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Abstract 

 

Design of a Solar Energy Harvesting System for Structural Health 

Monitoring Systems 

 

Sumedh Anand Inamdar, MSE 

The University of Texas at Austin, 2012 

 

Supervisor:  Richard H. Crawford 

 

The work described in this thesis discusses the design of a solar energy harvesting 

system to support a structural health monitoring system. The objective was to design a 

photovoltaic system capable of powering a wireless gateway and cellular modem, a static 

DC 14W load, while meeting certain functional and energy requirements for deployment 

on a bridge. A literature review of the application, technologies, components, and latest 

innovations in solar energy technology was completed. A methodology for designing a 

system for attaching energy harvesting systems onto bridges while meeting design 

requirements is presented as a tool for engineers and students. The use of the tool was 

demonstrated through a study which revealed that the methodology aided in producing 

concepts that were higher in quality, quantity, and better met design requirements. A PV 

array performance model was used to determine the proper PV module size, battery bank 

size, panel orientation, the usefulness of a solar tracker and MPPT charge controller, and 

whether the use of two separate PV modules with independent geometric orientations 

provide better performance as compared to a single larger panel. It was found from the 



 vi 

study that the optimal PV system design specifications were a 120W Polycrystalline PV 

panel, a 120 A-hr LiFePO4 battery bank, a 45 degree tilt and 0 degrees solar azimuth 

angle (south), and an MPPT controller. The results from the analytical model also 

showed that the maximum energy produced with two independent panels would be at a 

solar azimuth angle of 0 degrees (south) and tilt angles of 45 and 50 degrees respectively. 

However, these energy gains were insignificant compared to simply increasing the size of 

the PV module. This result was verified by physical experiments. The physical 

embodiment of the solar energy harvester with these characteristics, including the mount 

to the bridge and the panel, was conceptualized, refined, analyzed for structural integrity, 

and prototyped. 
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Chapter 1: Introduction 

1.1: NEED FOR STRUCTURAL HEALTH MONITORING SYSTEM 

According to the December 2011 report from the Federal Highway 

Administration (FHA), there are 605,086 bridges within the US of which 143,889 

(23.8%) have been classified as either structurally deficient or functionally obsolete 

(Federal Highway Administration, 2011). The American Society of Civil Engineers 

(ASCE) gave an overall grade of “D” for the nation’s infrastructure and projected the 

total cost of repair at $2.2 trillion over the next 5 years (ASCE, 2009). Currently, bridge 

inspections occur once every two years, are very costly, and are limited to visual and 

unreliable evaluations (Pines, 2002). They only report the “as is” status of a bridge and 

not the deteriorated load carrying capacity over time. Recent bridge failures such as the I-

35 Mississippi River Bridge in Minneapolis, MN highlight the inadequacy of manual 

inspections as this bridge had been inspected only a year prior to failure (Minnesota Dept. 

of Transportation, 2006).  

An alternative to manual inspections is the implementation of a structural health 

monitoring system which uses sensors and wireless communication to continuously 

monitor the health of a bridge and send data to offsite locations where it can be monitored 

and further analyzed. Such a system would require minimal to no maintenance after 

installation, provide more quantitative and reliable data, could be installed in remote 

locations, and be inexpensive to install (Lynch, 2006).  

A schematic of a wireless structural health monitoring system is shown in Figure 

1.1. Sensors such as strain gages would be embedded in various critical locations on 

fracture critical bridges, which are defined as bridges that can completely fail with the 
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fracture of a single member. Wireless sensor network (WSN) nodes would collect, 

analyze, and relay data to a WSN Router which would relay the information to a WSN 

gateway. The information would be transmitted from the gateway to a host computer 

through an Ethernet cable or more likely a wireless modem. These nodes can be 

configured to operate as routers and combined with the gateway form a mesh network 

topology allowing the user to extend range and create redundancies to ensure data can 

always find a path back to the gateway (National Instruments, 2010). 

 

 

Figure 1.1: WSN Structural Health Monitoring System 

Each component within the system has different energy requirements and will 

require a reliable source of power that itself requires little to no maintenance and is 

inexpensive. The power requirements of the different components within the system can 

be found in Table 1.1 in Section 1.4.  
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1.2: ENERGY HARVESTING 

In order to meet the power requirements of these various electrical components, a 

variety of power sources should be considered and can be classified as such: grid power, 

disposable battery bank, energy harvesters, and generators. Powering the WSN devices 

from the grid involves connecting transmission lines from the local electrical distribution 

center to all parts of the bridge. This approach can have high installation costs and 

continuous operating costs.  These costs can be much higher for bridges in rural areas 

which comprise 446,954 (74%) of all highway bridges (Bureau of Transportation 

Statistics, 2010). Using pre-charged batteries is also an option; however, periodic 

replacement, depending on the power consumption and battery bank size, could be 

laborious, expensive, and therefore less attractive than other options. Generators could 

also be considered but they also face the same problem as pre-charged batteries as fuel 

would need to be replenished periodically.  

Energy harvesters on the other hand, are very attractive options for structural 

health monitoring applications because of their potential to continuously harvest energy 

from their surroundings, long-life service capabilities, minimal to no maintenance costs, 

environmental friendliness, novelty and also aesthetic qualities. There are many types of 

energy harvesting technologies that could theoretically be used to satisfy the device’s 

power requirements. The three most energy dense, developed, and feasible sources of 

energy harvesting are solar, wind, and vibration, with solar exceeding wind and vibration 

by an order of magnitude in terms of practical energy density (Dierks, 2011).  

Energy harvesting systems typically have some type of energy storage such as a 

battery or capacitor. This allows energy to be accumulated and delivered to the load at 

higher power levels than the harvester can itself produce and to also store excess energy 
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when production is below demand. Most energy harvesting systems have some type of 

charge controller to help manage the flow of energy between the source, load, and 

batteries. Photovoltaic (PV) systems can only generate energy during daylight hours and 

this typically changes seasonally as well. Wind energy systems can only produce energy 

within a certain band of wind speeds and vibration is typically limited to the hours when 

vehicles cross the bridge. Understanding the variability in energy harvesting systems 

allows the designer to more efficiently utilize that energy for consumption or storage.  

Energy harvesters are an effective form of a small scale energy source and will see 

increased growth in the powering of wireless sensors, with the market for industrial 

applications reaching $140 million by 2017 (IdTechEx, 2012). 

1.3: PROJECT DESCRIPTION 

A five year joint venture project has been funded by the National Institute of 

Standards and Technology (NIST) under the Technology Innovation Program (TIP) to 

develop an active, self-powered system for continuous monitoring of cracks and defects 

in fracture critical bridges (NIST, 2009). The major participants in the project are The 

University of Texas at Austin, National Instruments Corporation, and WJE Associates. 

The team from UT Austin is composed of professors and graduate students from the 

Civil, Electrical, and Mechanical Engineering departments. The Civil Engineering group 

is involved in understanding bridge vibration response characteristics, corrosion and 

fatigue; developing finite element models of the bridges; processing and analyzing sensor 

data; and managing the overall project. The Mechanical Engineering group is responsible 

for researching and developing energy harvesting solutions and the Electrical 

Engineering group is developing passive corrosion sensors that can be powered by a 
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passing inspection vehicle. National Instruments is developing the wireless 

communication systems and WJE is contributing to the structural implementation of the 

system based on their extensive industry experience. There is also funding from the 

Office of Secretary of Defense: Office of Corrosion Policy and Oversight that has 

supported collaboration with senior cadets enrolled in a capstone engineering course at 

the United States Air Force Academy.  

1.4: PROJECT REQUIREMENTS AND GOALS 

The energy requirements of the WSN components in the given SHM system 

changes depending on the component’s settings, receive/transmission rates, distance data 

must travel, and even reception. To minimize energy consumption, WSN devices 

typically remain in a state of sleep between radio transmissions and consume the most 

energy when powering up and performing radio activity (Weaver, 2010). Table 1.1 

displays the power requirements of the different components within the system.   

 

Device Setting Average Power Consumption 

WSN Node End node (60 second sample interval) 0.5 mW 

WSN Node Router mode (always on) 207 mW 

WSN Gateway Always on 9.5W – 15W 

Table 1.1: Power Consumption of WSN components 

It is important to note that the energy requirements of the gateway can be up to 

30,000 times greater than the WSN end node. This greatly influences the selection of 

energy harvesting sources for powering each component. Since sunlight has the highest 

energy density, it is naturally the most desirable for supplying power to the gateway. 
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Wind and vibration are being investigated as potential power sources for powering the 

WSN nodes.  

In addition to the energy requirements, there are functional requirements that the 

energy harvester must meet or exceed for the project. Some of the important 

specifications most relevant to developing an off grid PV system can be found below in 

Table 1.2.  

