affect of series resistance depicted 

 

As the series resistance of the cell increases, the IV curve becomes a straight line, with 

the short circuit current decreasing drastically.  The opposite effect is noticed when a shunt 

resistance is found in the solar cell.  The open circuit voltage decreases in the cell when the 

resistance becomes much smaller.  This is depicted in the graph below. 

 

Figure 38: I-V curves shown with the affect of shunt resistance depicted 
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Appendix D: SolidWorks Drawings 
 

 

Figure 39: Drawing of Beam Sensor 
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Figure 40: Inital design of sensor housing (not used in built system) 
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Appendix E: TRIZ 

TRIZ Design Contradictions  
TRIZ is a tool to help design by solving generic problems and finding generic solutions. One 

method of TRIZ is identifying the Ideal Final Result (see Appendix B). Another method is to 

remove contradictions. The following contradictions were identified, generalized, solved, and 

applied to the specific system being designed.  

Illumination Intensity => As the sensor is out all day, it will heat up and yield changing 

temperatures, giving skewed results regarding the amount of irradiance absorbed. A 

contradiction in our design is we want to improve illumination intensity, but temperature will 

become worse an cause for the measurements to become inaccurate.  

Illumination Intensity vs. Temperature  

Some solutions for this posited by the TRIZ contradiction matrix are:  

  Parameter Changes: change the temperature of the object in order to limit the heating. 

This can be done by the efficient use of hint sinks along with thermally coupling the cell with 

other parts in the device in order to spread out the heat and move it away  

 Color Changes: Change the color of the object in order to limit heating. The devices can 

be given a white coating in order to keep them cooler and reflect some of the light that would 

otherwise heat them. 
 

Measurement Accuracy => we want our sensor to be as accurate as possible, but when the 

accuracy of this is higher, the device becomes inherently more complex, yielding higher costs 

and longer build times.  

Measurement Accuracy vs. Device Complexity  

Solutions from the TRIZ matrix are:  

  Cheap Short-Living Objects: Use inexpensive sensors that wont last as long, and use a 

bit more of them in order to leverage the law of averages and hopefully yield more accurate 

results.  

 Preliminary Actions: Perform before it is needed the required change of an object. This 

can be a change in the form of the data needed or a change in the way the output of the sensor is 

presented  

 

Automation of Measurement => The tracker must be able to work without having someone 

check on it every day. This yields the need for the measurement system to be automated, but at 

the same time this may reduce the accuracy of the measurement being taken as the system will 

not be checked on every day.  

Extent of Automation vs. Measurement Accuracy  

Solutions from the TRIZ matrix are:  

 Preliminary Action: Arrange the objects in such a way that it will minimize what is on the 

tracker. Combining the Beam and Diffuse sensor into one system is one way which this can be 

helped  

 Copying: Instead of using a fragile or expensive object, use something that is cheap and 

simpler. So instead of building our own tracking system, use a telescope tracker instead in order 

to track the sun on the required axes.  
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Weight of the Beam and Diffuse Sensor => The sensor must be light enough to function on a 

telescope tracking mount, but it also must not lose its ability to withstand hail and other 

environmental factors that the sensor will be exposed to. This means the sensor must be very 

light, but also very durable.  

Weight of Moving Object vs. Durability of Moving Object  

Solutions from the TRIZ Matrix are:  

 Merging: Bringing the sensors for the beam and diffuse irradiance closer together in the 

device in order to cut down on excess weight. Also make operations contiguous in time, such as 

do the measurements of the beam and diffuse irradiance at the same time.  

 Porous Materials: Make the design porous, or add some portions to the beam and diffuse 

sensor that are porous, thus cutting down on weight and preserving some stability in the system. 

 

Ease of Manufacture => The sensors must be able to be manufactured by someone who is 

given the design plans drafter by our team. This means that the components cannot be too 

complex, and the setup cannot be overly complicated. This loss of complication can lead to a loss 

of measurement accuracy that would otherwise have been obtained with parts specifically 

designed and precisely engineered for the sensor.  