 

Demand 

or Wish 
Specification/Constraint 

D 
Clearance of bottom of system 

above bottom of bridge structure 
>0 inches 

D 
Maximum length of wiring 

connecting system modules 
10 ft/node 

D 
Protected from forces, impact, and 

chewing by 

Ice, hail, gravel, debris, rats/mice 

and squirrels, birds and bats, bird 

nests, bird and bat excrement 

D 

Resistant to corrosion and 

deterioration from UV rays and 

moisture for 

>10 years 

D Will not detach from bridge under Maximum wind/vibration loading 

W Time to install system <1.5 hours 

D Skill level to install General technician or less 

D 

Number of permanent changes to 

bridge such as welds and drilled 

holes (drilling into concrete 

acceptable) 

0 

D Service Life >10-15 years 

W Maintenance Interval >10 years 

Table 1.2: Relevant functional requirements 

1.5: CHALLENGES AND OPPORTUNITIES 

Given the functional and energy requirements of the WSN system, there are many 

challenges and opportunities in developing suitable and long lasting energy harvesters. 
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For PV systems, understanding the effects of varying design parameters such as PV panel 

size, battery size, geometric orientation and type of charge controller on energy 

production is important to produce a robust, low cost PV system capable of being 

deployed on many types of bridges. In addition, there are opportunities to examine 

whether the use of solar concentrators and trackers will prove useful for this application. 

Another area of opportunity is examination of whether two smaller static panels with 

independent geometric orientations can perform better than a single static panel with a 

single geometric orientation.  

There are also many challenges associated with integrating the energy harvester 

onto a bridge. The varying physical characteristics of bridges make the design of the 

energy harvesting mount challenging. Ideally, the energy harvesting mount will 

universally adapt to most or all types of bridges. These bridges should be examined to 

identify common characteristics that could be used to design a universal mount.  This 

mount must withstand damage from hail, vandalism, theft, corrosion, vibration, high 

wind gusts and should have at minimum the lifetime of the PV panel, which is typically 

guaranteed for at least 25 years.   

1.6: RESEARCH OBJECTIVES  

The primary objective of this research is to develop a photovoltaic system capable 

of powering an NI WSN Gateway and cellular modem, a static DC 14W load, while 

meeting the functional and energy requirements outlined in the specification sheet while 

deployed on a bridge. In developing this PV system, several sub-objectives have been 

outlined and are listed below. 
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 Predict PV system performance for a given system configuration using available 

solar models. 

 Determine whether two non-planar facing PV panels can generate more energy 

than a single flat PV panel using analytical and experimental data for Austin, TX. 

 Determine if solar trackers and solar concentrators can be beneficial in terms of 

cost, functionality, feasibility, and reliability. 

 Select the proper PV solar cell material and module size, battery material and 

size, charge controller type, optimal tilt and solar azimuth angle for either one or 

two modules. 

 Develop a methodology for designing a system for attaching energy harvesting 

systems onto bridges while meeting strict design requirements. 

 Design and build a prototype that meets all design requirements, specifications, 

and offers flexibility for future testing. 

 Suggest areas of opportunity for future PV systems using insights gained from 

process. 

1.7: THESIS ORGANIZATION 

Chapter 2: Review of Literature 

This chapter presents a broad review of photovoltaic systems, the essential components 

of a PV system, and current approaches in increasing the efficiency of PV panels and 

their systems.   

Chapter 3: Development of a Methodology to Design Parent/Child Attachment Systems 

This chapter describes a methodology for designing a system for attaching an energy 

harvesting system onto a bridge. A set of principles is presented which can be used by 
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designers, engineers, and students to aid in generating concepts for a parent/child 

attachment system. 

Chapter 4: Review of Photovoltaic Systems Modeling 

This chapter begins with a brief technical review of solar energy, then discusses the 

effects of variability of solar energy both daily and seasonally on PV output and choices 

for user-defined system parameters.  

Chapter 5: Analytical Modeling and Experimentation 

This chapter presents the results from a study to find the optimal PV system design 

parameters and configurations and to determine whether dual non-planar PV panels are 

capable of harvesting more energy than single flat PV panels using an analytical model 

and experimentation. 

Chapter 6: Design, Analysis, and Construction 

This chapter showcases the various conceptual designs of the PV system that were 

considered, the selection of one to prototype, a mechanical analysis under maximum 

wind loading, and prototyping information.  

Chapter 7: Conclusions 

This chapter summarizes the thesis and discusses future work to be considered for the 

advancement of solar energy harvesting for structural health monitoring.  
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Chapter 2: Review of Literature 

This chapter provides a literature review of the applications, technologies, 

components and latest innovations in solar power technology. The first solar cell was 

developed by Chapin, Fuller and Pearson in 1954 and had an efficiency of 6%. It was 

only four years later that the first solar cells were used on the Vanguard I orbiting 

satellite. Since then, the cause for environmentalism and renewable energy has become a 

worldwide philosophy, ideology, and social movement that has influenced many 

corporations and people to switch to greener technology to support their energy needs.  

2.1: APPLICATIONS OF SOLAR POWER 

The conversion of sunlight into electricity or heat has many different applications 

ranging from residential to commercial, and small to large scale energy harvesting. Each 

application has unique needs and has resulted in the development of different types of 

solar energy technologies such as solar heating, solar photovoltaics, concentrated solar 

power (CSP), solar thermal electricity, and passive solar building design.   

2.1.1: Residential 

The harvesting of solar energy has become an attractive option over the past 

decade for home owners due to the numerous federal, state, and local agencies that have 

begun to offer countless tax credits, rebates, and savings (US DOE, 2011) as well as the 

decrease in installed costs of solar photovoltaic systems from $10.50 per watt in 1998 to 

$7.60 per watt in 2007 (DOE/Lawrence Berkeley National Lab, 2009). The cost of solar 

energy will continue to decrease over the next decade by as much as 50% with solar 

manufacturers making panels cheaper through streamlining manufacturing processes and 
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developing new cell technology (Goossens, 2011). In the residential sector, the ratio of 

solar energy consumed to total renewable energy consumed has been on the rise for the 

past decade as illustrated in Figure 2.1.  

 

 

Figure 2.2: Ratio of solar energy consumed to total renewable energy consumed in the 

residential sector (US EIA, 2011). 

For the residential sector, there are primarily two methods in which solar energy 

can be harnessed: photovoltaic (PV) and solar thermal. Photovoltaic systems directly 

convert sunlight into electricity while solar thermal systems concentrate the solar energy 

to heat water or spaces inside homes.  

Photovoltaic Systems 

Photovoltaic panels are usually linked together to form an array that can then 

meet the energy requirements of a home or business. The panels are usually first 

connected in series to meet the desired voltage requirement and then these strings of 

panels are wired in parallel to produce higher current. 
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There are primarily three types of solar electric systems that are available for 

home installations: grid-intertied, grid intertied with battery backup, and off grid (stand 

alone). Each of these systems has different applications and component requirements. 

Grid-intertied systems generate solar electricity and route it to the electric utility 

grid offsetting a home’s electrical consumption. In many states, the utility credits a 

homeowner with excess electricity produced which can then be applied to other months 

where electrical consumption is greater. This type of installation is most common among 

homeowners. Figure 2.2 illustrates the different components typically required in a grid-

intertied system.  

 

 

Figure 3.2: Grid-intertied system (Homepower, 2012). 

Grid-intertied systems with battery backup allow homeowners to keep some or all 

of their electric needs (lights, refrigerator, computer, etc.) when utility power outages 

occur. Adding batteries into a system however requires more components, is more 

expensive, and lowers the system’s overall efficiency. It is ideal for homeowners who 

regularly experience utility outages or have critical electrical loads.  

Off grid solar electric systems are most common for homes in remote locations 

where utility grid service is unavailable. Since these systems are independent from the 
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grid, this means there are no electric bills or blackouts caused by the utility grid. This is 

the most expensive type of system and often requires the use of a backup power 

generator.  

There are two main solar panel PV technologies that dominate the market today: 

silicon based panels and thin film panels. Silicon based panels are made from bulk 

crystalline silicon and are divided into mono and polycrystalline silicon. Monocrystalline 

silicon panels are capable of reaching higher efficiencies than polycrystalline panels due 

to the absence of grain boundaries which bring discontinuities and imperfections. 

Polycrystalline panels, which are fabricated by cooling and solidifying large blocks of 

silicon, are less expensive to produce but are also less efficient.   

Thin film solar cells typically use amorphous silicon and are formed by depositing 

one or more thin layers of material onto a substrate. Thin film panels initially appeared as 

small strips powering hand-held calculators but are now available in very large modules 

and appear in the residential and commercial sector. The main tradeoffs between the two 

technologies are cost and efficiency. Thin film is cheaper but less efficient. Silicon based 

panels cost roughly $2.25/watt and are around 16% efficient while thin-film panels are 

around $1.50/watt and range from 6% to 12% efficiency (Firestone, 2009). It is 

anticipated that thin-film efficiency will increase to 10-15% within the next few years 

with improvements in light trapping schemes that allow the light to traverse the film 

several times to enhance absorption (Appleyard, 2009). Thin film solar panels are also 

lighter in weight, not subject to wind lifting, and can be lightly walked on. Thin film solar 

panels were awarded TIME’s Best Inventions of 2008 (TIME Specials, 2008) and are 

expected to surpass conventional silicon based PV technology in the long run (GBI 

Research, 2010).  
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Perhaps the fastest growing application of thin film solar technology are Building-

Integrated Photovoltaics (BIPV) which are photovoltaic materials that are used to replace 

conventional building materials such as the roof or façade. The advantages of integrated 

photovoltaic systems over conventional non-integrated systems are that the initial cost 

can be partially offset by reducing the amount spent on building materials that would 

normally be used to construct that part of the building while increasing the aesthetic value 

and reducing wind loading. A popular BIPV product offered by many solar 

manufacturers today are “solar shingles.” These are solar cells that have been combined 

with slate, metal, fiber-cement, and even asphalt roofing to appear as conventional roof 

shingles (Figure 2.3).  