Ease of Manufacture vs. Measurement Accuracy  

Solutions from the TRIZ Matrix are:  

  Segmentation: Divide an object up into separate parts to cut down on manufacturing 

complexity. Instead of having all the sensors and microcontroller in one box, we should have 

them all in separate smaller systems, and connected to one another through wires.  

 Change the Degree of Flexibility: Allow for the different sensors to be connected through 

a uniform plug, so it can be changed which sensors are being utilized by the microcontrollers and 

where.  

 

Difficulty of Detecting => As the difficulty of detecting irradiance gets better for the sensors, 

they inherently become more complex. More optics are needed in order to accurately detect the 

input irradiance , as well as better sensors and more complex ways of the keeping the sensors 

thermally and optically isolated from extraneous inputs.  

Difficulty of Detecting vs. Device Complexity  

Solutions from the TRIZ Matrix are:  

 Dynamics: Allow the sensor to adjust to changes in the environment. Introduce 

compensation factors when different environmental changes are detected by the system. Also 

divide the sensor into parts and make them capable of moving relative to one another in the 

system  

 Preliminary Action: Perform thermal insulation and temperature corrections on the 
object before they are needed in order to get accurate results when the problems in the 
measurement do arise.  
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Appendix F: Project Management 

Project Timeline 

The design timeline is as follows.  The critical path follows the blue path.  Flexibility in the 

schedule occurs during the electrical and mechanical assembly.  The critical path during 

prototyping falls in the testing of all components.   

 

Figure 41: Gantt Chart 

 

Budget 
Category Detail Phase Amount Allocated Amount Spent

Optical Equipment Sensors Building Phase $400  $          306.05 

Mechanical Equipment Materials for the support and Tracking Building Phase $800  $          616.60 

Electrical Equipment Equipment for Circuit Boards Building Phase $200  $          305.31 

Evaluation Product Testing Testing Phase $200  $                  -   

Misc Glass, Windex, solder,… Building Phase $500  $          267.51 

Others Poster/Travel Expenses Presentation Phase $300  $          250.00 

Contingency Funds $600 

Grand Total (All Costs) $3,000 $1,745.47  

Table 9: Team Budget 
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Bill of Materials  

The following bill of materials represents one system. 

 

Figure 40: Single system Bill of Materials  

Beam/Diffuse Sensor and Tracker:

Part Unit Price Qty Subtotal Tax Rate Total

Orion AstroView Equatorial Mount $249.95 1 $249.95 8.00% $269.95

EQ-3M Drive $130.95 1 $130.95 8.00% $141.43

Mounting Rings, 76mm ID, pair $17.95 1 $17.95 8.00% $19.39

Housing Tube, PVC 3” nom. OD, /10ft $10.88 1 $10.88 8.00% $11.75

Slip End Cap, 3” ID PVC $1.50 1 $1.50 8.00% $1.62

6061 T6 Aluminum Pipe, 1.5” nom. OD, /ft $6.71 2 $13.42 8.00% $14.49

Krylon Ultra-Flat black paint #1602 $5.53 1 $5.53 8.00% $5.97

Hamamatsu Photodiode S2833-01 $5.60 20 $112 8.00% $120.96

Subtotal: $585.55

Global and Plane of Array Sensor:

6061 T6 Aluminum Sheet, 0.05”, /ft
2

$5.91 1 $5.91 8.00% $6.38

Plumb Pak 6" x 6" x 1/8" Rubber Packing Sheet $5.99 1 $5.99 8.00% $6.47

Glass Sheet, 1/8", 32" x 28" sheets $15.90 1 $15.90 8.00% $17.12

Polyseamseal 10 Oz. Silicone White Caulk $7.98 1 $7.98 8.00% $8.62

White Duramax Paint, Latex Semi-Gloss (1/4 Gal) $10.00 1 $10.00 8.00% $10.80

Zalman Copper  Heatsink, 37 cm x 37 cm x 32 cm $3.99 2 $7.98 8.00% $8.62

Artic Cooling Thermal Compound, Ceramic Based $7.98 1 $7.98 8.00% $8.62

4-Pin Plugs (Male and Female) KPJX-PM-3S $1.94 6 $11.64 8.00% $12.57

Monocrystalline Solar Cells (3 x 2.5 cm) $3.50 6 $21.00 8.00% $22.68

Subtotal: $101.88

General Electronics

Resistors (Various Resistances) $0.10 100 $10.00 8.00% $10.80

TMP275 Digital Out Temperature Sensor 0 (From TI) 4 $0.00 0 $0.00

Screws $0.05 25 $1.25 8.00% $1.35

Hookup Wire, 24AWG 500 ft, Copper $19.95 1 $19.95 8.00% $21.55

IC-spacing perfboard, 6" x 8" $3.99 2 $7.98 8.00% $8.62

Subtotal: $42.32

Microcontoller:

Arduino Mega Microcontroller $49.95 1 $49.95 8.00% $49.62

Arduino Ethernet Sheet $43.75 1 $43.75 8.00% $47.25

Ethernet Cable, 50ft $12.98 1 $12.98 8.00% $14.02

D-subminature Connectors, 15 pin (Male, Female) $2.39 2 $4.78 8.00% $5.16

Subtotal: $116.05

Total: $845.81
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Appendix I: Optical Tests 

 
 

 
 

 

Figure 42: Three views of optical test 
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Appendix J: Code 
 
PHP Script: 
 
<?php 
 
// Setup variables 
$output = $_GET['output']; 
 
if (!$output) 
{ 
  echo "<html><body><p>You need to pass in valid _GET parameters.  Script 
Terminated.</body></html>"; 
  exit; 
} 
$fp = fopen("/Users/ethanheld/Sites/PHPfiles/Global_Irradiance_Data.txt", 'a+'); 
if (!$fp) 
{ 
 echo '<html><body><p>Failed to open file</body></html>'; 
 exit; 
} 
 
$search = "_"; 
$replace = ","; 
 
$formattedout = str_replace($search, $replace, $output); 
 
$outputstring = "$formattedout\r\n"; 
 
fwrite($fp, $outputstring, strlen($outputstring)); 
 
// end with a 0 to close the session to the client: 
echo "\0"; 
end; 
 
?> 
 
Data Logging Code: 
/* 
    Code for Solar Cell Measurement, Sending 
*/ 
 
#include <Wire.h>    //Two wire controller 
#include <Ethernet.h>    //Ethernet Controller 
#include <Time.h>        //Used to sync NTP and the millis clock 
#include <UdpBytewise.h>  // UDP library from: bjoern@cs.stanford.edu #include <string.h> 
#include <EthernetDHCP.h>  //DHCP server here 
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#include "SdFat.h" 
#include "Sd2Card.h" 
 
// SD card variables for read/write 
Sd2Card card; 
SdVolume volume; 
SdFile root; 
SdFile file; 
char name[] = "VOLT.TXT";        //name of the file to write to 8 chars max 
 
//Temperature Variables 
byte TempHi;              // Variable hold data high byte 
byte TempLo;              // Variable hold data low byte 
unsigned int Decimal;     // Variable hold decimal value 
const int I2C_address_Global = 0x37;  // I2C write address global temp sensor  
 
//Voltage Variables 
float volt_solar_conv = 0.0;      //Converted voltage 
int raw_solar = 0;                // Data output from ADC 
int Port_Number_Global = 1;       //ADC input port of the global sensor 
 
//Ethernet Variables 
byte mac[] = {0xDE, 0xAD, 0xBE, 0xEF, 0xFE, 0xEC };    //Arduino MAC Address 
 
byte server[] = {192, 168, 1, 105};      //Where the the server is located  
 
//NTP Time Variables 
byte SNTP_server_IP[] = { 192, 43, 244, 18}; // time.nist.gov 
const unsigned long add_time_zone= 25200UL;  //Time Correction, PST from GMT in seconds 
time_t time_voltage;                        //Variable to store the time it is when voltage taken 
int jk = 0; 
 
//Program 
void setup() { 
 
 //Serial.begin(9600);            //Used for Debugging 
   
  //SD Card checking to see if there 
 
  // initialize the SD card 
  if (!card.init()) error("card.init"); 
  // initialize a FAT volume 
  if (!volume.init(card)) error("volume.init"); 
  // open the root directory 
  if (!root.openRoot(volume)) error("openRoot"); 
   
  analogReference(INTERNAL);    // select internal reference for AREF, for ADC.  2.56 Volts is the ref value 
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  Wire.begin();                 // join i2c bus (address optional for master) 
  