 

 

Figure 2.4: a) Solar shingles (Atlantis Energy, 2012) vs. b) Traditional Solar panels 

(Solar Power Authority, 2012) 

Another area of significant advancement in residential solar technology is the 

development of micro-inverters which have further improved the yield of an otherwise 

average solar array. An inverter is necessary in order to convert the DC power produced 

by the solar panel into AC power used inside a home. Micro-inverters are typically 

placed one per panel, in contrast to conventional string or central inverter devices which 
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are connected to multiple solar panels. This is very advantageous in that it allows the 

system to continue producing power even when a small amount of shading, debris, or 

snow lines occur in any one solar panel. With separate inverters, each panel is always 

producing the maximum possible power based on the available light that reaches its 

surface. The disadvantages of the micro-inverters are the additional initial equipment cost 

to a system over a central inverter and their location near the panel which is harder to 

access and maintain.  

The latest technology to be implemented in charge controllers and micro-inverters 

is Maximum Power-Point Tracking (MPPT). Since solar cells have a non-linear 

relationship between current and voltage, the amount of power produced by a panel is 

dictated by the point along the I-V curve at which the panel is operating.  MPPT 

maximizes the amount of power produced by a single panel by sampling the output of the 

cells and applying the proper resistance to obtain maximum power for any given 

environmental conditions.  

Solar Thermal 

Solar thermal energy is often used for heating water used in homes and swimming 

pools and for heating the insides of buildings. Solar space heating systems are either 

passive or active. Passive space heating is similar to what happens in a car on a hot 

summer day when sunrays heat up the inside of a car. In buildings, the air is passed by a 

solar heat surface and through the building by convection. No mechanical equipment is 

needed for passive solar heating. Active heating systems require a collector to absorb and 

collect solar radiation. Fans or pumps are used to circulate the heated air or heat 

absorbing fluid and almost always include some type of energy storage system.  
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Solar collectors are classified as either non-concentrating or concentrating. Non-

concentrating collectors typically use the same area as the collector area (the area that 

intercepts the solar radiation) and as the absorber area (the area absorbing the radiation). 

Flat plate collectors are the most common type of non-concentrating collectors and are 

used when temperatures below 200F are sufficient. The design of flat-plate collectors 

generally consists of a flat plate absorber which intercepts and absorbs the solar radiation, 

a transparent cover that allows solar energy to pass through but reduces heat loss from the 

absorber, a transport fluid flowing through tubes to remove heat from the absorber, and a 

heat insulating backing.  

 

 

Figure 2.4: Typical household solar hot water system (FAFCO, 2012). 

A popular state of the art solar hot water system is the FAFCO 500 series system, 

shown in Figure 2.4. It works in conjunction with electric or natural gas water heaters and 
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utilizes lightweight, UV resistant polymer solar collectors. The integrated circulation unit 

automatically runs when there is enough solar energy to heat the water. There are two 

separate closed loops, one to the solar collectors and one to the hot water tank. Heat is 

transferred between the two loops and never makes contact with the household water. 

FAFCO’s system also features an optional “hybrid” kit that enables the system to operate 

with power generated from a PV panel, which is ideal for homes that are off the grid or 

regularly experience frequent power outages.   

Listed below in Table 2.1 are a few state of the art solar PV and solar thermal 

solutions available off the shelf for residential units.  

Table 2.1: State of the art PV and solar thermal solutions 

 

Kaneka 

110W 

Hybrid 

Solar 

Panel 

Kaneka’s hybrid panel features both 

amorphous silicon and micro-crystalline 

silicon which absorbs a wider range of the 

light spectrum and produces up to 30% 

higher power output over conventional thin-

film amorphous silicon panels. 

$120 

 

Uni-

Solar 

PVL-

136, 

136W 

Solar 

Laminate 

Flexible thin-film solar panel with triple 

junction amorphous silicon solar cells and 

simple, easy-peel and stick installation. No 

racking system or support structures 

required. By-pass diodes connected across 

each cell allowing the laminates to produce 

electricity in partial shading. 

$350 
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Table 2.1 continued: State of the art PV and solar thermal solutions 

 

Sharp 

245W 

Solar 

Panel, 

NU-

U245P1 

156mm monocrystalline solar cells. Utilizes 

an advanced surface texturing process to 

increase light absorption and improve 

efficiency. 25-year warranty. Most efficient 

solar panel offered through pvpower.com 

with an energy density of 13.97 W/ft
2
. 

$820 

 

FAFCO 

500 

Series 

Includes two polymer solar collectors (48 

sq. ft.). Integrated circuit module which 

combines a low voltage digital controller, 

pumps and a heat exchanger. Expansion 

reservoir which accommodates expansion 

of heat transfer fluid and vents air. Freeze 

resistant heat transfer fluid. Single box 

solution and weighs less than 80 pounds. 

Can be installed in less than half a day.  

N/A 

 

FAFCO 

NS725 

A/G Pool 

Solar 

Heater 

Single 4’ x 20’ collector with no couplings 

or connectors. Made of UV stabilized 

polyethylene. Integral bypass valve 

included allowing the user to easily turn the 

system on and off.  Two 6’ hoses and four 

clamps to connect system with a filtration 

system are included. 10 year warranty. 

$275 
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2.1.2: Utility Scale 

Similar to the residential sector, there are two main technologies that are being 

used in the construction of utility-scale solar power plants: Photovoltaic and Solar 

Thermal Energy (STE) plants.  

Photovoltaic plants consist of arrays of modules typically mounted on the ground 

in “solar parks”. The produced energy is directly fed into the electricity grid (grid-tied), 

or combined with other electricity generators to feed into a smaller grid (hybrid plant). 

Most photovoltaic solar power plants are deployed on brown field sites where there is no 

other valuable land use. Solar power plants have no fuel costs or emissions during 

operation.  

Solar parks are usually rated in terms of the solar array’s DC peak capacity in 

megawatt-peak (MWp), or the nominal maximum AC output in megawatts (MW). The 

energy output of photovoltaic solar parks can range from 1 MWp to 200 MWp (NREL, 

2010). The DC voltage produced from the PV modules must be converted into AC 

voltage in order to be transmitted to the grid. Utility scale inverters have an efficiency of 

at least 97% and have standardized 480VAC output voltages (GE, 2012). The connection 

to the grid is accomplished through a high voltage three phase step up transformer and 

transmission normally takes place at voltages of 69 kV or higher (Solar EIS, 2012). 

Electricity is generally sent from power plants to the North American transmission grid, a 

network of power lines and facilities in the US, Canada and Mexico. Power is then sent to 

substations, located near populated areas, where the high voltage electricity is converted 

to lower voltages suitable for consumer use.  

As of May 2012, the world’s largest photovoltaic power station is at the Charanka 

Solar Park in northern India with a nominal power output of 214 MW and is expected to 
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be completed by end of 2014 with a total output of 600 MW (PV-Tech, 2012). Many 

other large plants are under construction around the world which are expected to be 

completed within the next decade. There are numerous PV parks planned for construction 

within California and Arizona that are expected to produce in excess of 500 MW each. 

The United States installed approximately 918 MW of PV capacity in 2010, an 84% 

increase over the previous year, and increased to more than 2.4 GW for 2011 (iSuppli, 

2011). The second largest photovoltaic plant in North America is located at Nellis Air 

Force Base in Clark County, Nevada and generates up to 14 MWp with over 70,000 

panels to support military and civilians in combat training, tactics development, and 

operational testing (Figure 2.5).  

 

 

Figure 2.5: Second largest PV plant in North America, Nellis Solar Power Plant, Nevada 

(Nellis Air Force, 2012). 

Another popular form of harnessing solar energy for utility-scale applications is 

through the use of Solar Thermal Energy (STE) collectors. It is important to understand 
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that STE technology is not the same as PV technology. While photovoltaics directly 

convert sunlight into electricity, utility scale STE collectors use concentrators such as 

mirrors and lenses to produce heat which in turn powers heat engines that produce 

electricity. Working fluids for absorbing the heat can include water, oil, salts, air, 

nitrogen, and helium. The different types of heat engines include steam turbines, gas 

turbines, and Stirling engines. Solar thermal engines typically have efficiencies ranging 

from 30 to 50% and are capable of producing 10’s to 100’s of megawatts of power 

(Solar-Thermal, 2012).  

The efficiency of heat engines increases with the heat source temperature which is 

achieved using concentrating mirrors or lenses, a technique called Concentrated Solar 

Power (CSP), and thus allows the physical plant size to be reduced. Another benefit of 

STE collectors over PV plants is the ability to store heat more efficiently and cheaper 

than electricity allowing the CSP plant to produce electricity day and night (Alexopoulos, 

2010). The primary drawbacks to using STE collectors are that trackers must be used to 

correctly position the concentrators for maximum heat generation and power production 

and performance in diffuse light conditions is much lower than for PV panels since 

diffuse light cannot be concentrated passively.  

There are three primary designs for STE collection systems: a) parabolic trough, 

b) power tower, and c) dish engine. An example of each type of STE collection system 

can be seen in figure 2.6. Parabolic trough technology has proven to be the lowest cost 

and most mature solar thermal technology available today (Price, 2002). Parabolic trough 

systems use large parabolic reflectors to focus sunlight onto a heat transfer fluid, typically 

oil, molten salt, or pressurized steam. The fluid is transported to a heat engine where 

about a third of the heat is converted to electricity. The largest parabolic trough solar 
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plant in the world is operating in the California Mojave Desert with a total of 354 MW of 

installed electric generating capacity and has been operating for 18 years.  

Power towers, also known as central tower or heliostat power plants, use several 

large, flat mirrors, or heliostats, to focus the sun’s energy onto a receiver which sits atop 

a central tower. The mirrors must be dual-axis controlled in contrast to the parabolic 

trough design where one axis can be shared for multiple mirrors. The concentrated 

sunlight heats molten salt to a temperature as high as 1000° F which then flows into a 

thermal energy storage tank. The fluid may be used immediately to make steam for 

electricity generation or it may be stored for days before being used. This allows 

electricity to be produced during periods of peak need on cloudy days or at night time. 

The Ivanpah Solar Electric Generating System is the world’s largest solar power tower 

with a planned capacity of 392 MW and is currently under construction in the California 

Mojave Desert (BrightSource, 2012).  

Dish engine systems use a large, mirrored, parabolic dish to focus sunlight at a 

single point directly above the dish where a receiver captures heat. The parabolic dish is 

similar in shape to a satellite television dish. The receiver is coupled with a Stirling 

engine where thin tubes containing hydrogen or helium gas run along the outside of the 

engine’s piston cylinders. As the gas in the tubes heats up to very high temperatures, it 

expands inside the cylinders, driving the pistons and turning a crankshaft, which drives 

an electric generator. The advantages of the dish engine system are that they are very 

efficient, typically around 32% (EERE, 2012), and they occupy very little area compared 

to other solar plants. There are many disadvantages to the dish/engine system which 

include 1) many moving components which requires frequent maintenance; 2) the heavy 

engine, frame, generator, receiver comprise a single, integrated assembly which requires 
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a powerful tracking system; 3) parabolic mirrors are used instead of flat mirrors and 

tracking must be dual-axis which increases cost; and 4) power output is typically in the 

range of 3 to 25 kW which is significantly lower than other CSP technologies (US DOE, 

2012).  

 

 

Figure 2.6: a) Parabolic trough diagram (NREL, 2012), b) Solar Power Tower (Solar 

Thermal Magazine, 2012), c) Solar Stirling Engine (Stirling Engines, 

2012)

2.1.3: Energy Harvesting 

Energy harvesting is typically defined as the process by which energy is collected 

from external sources, stored, and utilized for powering electronic devices. Usually these 

devices are small, wireless autonomous devices such as those used in wearable 

electronics or wireless sensor nodes. The power output of most energy harvesters is 

usually small scale, in the range of milliwatts. Such harvesters are designed to last for 

years with minimal to no maintenance. It is assumed that the input fuel to energy 

harvesters is free and would otherwise be dissipated. The following section presents 

examples of solar technology being utilized for energy harvesting applications.  

Perhaps the most recognizable use of solar energy harvesters is solar powered 

calculators which were first introduced at the end of the 1970’s (Vintage Calculators, 
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1996). Today’s solar powered calculators use amorphous silicon, also known as thin-film 

silicon, as it performs better under indoor lighting conditions than mono or multi 

crystalline silicon. Solar calculators utilize liquid crystal displays which are power 

efficient and capable of operating in the low voltage range of 1.5 V.  

Several companies are now producing solar energy harvesting development kits 

that are directly integrated with ultra-low power microcontrollers for wireless sensor 

applications. Texas Instruments has developed a USB-based wireless development tool 

for their signature MSP430 microcontroller which includes a high-efficiency 2.25 inch 

square solar panel capable of operating indoors under low intensity lighting (Figure 2.7). 

There are also inputs available for thermal, piezoelectric, or other types of external 

energy harvesters. Microchip offers a modular development board with a low power 

microcontroller and wireless connectivity capabilities which is enabled by a solar energy 

harvester for the rapid prototyping of low power applications (Figure 2.7).  

 

Figure 2.7: a) Texas Instruments MSP430 Solar Energy Harvesting Development Tool 

(Texas Instruments, 2012), b) Microchip DV164133 Energy Harvesting 

Development Kit (Mouser, 2012) 

The Blackfriars Bridge in London is currently being installed with 4400 solar 

panels above the Blackfriars station platform. These solar panels are expected to generate 
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900,000 kWh of energy per year, equivalent to half of the station’s energy consumption 

(Treehugger, 2011). It will be the largest solar array in London and the largest solar 

bridge in the world. It is part of a broader retrofit that will include rainwater harvesting 

systems and “sunpipe” solar day lighting technology.  

 

 

Figure 2.8: Rendering of Blackfriars solar bridge (Treehugger, 2011).  

Lately, a new low-cost solar cell technology has become popular for energy 

harvesting applications called Dye Sensitized Solar Cells (DSSC). DSSC contain 

photosensitive dyes, titanium nanoparticles, and an electrolyte creating a 

photoelectrochemical (PEC) system. The photosensitive dyes absorb incoming light and 

inject electrons directly into the conduction band of the titanium particles generating 

electricity. Although the efficiencies of DSSC are lower than traditional silicon panels 

(~8% vs. ~14%), they can be produced from low-cost materials using simple 

manufacturing processes (coating and printing) and can be designed using various colors 

to achieve optimal low-light and indoor performance. There have been reported energy 

conversion efficiencies of over 10% through the molecular engineering of synthetic 
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sensitizers that enhance charge separation (Gratzel, 2003). DSSC are also less affected by 

changes in the light angle of incidence which enable them to be used in a variety of 

consumer applications where conventional solar cells are unsuitable.  

A major disadvantage with DSSC is that the liquid electrolyte can freeze at low 

temperatures, inhibiting power production, and can also expand at high temperatures 

which make sealing the cells a major problem. The electrolyte solution also contains 

volatile organic compounds (VOC) which are hazardous to humans and the environment 

if the sealing of the cells fails. A major ongoing field of research is the replacement of 

liquid electrolytes with solids (Bhattacharya, 2007). Sony has been involved in 

developing DSSC technology for several years and aims to launch commercial products 

in the near future (Sony, 2012). A Hana-Akari prototype lampshade developed by Sony 

was released in 2008 to power small gadgets such as a small table lamp or fan (Figure 

2.9).  

 

 

Figure: 2.9: Sony solar lamp shade with DSSC (Gadget Review, 2008) 
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2.2:  OPTIMIZATION OF SOLAR ENERGY SYSTEMS 

This section reviews recent innovations in optimizing solar energy systems such 

as new solar cell technologies, concentrators, trackers, storage options, charge 

controllers, and conceptual ideas.  

2.2.1: Multi-junction Solar Cells 

One of the reasons traditional PV cells are unable to extract more available energy 

from incoming photons is due to the fact that traditional PV cells cannot extract any 

power from photons that do not have enough energy to overcome the bandgap of the 

silicon material. Traditional PV cells have a uniform material with a single bandgap 

tuned to a particular wavelength and have a maximum theoretical efficiency of 34% 

according to the Shockley-Queisser limit. 

Multi-junction solar cells, also known as tandem cells, have multiple p-n 

junctions which are each tuned to a different wavelength of light. Each junction has a 

different bandgap reducing the inherent loss of photon energy and increasing efficiency. 

A theoretical “infinite-junction” cell would have a maximum of 87% efficiency under 

concentrated sunlight. Spire Semiconductor in conjunction with NREL produced a triple-

junction cell with 42.3% conversion efficiency, a world record (Optics, 2010). Most 

commercial tandem cells have efficiencies hovering about 30%; however, this efficiency 

is gained at the cost of manufacturing price and increased complexity. Tandem cells have 

a lower price to performance ratio than conventional PV cells, which have limited their 

use to aerospace applications where the high power to weight ratio is justified 

(Yamaguchi, 2005). A comparison of the spectral absorption of conventional silicon PV 

cells versus a triple junction solar cell can be seen in Figure 2.10.  
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Figure 2.10: Solar spectral absorption over AM 1.5 solar spectrum for a) Conventional Si 

cells and b) Multi junction solar cells (Yastrebova, 2007) 

2.2.2: Solar Concentrators 

The use of solar concentrators is a simple, low cost solution to increasing energy 

production for any solar energy system. Although the use of concentrators is more 

popular for solar thermal applications (Renewable Energy Focus, 2011), concentrated 

photovoltaics (CPV) are also becoming more common as new technologies are emerging 

into commercialization. CPV systems use lenses to concentrate sunlight, and increase 

light energy density, onto a given area of PV material to increase power production. 

Since the energy produced from a given PV panel is proportional to the incidental light 

energy, it is possible to generate five times more electrical energy if the incidental light 

energy density was also increased fivefold. The main drawback is that cell efficiency 

decreases with increasing temperature, which means temperatures must be kept down for 

efficient energy conversion. CPV systems require tracking systems and are most 

advantageous when the solar collector cost is below that of an equivalent area of solar 

cells. However, multicrystalline silicon flat panels are now being commonly sold for 
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below 1 USD/watt for utility-scale systems, which is competitive with the hardware cost 

of CPV systems.   