  EthernetDHCP.begin(mac); 
   
  const byte* ipAddr = EthernetDHCP.ipAddress(); 
  const byte* gatewayAddr = EthernetDHCP.gatewayIpAddress(); 
  const byte* dnsAddr = EthernetDHCP.dnsIpAddress(); 
 
//Setup NTP server 
  setSyncProvider(getNtpTime); 
  delay(1000); 
 
  //Set 12 bit accuracy for all Temp sensors 
  Wire.beginTransmission(I2C_address_Global);  //Address to the the Global sensor 
  Wire.send(1);                                // Setup configuration register 
  Wire.send(0x60);                             // 12-bit, highest accuracy 
  Wire.endTransmission();  
 
  Wire.beginTransmission(I2C_address_Global);   //Address to the the Global sensor 
  Wire.send(0);                                 // Setup Pointer Register to 0, temp reading 
  Wire.endTransmission();  
 
  delay(1000);                  //Delay for the startup 
 
} 
 
void loop() { 
   
  //extern volatile unsigned long timer0_millis; 
 
  if((hour() > 4) && (hour() < 20)) 
 { 
    Temp_Calculation(I2C_address_Global); 
    Voltage_Calculation (Port_Number_Global); 
    SDwrite(); 
    delay(980); 
 
    if( jk > 60)  
    { 
      sendData();  
      jk = 0; 
    } 
    else  
    { 
      jk++;    
      delay(980); 
    } 
   } 
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} 
 
const char* ip_to_str(const uint8_t* ipAddr) 
{ 
  static char buf[16]; 
  sprintf(buf, "%d.%d.%d.%d\0", ipAddr[0], ipAddr[1], ipAddr[2], ipAddr[3]); 
  return buf; 
} 
 
void resetMillis() { 
  cli();              //Disable interrupts 
  timer0_millis = 0;  //Set the millisecond register to zero 
  sei();              //enable interrupts again 
} 
 
//Temperature reading and calculation 
void Temp_Calculation(int address) { 
  Wire.requestFrom(address, 2); // request 2 bytes from temp register 
  while(Wire.available())          // Check for data from slave 
  {                                 
    TempHi = Wire.receive();       // Read temperature high byte 
    TempLo = Wire.receive();       // Read temperature low byte 
  }  
   
  TempHi = TempHi & 0x7F;   // Remove sign 
  TempLo = TempLo & 0xF0;   // Filter out last nibble 
  TempLo = TempLo >> 4;      // Shift right 4 times 
  Decimal = TempLo * 625;  
} 
 
//Analog voltage Reading function 
void Voltage_Calculation (int port_num) { 
   
  raw_solar = analogRead(port_num);                   // read solar voltage raw values 
  volt_solar_conv = ((raw_solar *  2.560000) / 1024.0)*1000;              // Convert to a voltage value 
  time_voltage = now();        //Store time of voltage reading 
} 
 
//SD Card functions 
//SD Card Write Function 
void SDwrite() { 
  // O_CREAT - create the file if it does not exist 
  // O_APPEND - seek to the end of the file prior to each write 
  // O_WRITE - open for write 
 if (!file.open(root, name, O_CREAT | O_APPEND | O_WRITE)) error("open");    //open the file to write 
    
   file.print(volt_solar_conv, DEC); 
   file.print("_"); 
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   file.print(TempHi, DEC); 
   file.print("."); 
   file.print(Decimal, DEC); 
   file.print("_"); 
   file.print(hour(time_voltage), DEC); 
   file.print(":"); 
   file.print(minute(time_voltage), DEC); 
   file.print(":"); 
   file.print(second(time_voltage), DEC); 
   file.print("_"); 
   file.print(month(time_voltage), DEC); 
   file.print("/"); 
   file.println(day(time_voltage), DEC); 
 if (!file.close() || file.writeError) error("close/write");                 //close the file 
   
} 
 
void error(char *str)  //Error function for the SD card 
{ 
  Serial.print("error: "); 
  Serial.println(str); 
  while(1); 
} 
 
//Ethernet Send Functions 
void sendData() { 
   
  Client physics_server(server, 80); 
   
  if(physics_server.connect()) 
  { 
    file.open(root, name, O_READ); 
     
    int16_t c; 
    char lineoutput[35]; 
    int i = 0; 
     
    while((c = file.read()) > 0) 
    { 
     lineoutput[i] = c; 
     if(c == '\n') 
     { 
       lineoutput[i] = '\0'; 
       lineoutput[i-1] = '\0'; 
        
       physics_server.print("GET  /PHPfiles/verify.php?output="); 
       physics_server.print(lineoutput); 
       physics_server.println(" HTTP/1.1"); 
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       physics_server.println("Host: 192.168.1.105"); 
       physics_server.println(); 
       i = 0; 
       for(int j = 0; j < 35; j++) 
         lineoutput[j] = '\0'; 
       continue;  
     } 
     i++; 
    } 
    physics_server.stop(); 
    file.close(); 
     
    if (!file.open(root, name, O_WRITE)) error("open"); 
    if (!file.remove()) error("file.remove"); 
  } 
} 
 
//NTP code for time acquisiton 
unsigned long getNtpTime() 
{ 
  sendNTPpacket(SNTP_server_IP); 
  delay(200); // for roundtriptiime in slow environtment 
  if ( UdpBytewise.available() ) { 
    for(int i=0; i < 40; i++){ 
      UdpBytewise.read(); // ignore every field except the time 
    }     
    const unsigned long seventy_years = 2208988800UL+add_time_zone;         
    return getUlong() -  seventy_years;       
  } 
  return 0; // return 0 if unable to get the time 
} 
 
//UDP communications to get NTP time 
unsigned long sendNTPpacket(byte *address) 
{ 
  UdpBytewise.begin(123); 
  UdpBytewise.beginPacket(address, 123); 
  UdpBytewise.write(B11100011);   // LI, Version, Mode 
  UdpBytewise.write(0);    // Stratum 
  UdpBytewise.write(6);  // Polling Interval 
  UdpBytewise.write(0xEC); // Peer Clock Precision 
  write_n(0, 8);    // Root Delay & Root Dispersion 
  UdpBytewise.write(49); 
  UdpBytewise.write(0x4E); 
  UdpBytewise.write(49); 
  UdpBytewise.write(52); 
  write_n(0, 32); //Reference and time stamps   
  UdpBytewise.endPacket();   
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} 
 
//Convert the NTP string to a readable time value 
unsigned long getUlong() 
{ 
  unsigned long ulong = (unsigned long)UdpBytewise.read() << 24; 
  ulong |= (unsigned long)UdpBytewise.read() << 16; 
  ulong |= (unsigned long)UdpBytewise.read() << 8; 
  ulong |= (unsigned long)UdpBytewise.read(); 
  return ulong; 
} 
 
void write_n(byte what, int how_many) 
{ 
  for( int i = 0; i < how_many; i++ ) 
    UdpBytewise.write(what); 
} 
 
Stepper Motor Code 
 
#include <Ethernet.h>      //Ethernet Controller 
#include <Time.h>          //Used to sync NTP and the millis clock 
#include <UdpBytewise.h>   // UDP library from: bjoern@cs.stanford.edu 12/30/2008 
#include <Stepper.h>       //Stepper motor controller 
#include <EthernetDHCP.h>  //DHCP server here 
 
#define PI 3.14159265 
#define GMT_DIFF -7          //Time zone difference from GMT 
#define DEG2RAD PI/180.0 
#define LONGITUDE -110.55    //LAT and LONG of Tucson 
#define LATITUDE 32.25 
 
#define RA_BEGIN 6.0      //Where to begin the Right Ascension angle at 
#define INT_MAX 32767 
#define DEC_DEGREE 800    //800 steps for 1 degree of movement declination angle 
#define RA_MIN 16000        //16000 steps for a 30 min tick mark here 
#define DEC_RPM 120        //Declination movement RPM set at 120 with steps of 50 
#define STEPS 50          //Steps for the motor 
 
byte mac[] = {0xDE, 0xAD, 0xBE, 0xEF, 0xFE, 0xED };    //Arduino MAC Address for DHCP client  
 