The Royal Melbourne Institute of Technology (RMIT) is set to commercialize a 

new CPV technology produced by a spinoff company, Technique Solar (Technique Solar, 

2012). The technology features a concentrating acrylic lens and reflective walls to focus 

sunlight onto a strip of PV cells which should decrease the number of required PV cells 

by 75 percent. The concentrating lens is placed directly above the PV cell string in a 

“trough” structure (Figure 2.11). The Concentrated Universal Energy Solar System 

(CUESS) takes advantage of the heat buildup by using heat exchangers located under the 

PV cells to generate heat for a hot water system. The array also has a motor driven 

tracking sensor to follow the sun.  

 

 

Figure 2.11: Cross section schematic of CUESS (left) and plant schematic (right) 

(Gizmag, 2010) 

2.2.3: Solar Trackers 

An important consideration for the design of any PV system is the use of a solar 

tracker. Solar trackers use motors or fluids to orient a panel, mirror, or hot water collector 

towards the sun so as to minimize the angle of incidence between the incoming light and 
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the collector surface. Trackers are required for all concentrating solar applications as 

these systems do not produce energy unless the mirrors are properly oriented towards the 

sun. The energy lost due to misalignment between the panel and the path of the sun for a 

PV panel is related to the cosine of the angle of incidence as seen in Figure 2.12. 

 

 

Figure 2.12: Percent power lost due to misalignment in degrees (Clarke, 2011) 

Solar trackers which follow the path of the sun from east to west during the 

course of a day are called single-axis trackers. There are also dual-axis trackers which 

follow the path of the sun as it changes seasonally in a north/south orientation in addition 

to east/west. However, the energy gains with a dual-axis tracker over a single-axis tracker 



31 

 

are minimal and such a system significantly increases design complexity and 

maintenance. A recent study found the gains of a dual-axis tracker were about 4% over a 

single-axis tracker, compared to a 30% energy gain of a single-axis tracker over a fixed 

tilt panel (Lubitz, 2010).  

There are many available off the shelf solar trackers which can be classified as 

either active or passive. Active trackers use special slewing drives, which can safely hold 

radial and axial loads and transmit torque for rotation to orient the tracker towards the 

sun. These trackers typically have photosensors and a controller to sense the angle at 

which irradiation is at a maximum. Passive trackers do not use any motors or gears, but 

rather a low boiling point compressed fluid that is channeled from one side of the PV 

array to the other, causing the tracker to move in response to the imbalance in mass. 

These trackers utilize viscous dampers to counteract movement due to wind gusts as well 

as reflectors to orient the panel from west to east in the morning. The primary downside 

to a passive tracker is that it will be oriented in the wrong direction every morning and it 

can take up to an hour for the tracker to correctly orient itself, thereby losing valuable 

energy.  

2.2.4: Energy Storage 

Since solar energy systems are intermittent energy sources, they often require 

energy storage devices to form a reliable energy supply for a given application. There are 

many energy storage methods available in chemical, liquid, thermal, and mechanical 

domains (Dierks, 2011). The most common type of energy storage for PV systems is 

batteries. Choosing the appropriate battery depends on the storage capacity needed, 

lifetime expectancy, energy consumption rate, cost, and environmental impact among 
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others. This section discusses the major types of batteries for solar application, their 

relative advantages and disadvantages, and proposed ideas.  

There are many factors that affect battery performance which include rate of 

charge/discharge, temperature of operation, and depth of discharge. Ideally, batteries 

should have a reversible charging and discharging process; however, this is not 

practically possible. The flow of electricity through batteries experiences ohmic 

resistance and thus energy is lost as heat. For a typical lead acid battery, charging and 

discharging efficiency is about 95% while total efficiency is about 90%. This is also 

dependent upon the charging/discharging rate. The charge delivered to or extracted from 

a battery is given by Q=It, where I is current and t is time. While the energy stored in a 

battery is proportional to I, the energy lost is equal to I
2
R, since the battery can be 

modeled as a Thevenin equivalent circuit. Hence, at higher charging or discharging rates, 

a larger fraction of available charging energy is lost to resistive heating. This effect, 

however, is offset by an increase in temperature which allows batteries to hold more 

charge but only for a certain amount of time before life expectancy is shortened.  

Perhaps the most common and economical form of energy storage for small scale 

solar energy systems is the lead-acid battery. In simplest terms, the battery consists of a 

lead cathode and a lead oxide anode immersed in a sulfuric acid solution. The potential 

difference between the electrodes in a lead-acid system is approximately 2.12 V when 

fully charged and cells can be connected in series to achieve multiples of 2.12.  

These batteries can be optimized for shallow discharge or deep discharge. 

Shallow discharge batteries have a small amount of calcium to compensate for a smaller 

quantity of lead making them less expensive. They can be fully sealed since very minimal 

hydrogen and oxygen are lost during charging. Deep discharge batteries use antimony to 
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strengthen the lead, which allows it to be cycled much deeper. However, water must be 

added periodically to compensate for the extra hydrogen and oxygen gas being vented 

and they cannot be fully sealed. In addition, fully charged batteries have a much lower 

electrolyte freezing point than discharged batteries due to the increased acidity. This can 

vary from -71° F at 100% state of charge to 3° F at 25% charge (Messenger, 2001). 

Shallow discharge batteries, also known as starter batteries, are able to provide high 

current for applications such as starting automotive engines. Deep discharge batteries 

provide less peak current but can be regularly discharged deeply, making them suitable 

for applications such as golf carts and electric cars.  

Lithium-ion batteries are another popular form of rechargeable batteries common 

in consumer electronics, and hybrid and plug-in hybrid electric vehicles. They are 

typically composed of a carbon based anode, a cathode, and an electrolyte composed of a 

lithium salt in an organic solvent. Compared to lead acid batteries, they offer numerous 

advantages but at a higher cost. These benefits include high energy density, high 

conversion efficiency, thermal stability, low self-discharge rates, high lifecycle 

expectancy, and no memory effect (an effect that causes batteries to hold less charge). 

Table 2.2 highlights these performance metrics of various popular battery technologies. 

 



 34 

Metric Lithium-Ion Lead Acid Ni-Mh 

Specific Energy (Wh/kg) 100-250 30-40 60-120 

Energy Density (Wh/l) 250-620 60-75 140-300 

Specific power (W/kg) ~250-340 180 250-1000 

Charge/discharge efficiency 80-90% ~75% 66 

Energy/consumer price 2.5 7-18 2.75 

Self-discharge rate 5% @ 21°C 10 30 

Maximum cycles 2000 500-800 500-1000 

Nominal cell voltage 3.6 2.1 1.2 

Memory effect None None 40% 

Table 2.2: Comparison of battery technologies (Wikimedia contributors, 2012), (Dierks, 

2011) 

Of all the battery technologies available, lithium ion is the current frontrunner for 

small to mid-scale energy storage options. Current research into optimization of these 

lithium ion cells is focused on energy density, durability, cost, and safety. A research 

group at Stanford is developing a double walled silicon nanotube for the anode which 

would allow lithium based batteries to last more than 6000 cycles, making energy storage 

and renewable energy significantly more attractive (Ross, 2012). 

2.3: CHAPTER SUMMARY 

The three applications of solar energy discussed in this chapter were residential, 

utility-scale, and energy harvesting. The use of solar energy in the residential sector is 

steadily rising with the cost of installed PV systems expected to drop over 50% over the 

next decade. PV and solar thermal are the two primary methods of utilizing solar energy 
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for home use. PV systems for home installations are either grid-intertied, grid-intertied 

with battery backup, and off grid. Each of these systems has different applications and 

component requirements. Silicon and thin film panels are the two PV technologies that 

dominate the market today. While thin film cells are less efficient, they are cheaper to 

produce, making them more attractive for systems where space is not an issue. Innovative 

technologies such as micro-inverters and MPPT charge controllers have made PV 

systems increasingly more efficient, although not always affordably. Solar thermal 

systems have also become very popular for heating water in homes and swimming pools 

and space heating in buildings. These systems can be either passive or active, and can 

have solar collectors that are concentrating or non-concentrating.  

As with the residential sector, the two main technologies dominating utility scale 

power plants are photovoltaic and solar thermal energy plants. PV solar parks can range 

from 1 MWp to 200 MWp. There are three different designs of STE power plants:include 

parabolic trough, power tower, and dish engine. The parabolic trough design has proven 

to be lowest in cost and is the most mature STE technology available today, although the 

other two technologies have their own applications and benefits as well.  

Solar energy has also been utilized for energy harvesting applications such as 

watches, calculators, and more recently ultra-low power microcontrollers for wireless 

sensor applications. New solar technologies such as DSSC (Dye Sensitized Solar Cells) 

and multi-junction solar cells are being heavily researched to reduce the cost or improve 

efficiency of solar technology. Solar trackers are an important consideration for any PV 

system and are often required for concentrating solar applications. Since solar energy 

systems are intermittent power sources, they often require energy storage options, of 

which batteries are the most common. Currently, the most common and economical form 

of energy storage for small scale systems is the lead-acid battery, although lithium-ion 
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batteries are becoming increasingly more popular with their long life expectancy and high 

energy density. There are many different ways to configure a PV system depending on its 

application, life expectancy, cost, and multiple other factors. One area that is often 

overlooked in designing PV system, however, is the physical attachment of the system 

with its surroundings. This is addressed in the following chapter.  
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Chapter 3: Development of a Methodology to Design Parent/Child 

Attachment Systems 

This chapter reports on work completed in developing a methodology that can 

assist engineers, and students pursuing engineering degrees, in designing the means of 

attaching a new (child) system onto an existing (parent) system. Based on a literature 

review of existing joining and attachment methods, an analysis of the Theory of Inventive 

Problem-Solving (TRIZ) principles which were used to design nondestructive attachment 

methods is presented.  In developing the methodology, an experiential study was 

performed wherein several off-the-shelf products, patents, and biological systems 

encompassing a wide range of attachment methods were examined. Generalizable 

patterns from these products were identified and the distinguishing characteristics of each 

attachment method utilized to develop a foundation for the methodology. Use of the tool 

is demonstrated through its application for attachment of a “child” energy harvesting 

system to a “parent” existing bridge for the purpose of powering a structural health 

monitoring system on the bridge.   