//Stepper Motors for Telescope Tracker 
Stepper RightAscension = Stepper(STEPS, 28, 29, 30, 31); 
Stepper Declination = Stepper(STEPS, 42, 43, 44, 45); 
 
//for NTP time calculation 
byte SNTP_server_IP[] = { 192, 43, 244, 18};   // time.nist.gov 
const unsigned long add_time_zone = 25200UL;  //Time Correction, PST from GMT in seconds 
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//Position of the Declination angle and Right Ascension 
float Dec_at = 0.0; 
float Dec_future = 0.0; 
 
float RA_at = RA_BEGIN; //where RA is at now 
float RA_future = 0.0;  //where RA will be next 
float RA_dist_future = 0.0;  //Where RA will be after that 
long RPM = 0; 
 
time_t timeNow; 
 
int minute_start = 0;  //minute to start RA at 
boolean valid_align = false;    //is the tracker aligned at this point 
int days_total = 0; 
 
void setup() 
{ 
  Serial.begin(9600); 
   
  EthernetDHCP.begin(mac);    //Begin the DHCP process 
   
  const byte* ipAddr = EthernetDHCP.ipAddress(); 
  const byte* gatewayAddr = EthernetDHCP.gatewayIpAddress(); 
  const byte* dnsAddr = EthernetDHCP.dnsIpAddress(); 
   
  //Setup NTP server 
  setSyncProvider(getNtpTime); 
   
  delay(1000); 
   //days since beginning of year 
   days_total = days_since(day(), month(), year()); 
     
  //Move the declination angle from the starting point of 0.0 degrees 
    Dec_future = declination(days_total);      //The Declination angle needs to be here 
    Dec_at = Dec_Step_Move(Declination, Dec_future, Dec_at);          //Moves the declination angle 
   
  //Move the RA angle to the correct position before getting into the program 
  //SET RA close to starting point, or else it will take forever to calibrate 
  if(minute() > 54)    //Five minute window for calibration 
  { 
    minute_start = (5 - (60 - minute()));      //sets the minute to start at 
    RA_future = hour_angle(days_total, (hour() + 1), minute_start); 
  } 
  else 
  { 
    minute_start = minute() + 5;      //sets the minute to start at 
    RA_future = hour_angle(days_total, hour(), minute_start); 
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  } 
   
  //sets dist future before moving the RA angle 
  if(minute_start == 59) 
  { 
   RA_dist_future = hour_angle(days_total, (hour() + 1), 0); 
  } 
  else 
  { 
    RA_dist_future = hour_angle(days_total, hour(), (minute_start + 1)); 
  } 
  //moves RA 
  RA_at = RA_setup(RightAscension, RA_future, RA_at); 
  RA_future = RA_dist_future; 
  
} 
 
void loop()  
{ 
  //run program if hour in between these hours 
  if((hour() < 20) && (hour() > 4)) 
  { 
     if(minute() == minute_start) 
     { 
       if(minute_start == 58) 
       { 
           minute_start = 59; 
           RA_dist_future = hour_angle(days_total, (hour() + 1), 0); 
       } 
       else if(minute_start == 59) 
       { 
           minute_start = 0; 
           RA_dist_future = hour_angle(days_total, (hour() + 1), (minute_start + 1)); 
       } 
       else 
       { 
           minute_start++; 
           RA_dist_future = hour_angle(days_total, hour(), (minute_start + 1)); 
       } 
        
       RA_at = RA_move(RightAscension, RA_future, RA_at);      //Moves the RA angle from the current to future 
angle 
       RA_future = RA_dist_future;                        //future is at the distant future 
     } 
      
    valid_align = false; 
  } 
  else 
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  { 
    //this will align the RA and Declination angle for the beginning of the next day at 1 AM 
    if((!valid_align) && (hour() == 1)) 
    { 
      days_total = days_since(day(), month(), year()); 
       