The effectiveness of the design tool was confirmed through the results of a design 

experiment where two groups of undergraduate senior engineering students were 

presented with a design problem. The control group did not use the new methodology 

while the test group did utilize this methodology to generate concept variants. The 

attachment concepts from the two groups were compared and analyzed with respect to a 

number of metrics. The experimental group produced a set of concepts that were higher 

in quantity, more feasible, and better met the design requirements when compared to the 

control group. The method should have particular applicability for student design teams 

where, due to the relatively short design timeline (either 1 or 2 semesters), it is common 
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for the design problem to entail incorporating a “child” system into an existing “parent” 

system.  The overall approach to this research and design-educational-ideation tool 

promises to inform similar approaches to educational research on innovation processes 

and students’ innovation skill sets. 

3.1: INTRODUCTION 

Students enrolled in capstone engineering design courses are often faced with 

design tasks that involve adding or integrating a new device, subsystem, or part onto an 

existing system while meeting strict design requirements. Designing an attachment 

mechanism between the two systems that meet these design requirements may often be 

difficult and/or time consuming for students in engineering capstone courses where time 

is a limited resource. In most of these design projects, the system requirements shape the 

overall design and selection of the attachment mechanism. A methodology to design 

attachment mechanisms that meet system requirements would be useful for students 

enrolled in capstone engineering courses in order to increase the quantity, quality, variety 

and novelty of their ideas.  

It is important to first define the system components that are involved in the 

attachment process. We termed the device, part, or subsystem to be attached the “child”, 

while the existing system, part, or device that the child will attach to is called the 

“parent.” An important characteristic distinguishing the parent from the child is that the 

parent is always designed independently of the child while the child may or may not be 

designed specifically to the parent. Seen below in Figure 3.1 are some common products 

that exemplify this parent/child attachment system.  
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Figure 3.6: Products including or containing parent/child attachment systems 

Capstone engineering courses require students to use their fundamental 

engineering knowledge to solve a “real world” engineering problem or to develop a 

viable product in a one or two semester design project. These design projects can be time 

consuming as students spend an excessive amount of time designing attachment systems 

that may not always meet the system requirements, or could be simplified. In addition, 

students may find they should focus much of their time and efforts in another more 

crucial area of the project. These design teams may prefer an attachment that works well 

for their needs without being novel or creative itself. This methodology should help these 

students to more quickly select the most viable attachment methods for their design 

scenario. There are also other design projects where there may not be an “off the shelf” 

attachment solution for their particular application. This methodology should help 

students facing this issue to generate novel and creative solutions. Therefore, the primary 
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aim for this design methodology is to aid students in capstone design courses with the 

selection and design of attachment systems that are novel, feasible, and meet system 

requirements. This design tool could also be employed by designers in general that 

encounter there attachment circumstances in other contexts. 

There are many capstone design problems where the selection of the attachment 

mechanisms is crucial. A classic capstone design problem is the wall climbing robot 

which can move on sloped or vertical structures to perform operations that reduce risks to 

humans. It is a challenging mechatronics problem where researchers have investigated 

many different attachment mechanisms such as electrostatic adhesion (Yamamoto, 2007), 

magnetic bases (Berengueres, 2007), and suction (Elliot, 2006). One capstone design 

project at the University of California, Santa Barbara paired a student group with a bio-

medical company to design and prototype a medical instrument that must attach/detach to 

a cervical plate
 
(UCSB, 2011). In this project, students must select and design an 

attachment mechanism with specific load requirements. Another capstone design project 

at Northwestern University had students redesigning a quick-release paint roller frame for 

a painting tools manufacturer (Ostman, 2011). Students were required to design a robust 

quick-release mechanism that easily attached the roller to the frame.  

3.2: BACKGROUND 

Research into the current body of literature concerning attachment mechanisms 

revealed that several approaches exist on the selection, generation, and design of 

connections. Ehrlenspiel developed a generic seven-step process for the design of 

connections that focuses on selecting available connections and dimensioning them
 

(Ehrlenspiel, 1992). Roth developed matrices representing free and restricted movement 

between components (Roth, 2000). Roth also developed design catalogues that classify 
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existing connections according to different criteria and support the designer in selecting 

the best solution variant. For the design of novel connections, Roth proposes the use of a 

morphological chart where the connection properties are the vertical columns and the 

corresponding fastener properties are on the horizontal rows. Roth classified the various 

attachment methods into three distinct types of locking: material, form, and force. 

Brandon and Kaplan classified connections as mechanical, chemical, or physical 

(Brandon, 1997). Each of these connection classifications helped ultimately shape our 

method of classifying attachment mechanisms. Koller defined a connection as one of 

fourteen physical effects restricting movement, the material of the components, and the 

geometry of the connection (Koller, 1984). Klett developed an approach to design 

connections for assembly and disassembly by classifying different locking and unlocking 

mechanisms (Klett, 2006). Overall there have been various research efforts in developing 

a structured approach for the design of connections but none specifically for use in 

engineering education. 

3.3: RESEARCH APPROACH 

An inductive approach was used to gather and study attachment principles found 

most commonly in existing products, patents, and nature. These attachment principles 

formed the basis for an empirical study, where the underlying assumption is that there are 

attachment methods that are used implicitly across many products.  The systematic 

classification of these methods has not been formalized for use in a design methodology. 

This approach has been used before to study, define, and categorize transformation 

principles as part of an innovative design process (Wood, 2009). Figure 3.2 shows a 

flowchart of the research process.  
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Figure 3.7: Flowchart of inductive research process 

To determine the number of products, patents, and biological examples sufficient 

to capture the majority of attachment principles primarily within the mechanical domain, 

the number of unique attachment principles discovered was graphed. Figure 3.3 shows 

that no new principles were derived after only examining 26 examples. A total of 50 

examples were analyzed. While it can be assumed that not all principles were discovered, 

especially among the material and field domains, a very high percentage of attachment 

principles in the mechanical domain were discovered.  

 

 

Figure 3.8: Number of unique attachment principles found 
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Attachment Methods 

The full list of attachment principles can be found in Appendix A. It should be 

noted that the attachment principles in the mechanical domain are more generalized 

compared to the material and field domains. For example, the axial expansive principle 

includes products such as a shower rod and a car jack. Both products functionally expand 

in an axial direction to form the attachment even though they serve two very different 

purposes. Listed in Appendix B are the definitions and examples of the mechanical 

attachment principles which were used in the design experiment. Also listed are the 

“enabling parent characteristics” which are features of the parent that serve as indicators 

of whether or not particular principles are viable options.  

Methodology 

After gathering and categorizing the attachment principles, a methodology was 

needed to narrow the list of suitable attachment methods based on both the child and 

parent system requirements. Several methods were considered and ultimately a matrix 

that maps the system requirements directly into the attachment principles was selected. 

Since there exists a direct mapping between the system requirements (non-destructive, 

permanent, and removable) and the attachment principles, this relationship was used to 

form the basis for the methodology tool.  

From the fifty products surveyed, the system requirements and attachment 

principles were gathered and recorded. A matrix was created of the system requirements 

versus the attachment principles. Each product had multiple system requirements and 

attachment principles. The number of occurrences of an attachment principle and system 

requirement appearing together in a product was recorded.  Each element in the matrix 

was divided by their respective column total to produce a score. For any given column 
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(system requirements), the attachment principles with higher scores were better 

candidates for the given scenario. 

3.4: DESIGN EXPERIMENT 

In order to test the effectiveness of the methodology as a design tool, we 

conducted a design experiment with a group of senior engineering students at the US Air 

Force Academy. The motivation for this experiment was to examine the effects of using 

the attachment principles on the students’ ability to generate design concepts that are 

novel, feasible, and meet system design requirements.  

A group of eight students were evenly divided into control and test groups. The 

experiment was implemented in three phases. For the first phase, the students in both 

groups were given the same prompt to design an attachment for a wind energy harvester 

onto a bridge. The drawings for the bridge and the wind energy harvester were given on a 

separate sheet and can be found in Appendix B. In addition, a set of system requirements, 

which are listed below, was also given to all students.  

System Requirements 

 No permanent alterations to the bridge 

 No part of the wind harvester can hang below the lowest part of bridge 

 No part of the wind harvester can be on the driving surface of the road and it 

cannot interfere with bridge traffic 

 Total weight of the system should be less than approximately 20 lbs. 