      Dec_future = declination(days_total); //setup the declination angle for the next day 
      Dec_at = Dec_Step_Move(Declination, Dec_future, Dec_at);       
       
      RA_future = hour_angle(days_total, 5, 1);                           //RA Future at 5:01 AM 
      RA_at = RA_setup(RightAscension, hour_angle(days_total, 5, 0), RA_at);  //RA at 5 AM, where it starts 
      valid_align = true;  
     } 
   }   
} 
 
const char* ip_to_str(const uint8_t* ipAddr) 
{ 
  static char buf[16]; 
  sprintf(buf, "%d.%d.%d.%d\0", ipAddr[0], ipAddr[1], ipAddr[2], ipAddr[3]); 
  return buf; 
} 
 
//Move the Right Ascension angle 
float RA_move(Stepper motor, float angle, float curr_angle) 
{ 
   long RPM = 0; 
   float degree_move = angle - curr_angle;    //degrees to move 
   int steps = (degree_move*RA_MIN)/.5;    //number of steps to move 
   RPM = (steps/STEPS) + 1;      //Sets the RPM of the motor in order to move it to the next angle in a minute 
    motor.setSpeed(RPM); 
    motor.step(steps); 
    
   return angle; 
} 
 
//Move the Right Ascension initially here 
float RA_setup(Stepper motor, float angle, float curr_angle) 
{ 
  int steps_adj = INT_MAX;      //MAX int size 
  float degree_move = angle - curr_angle;    //degrees to move 
   
  long steps = (degree_move*RA_MIN)/.5;      //Number of steps to take, with the decimal point cut off 
 
  motor.setSpeed(DEC_RPM);            //Speed of the motor set to default 120 RPM 
   
  while(steps > INT_MAX)        //if steps needed are greater than the Largest int value, reduce by max int value 
  { 



Team 4253: Beam, Diffuse, and Global Irradiance Sensor for Solar Panels -74- 

    motor.step(steps_adj); 
    steps = steps - (long)steps_adj; 
  } 
   
  while(steps < (-1*INT_MAX)) 
  { 
    motor.step(-1*steps_adj); 
    steps = steps + (long)steps_adj;    
  } 
   
  motor.step(steps); 
  return angle; 
} 
 
//Move the declination stepper motor 
float Dec_Step_Move(Stepper motor, float angle, float curr_angle) 
{ 
 float degree_move = angle - curr_angle;    //degrees to move 
  
 int steps = degree_move*DEC_DEGREE;      //Number of steps to take, with the decimal point cut off 
  
 motor.setSpeed(DEC_RPM);            //Speed of the motor set to default 120 RPM 
 motor.step(steps);                //Move the motor a specified number of steps 
 return angle;          //Returns the angle of declination, to set current declination angle 
} 
 
//Hour angle of the sun 
float hour_angle(int days, int hours, int minut) 
{ 
  int LSTM = 15*GMT_DIFF; 
  float LT = hours + minut/60.0;  //local time in hours 
  float B = (360.0/365.0)*(days - 81); 
  float EoT = 9.87*sin(2*B*(DEG2RAD))-7.53*cos(B*(DEG2RAD))-1.5*sin(B*(DEG2RAD));  //Equation of time 
  float TC = 4*(LSTM-LONGITUDE)+EoT;      //Time correction factor 
  float LST = LT + TC/60.0;          //Local solar time 
  return (LST - 12);      //Hour angle returned 
} 
 
//Days since jan 1st 
int days_since(int day, int month, int year) 
{ 
 int n1 = ((275*month)/9.0); 
 int n2 = (month+9)/12.0; 
 int n31 = year/4; 
 int n32 = (year - 4*n31 + 2)/3.0; 
 int n3 = 1 + n32; 
  
 return n1 - (n2*n3) + day - 30;    //number of days since jan 1st 
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} 
 
//Declination angle 
float declination(int days) 
{ 
  float rad = ((360.0*(days + 284.0))/365.0)*(PI/180.0);    //Calculate declination angle 
  return  23.45*sin(rad); 
} 
 
///////////////////////////////////// 
//Right Ascension angle Calculation// 
//LMST, RA, J2000 date             // 
///////////////////////////////////// 
float RA(time_t attime) 
{ 
  int day_since = days_since(day(attime), month(attime), year(attime)); 
  float jd = jd_time(time_GMT(hour(attime)), minute(attime), year(attime), day_since);    //Days since J2000 
  float LMST = sidereal_time(jd, time_GMT(hour((attime))), minute((attime)));      //Local mean sidereal time 
  float HRA = hour_angle(day_since, hour(attime), minute(attime));          //Hour angle 
  LMST = LMST*15.0;      //Convert time to degrees here 
 
  float RightAsc = LMST - HRA;    //Sidereal time - Hourangle 
  return RightAsc;      //Return the right ascension angle here 
} 
 
//Convert time into Greenwich Mean time 
int time_GMT(int hour) 
{ 
 if(hour >= 17) 
 { 
  hour = (-1*GMT_DIFF) - (24 - hour); 
 }  
 else  
 { 
  hour = hour + (-1*GMT_DIFF);  
 } 
  
 return hour; 
} 
 
//Days since Jan  1st 2000, J2000 
float jd_time(int hour, int mint, int year, int day) 
{ 
   float hour1 = hour + mint*(1/60.0);    //convert time into hours 
   int delta = year - 1949; 
   int leap = delta/4.0; 
   float jd = 32916.5 + delta*365.0 + leap + day + (hour1/24.0); 
   return jd - 51545.0;      //total days since J2000 here 
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} 
 
//Calculate local Sidereal time 
float sidereal_time(float jdtime, int hour, int minut) 
{ 
  float hour1 = hour + minut*(1/60.0); 
  float GMST = 6.697375 + .06570982*jdtime + hour1;    //Greenwich mean sidereal time 
  while(GMST > 24)       //Reduce it to a value between 0 and 24 
  { 
   GMST = GMST - 24.0;  
  } 
  float LMST = GMST + (LONGITUDE/15.0);   //Local mean sidereal time 
  while(LMST < 0) 
  { 
   LMST = LMST + 24;    //Reduce between 0 and 24 here 
  } 
  return LMST; 
} 
 
//////////////////////// 
//NTP CODE/UDP library// 
//////////////////////// 
unsigned long getNtpTime() 
{ 
  sendNTPpacket(SNTP_server_IP); 
  delay(200); // for roundtriptiime in slow environtment 
  if ( UdpBytewise.available() ) { 
    for(int i=0; i < 40; i++){ 
      UdpBytewise.read(); // ignore every field except the time 
    }     
    const unsigned long seventy_years = 2208988800UL+add_time_zone;         
    return getUlong() -  seventy_years;       
  } 
  return 0; // return 0 if unable to get the time 
} 
 
//UDP communications to get NTP time 
unsigned long sendNTPpacket(byte *address) 
{ 
  UdpBytewise.begin(123); 
  UdpBytewise.beginPacket(address, 123); 
  UdpBytewise.write(B11100011);   // LI, Version, Mode 
  UdpBytewise.write(0);    // Stratum 
  UdpBytewise.write(6);  // Polling Interval 
  UdpBytewise.write(0xEC); // Peer Clock Precision 
  write_n(0, 8);    // Root Delay & Root Dispersion 
  UdpBytewise.write(49); 
  UdpBytewise.write(0x4E); 
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  UdpBytewise.write(49); 
  UdpBytewise.write(52); 
  write_n(0, 32); //Reference and time stamps   
  UdpBytewise.endPacket();   
} 
 
//Convert the NTP string to a readable time value 
unsigned long getUlong() 
{ 
  unsigned long ulong = (unsigned long)UdpBytewise.read() << 24; 
  ulong |= (unsigned long)UdpBytewise.read() << 16; 
  ulong |= (unsigned long)UdpBytewise.read() << 8; 
  ulong |= (unsigned long)UdpBytewise.read(); 
  return ulong; 
} 
 
void write_n(byte what, int how_many) 
{ 
  for( int i = 0; i < how_many; i++ ) 
    UdpBytewise.write(what); 
} 
 

 