 Time to install should be less than 1 hour 

 Service life of attachment should be at least 10 – 15 years 

 Device should be portable and easy to install with minimal tools 
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The students in both groups were given fifteen minutes to generate as many 

attachment concepts in the form of sketches, diagrams, figures, and text to help explain 

their ideas. The students were also told to clearly state any assumptions made in 

generating solutions so they would not be restrained in producing novel or extreme ideas.  

During the second phase, the control group was given an article from a 

sustainable design journal (used as a distraction) while the test group was given the set of 

attachment principles from the mechanical domain along with the enabling parent 

characteristics and a set of examples. These materials can be found in Appendix B. Each 

group had fifteen minutes to review their respective materials. No sketches or designs 

were produced during this phase.  

The test group also reviewed a set of TRIZ principles which were directly 

applicable to the design problem. The intended purpose was for these TRIZ principles to 

aid students in generating solutions to some of the design conflicts stemming from the 

system requirements. This was accomplished by converting the design requirements into 

pairs of conflicting generalized engineering parameters. These parameters were derived 

from Altshuller’s 39 generalized engineering principles (Altshuller, 1984). These 

principles were then selected from Altshuller’s matrix of contradictions. The top five 

principles which were most likely to solve these conflicts were selected and given to the 

test group accompanied with an explanation and example for each TRIZ principle. The 

set of TRIZ principles is listed in Appendix A.  

During the third phase, the control and test groups both had fifteen minutes to 

generate additional concepts. The system requirements and dimensions did not change 

from phase 1. The test group was allowed to reference the attachment and TRIZ 

principles and both groups could reference the bridge and wind harvester drawings.  
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3.5: DESIGN METRICS 

Four design metrics were used to measure the effectiveness of the concepts 

generated: quantity, quality, novelty, and variety (Shah, 2003). The descriptions of the 

metrics and how they were used to evaluate the generated ideas are explained below.  

Quantity: The total number of ideas generated by an individual student or control 

group. The justification for this metric is that an increase in the quantity of ideas will also 

increase the probability of better ideas being generated.  This metric was used to evaluate 

any significant increase in the number of ideas between the first and second phases 

among both the test and control groups. An increase in percentage of ideas for the test 

group suggests some degree of efficacy in the proposed methodology.  

Quality: The number of ideas that exhibit a satisfactory degree of feasibility. The 

justification for this metric is that regardless of the number or variety of generated 

designs, they are useless if they are not reasonably feasible or achievable in practice. This 

metric was computed as the percentage of feasible designs and was averaged among the 

four evaluators. An increase in percentage of quality for the test group suggests some 

degree of efficacy in the proposed methodology. 

Novelty: The number of unique categories where there are at most two designs 

classified from separate individuals. The justification for this metric is that thinking 

“outside-the-box” into a design space that has not been commonly explored will facilitate 

formulation of radical and unique designs. The idea of creating unique designs does not 

have a direct relationship with feasibility, but it will increase the likelihood of a never-

seen-before design that solves the problem in a different way using metaphors and 

analogies. This metric was assessed by a percentage of the categories where there are at 

most two classified designs, and then averaged among the four evaluators. 
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Variety: The number of unique categories under which the designs are classified. 

The justification for this metric is to verify how well the overall design space has been 

explored, in order to counterbalance the quantity metric. A good design space will have a 

large quantity spread across various categories. A category in this given problem 

statement is classified as a design exhibiting a specific type of attachment as well as 

attachment location. This metric was assessed by classifying each individual design under 

a category based on type of attachment and attachment location and averaging the 

number of categories counted among the four evaluators.  

The evaluators assessed the generated designs according to the metrics delineated 

above with an established perspective in mind. In order to assess the ideas successfully, 

the design requirements from the original problem statement were considered, such as no 

permanent alterations to the bridge, or no part of the wind harvester can interfere with 

bridge traffic. This is especially crucial when evaluating quality as to whether or not a 

given design will be acceptable according to the given requirements.   

Four evaluators assessed the four metrics with the design requirements in mind 

across all the designs from the control and experimental groups. The results are shown 

below.  

3.6: RESULTS 

The average percentage of designs that exhibited each metric as well as their 

standard deviations were gathered from the four evaluators and are presented in Table 3.1 

below.  Control 1 and Test 1 refer to the first time period given to the teams to generate 

ideas.  Control 2 and Test 2 refer to the second time period (after the experimental group 

had been exposed to the method).  
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  Control 1 Control 2 Test 1 Test 2 

Quantity Designs 16 18 19 24 

 

Quality 
Average 88.5% 62.3% 72.2% 73.9% 

St. Dev. 10% 8.1% 9.5% 8.5% 

 

Novelty 
Average 35.5% 30.2% 35.9% 30.5% 

St. Dev. 5.0% 3.9% 5.9% 7.1% 

 

Variety 
Average 35.1% 39.8% 45.4% 40.5% 

St. Dev. 7.6% 5.1% 2.8% 5.5% 

Table 3.1: Average percentage quality, novelty, and variety of designs that exhibited 

quality 

The results in the above table display an acceptable standard deviation among the 

four evaluators, so the evaluation did not have to be repeated.  The percentage increases 

and decreases of designs that exhibited each individual design metric within both the 

control and test groups are displayed in the chart below. 

 

Design 

Metric 

Percent Increase 

Control Group Test Group 

Quantity 12.5% 26.3% 

Quality -30.0% 2.3% 

Novelty -14.9% -15.0% 

Variety 13.7% -10.7% 

Table 3.2: The percentage increases between the first and second design phases within 

each group 
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The results from Table 3.2 indicate that the test group formulated more designs 

than the control group after they were introduced to the methodology according to the 

quantity metric. The novelty metric exhibited a decrease across both groups, indicating 

that the methodology has no significant effect on the novelty of generated ideas. Both 

groups produced their most novel designs in the first design phase; the control group 

seemed to repeat the same ideas in the second phase, while the test group followed a 

methodology with suggested attachment principles, inherently decreasing their novelty. 

The table also shows that the control group produced more designs that exhibited the 

variety metric. This suggests that the test group did indeed follow the suggested 

attachment principles and produced more designs that belonged in categories directly 

related to those principles, while the control group had no restrictions and produced 

designs across more diverse categories. 

Although a greater variety may appear to be more beneficial for the control group, 

not all of these designs were deemed feasible. Probably the most interesting and 

significant design metric to observe is the quality metric. For the control group, there was 

a 30% decrease in quantity of designs that were by definition feasible, as opposed to a 

slight 2% increase in the test group. This indicates that the methodology introduced key 

design attachment principles and inspired the test group to apply them to their new set of 

designs. On the other hand, the control group hit a metaphoric wall in terms of generating 

additional feasible designs and had to resort to more unusual and obscure ones with less 

quality. 

Furthermore, statistical analysis was performed on the quality metric, which 

embodies the most noteworthy change between the control and experimental group, in 

order to determine if the percent increases between the two groups is statistically 

significant for the given sample size. A standard independent student t-test was executed. 
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The t-value for the experiment was 2.60, which proves to be higher than the tp value of 

2.44, which can be found in any statistics textbook under the 95% confidence interval 

(Devor, 1992). This proves that the results associated with the quality metric are 

statistically significant. Furthermore, it can also be stated from the t-test that “We are 

95% confident that the experimental group will produce at least 2% more and at most 

54% more quality designs than the control group.” 

3.7: QUALITATIVE ASSESSMENT 

The students in the test group composed a qualitative assessment of the 

attachment principles and the experiment itself. Their responses are shown below.  

1. “During the first phase of the experiment, going into the concept variants cold, my 

ideas were limited to generic that were often one dimensional. I found that the design 

constraints were daunting and severely hampered broad concept generation. Much of 

the time allotted during phase one was spent staring at the paper and thinking in 

endless circles with few actual concepts. 

During the second phase, the document outlining various and conventional methods 

of attachment with examples was extremely helpful in opening creative pathways in 

my brain. Although I was already somewhat familiar with attaching an energy 

harvesting device to a bridge, I still found the handout very helpful. While reading 

through the handout, I found myself saying, “ah-ha”, with ideas already starting to 

form in my head. 

The last phase of the experiment resulted in a significant increase in concepts 

generated, mostly due in part to the second phase. I found myself exploring more 

avenues of attachment that I previously overlooked. I also found that the design 

constraints were less daunting than before in the first phase. I gained a more 
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enlightened perspective about how to approach the design problem which enabled me 

to come up with creative ways to solve the problem.” 

2. “The method I used when attempting to develop a design for affixing a wind-powered 

energy harvester to a typical I-truss bridge was extremely effective in opening the 

design space to creativity in the context of practical and applicable engineering 

solutions. There are many different design technologies which are currently used to 

affix one object to another and reading through and being able to visualize some of 

these concepts before beginning the design process steered my concepts in that 

direction.  

This methodology was also extremely effective in opening the design space to many 

more different and unique possibilities. Normally, the 6-3-5 technique lasted too long 

for our design. I would generate a couple of feasible ideas at the beginning of the 

exercise and, eventually, I would simply start to repeat the exact same concepts. 

Visualizing different concepts prior to designing again enabled a much greater degree 

of feasible creativity and expanded the number of viable prototype concepts.” 

3. “Brainstorming ideas for methods to attach mounting systems on I-beam type bridges 

was enhanced by introducing different mounting systems to the designer.  Before 

being shown the different kinds of common mounting systems the designer has to 

come up with original ideas.  During my designs I became focused on only a few 

concepts and was limited.  I was able to manipulate my concepts to design many 

different mounts.  However, most ideas followed a similar concept.  Viewing the 

mounting concepts of the next section gave a plethora of new mounting techniques 

and opened up the design space.  No longer was I limited to the few concepts for 

mounting used in the first section.  I was able to manipulate and creatively institute 

the new concepts to get many variations in the designs.  There was a noticeable 
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difference in the original designs and the latter designs.  The introduction of mounting 

principles resulted in a broader spectrum of mounting solutions.  Broadening the 

design space is beneficial but the initial creativity given to the designer before being 

shown mounting solutions should not be avoided.  New solutions may be produced by 

instituting a creative design phase.” 

4. “After attempting to complete the design challenge the first time, I thought that I was 

out of ideas. Even after 5 minutes of brainstorming the mental well of creativity 

seemed to be empty. The pictures that followed gave vague alternate solutions that 

inspired another full page of ideas. The comparisons to other simple machines and 

devices allowed me to get past my creative block and resume brainstorming up ideas.  

The descriptions of attachment possibilities were helpful but the most powerful tool 

was the list of examples that followed each picture. For example, the idea of an 

expanding force was meaningless to me until the example of a shower rod was given. 

I then used that principle in several of my designs. The examples give simple 

solutions that can be applied to many different and unique designs.  

Overall, the experience was painless and helpful to say the least. It was a nice 

boost of confidence in both me and the project. After the first round of designing, 

some frustration sets in due to lack of ideas. The pictures and descriptions gave an 

extra surge and assuaged some of my original fears about not coming up with enough 

ideas. The process should be continued and applied throughout the entire design and 

prototyping experience. It would have been nice to do something like this earlier in 

our creative timeline but overall it was a beneficial, helpful experience. From 

personal observation it seemed that we fared much better than our counterparts who 

had no pictures and only bland boring words to read.” 
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The general consensus from the students in the test group was that the attachment 

principles and the accompanying examples were helpful in generating new ideas, more 

concepts, a broader spectrum of ideas, and in some cases more creative concepts. One of 

the students even pointed out that the design requirements were less daunting after 

reviewing the attachment principles. This leads to the conclusion that the methodology 

does help students in meeting design requirements. 

3.8: ROAD AHEAD 

Although the basis for the methodology has been established, more products in 

the material and field domains should be analyzed and cataloged in the matrix to provide 

some balance for the mechanical domain attachment principles. In addition, a design 

experiment with more students and a different set of design requirements should be 

performed to gain more statistical significance. The ultimate goal is that this 

methodology would be converted into a usable tool in a classroom setting. A user survey 

or questionnaire that would deliver the top three attachment principles based on guided 

questions would be one way of forming the tool. Ideally this tool would both automate 

design and help inspire students in developing innovative attachment systems.  

3.9: CONCLUSION 

A methodology to select and design attachment systems that are novel, feasible, 

and capable of meeting system requirements was presented. A design experiment testing 

the effectiveness of the methodology as a design tool was conducted. The results from the 

experiment revealed that the methodology helped students to produce concepts that were 

higher in quantity and quality, and better met the design requirements. However, the 
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methodology also decreased the students’ ability in producing a variety of concepts and 

there was no noticeable difference in the novelty of generated concepts.  
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Chapter 4: Photovoltaic Systems Modeling 

Designing any type of solar energy harvesting system requires at minimum an 

elementary understanding of the energy content in sunlight, the availability of sunlight, 

and the position of the sun as it cycles annually for a given location. To accurately predict 

PV system performance and determine whether a dual non-planar configurable panel 

system is superior to a single flat panel system, a simulation model is needed. This model 

should be capable of predicting energy production for a variety of cell technologies given 

insolation data. This section introduces the various system design parameters through a 

review of solar positioning and insolation, the physics of solar cells, and the simulation 

model used to study PV system performance.   

4.1: INTRODUCTION 

Defining system performance depends on whether the system is grid-intertied or 

off-grid. The goal for grid-intertied systems typically is to maximize annual energy 

production while off-grid systems aim to meet the energy requirements of the connected 

loads without relying on backup sources. Two important factors for meeting the energy 

requirements of an off-grid system are the PV size and the battery bank size. While the 

size of a PV panel directly influences the amount of energy harvested during daylight 

hours, the size of the battery bank influences the length of time a system can remain 

operational during times of low power generation. It is important to remember that PV 

panels produce energy even during cloudy or low light conditions since there is still 

incidental solar insolation. The solar energy system architecture for the project’s 

application can be seen in Figure 4.1. Although this figure is simplified, it gives an idea 
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as to the connections and relative conversion efficiencies between the various system 

components.  

 

 

Figure 4.1: Off-grid PV system architecture (black lines represent power, blue lines 

represent signal) 

The energy source for any off-grid (also known as stand-alone) PV system is 

limited to the available solar radiation, known as insolation, at the location site. The 

energy production, system performance, and sizing of the respective PV components 

depend heavily upon the amount of insolation available at that particular location.  The 

ability to predict insolation at a given location and time however is not simple. Solar 

insolation is dependent upon the diurnal and seasonal changes of the earth’s position 

relative to the sun and the local weather conditions. While the position of the earth 

relative to the sun can be found using geometric relations, the local weather conditions 

are difficult to predict and necessitate the use of long-term historical records of hourly 

insolation data, available from the National Renewable Energy Laboratory (NREL).  
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4.2: SOLAR POSITION 

It is important for any PV system designer to understand the variability in sunlight 

on a daily and seasonal basis, and its effect on energy production, and selection of 

geometric orientation. The earth revolves around the sun once per year in an elliptical 

orbit with the distance from the earth to the sun ranging from about 147 million 

kilometers to 152 million kilometers. The earth also rotates around its own polar axis 

once per day which is inclined at an angle of 23.45° to the plane of the earth’s orbit 

around the sun. This angle of deviation of the sun from directly above the equator is 

called the declination angle, δ, and is represented in equation 4.1.  

              
   (    )

   
   (4.1) 

This inclination causes the sun to appear higher in the sky during the summer than 

the winter and results in long summer days and winter nights (Figure 4.2). As one can 

expect, this has a major influence in determining the proper geometric orientation of a 

solar collector depending on the varying daily and seasonal load requirements.  

 

 

Figure 4.2: A) Orbit of earth and declination at different times of the year (Messenger, 

1999), B) Sun path for various times of the year (Planet Facts, 2012) 
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The position of the sun relative to any point on earth can be defined by two 

coordinates: the solar altitude, α, and the solar azimuth angle,   . The solar altitude 

angle represents the angle between the horizon and the incidental solar beam as shown in 

Figure 4.3.  

 

Figure 4.3: Solar angles illustration (Goswami, 1999) 

The solar azimuth angle describes the sun’s angular position east or west of solar 

noon with west angles being defined as positive and east angles as negative. Solar noon is 

defined as the moment at which the sun passes over the local meridian; it is generally the 

moment when the sun reaches the highest elevation on a given day at a given place. Solar 

noon does not necessarily coincide with 12 noon local standard time since each time zone 

is not localized to a specific location but rather a region. Another useful angle in 

describing the position of the sun is the angular displacement of the sun from solar noon 

in the plane of the travel of the sun. This is known as the hour angle, ω, and describes 



 59 

the time of day in terms of degrees (Equation 4.2). Here T is the time of day on a 24-hour 

clock with     at solar noon. 

   
    

  
      (4.2) 

The sunrise angle, ωs, can be calculated by equation 4.3. The sunset angle is given by the 

negative of the sunrise angle, -ωs. The angle   is defined as the location latitude or 

angular distance from the equator. This expression is important since it allows one to 

determine the number of daylight hours on a specific day at a specific location.  

         (         ) (4.3) 

The solar altitude angle and solar azimuth angle can be calculated as shown in equations 

4.4 and 4.5 respectively. 

         (                     ) (4.4) 

         (
        

    
) (4.5) 

The tilt angle, β, and the panel azimuth angle,   , are two adjustable design parameters 

of the PV system that define the geometrical orientation of the panel. The tilt angle is 

defined as the angle of the collector with respect to the horizontal while the panel 

azimuth angle is the angle of the collector with respect to south (or north if in the 

southern hemisphere), where angles west of south are positive (Figure 4.3).  

The angle of incidence,  , describes the angle between the normal to the solar 

collector and a line collinear with the sun’s rays. The goal for any solar energy system is 

to minimize the angle of incidence, which maximizes solar insolation on a solar collector. 

The angle of incidence can be calculated using equation 4.6. 

        (       (     )              ) (4.6) 
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4.3: SOLAR INSOLATION 

The earth receives enough energy from the sun in one hour to exceed its energy 

demands for an entire year (Lewis, 2007). When sunlight passes through the earth’s 

atmosphere, certain wavelengths of the sunlight get absorbed and scattered by the 

molecules in the atmosphere. Water vapor, carbon dioxide and ozone have different 

absorption wavelengths as ozone absorbs a significant amount of radiation in the UV 

region (100 – 400 nm) and water vapor and carbon dioxide absorb primarily in the visible 

(380 – 700 nm) and infrared (700 nm – 1mm) parts of the spectrum. The resulting effect 

is a reduction in the total extraterrestrial power density from 1367 W/m
2
 at the top of the 

earth’s atmosphere to approximately 1000 W/m
2
 at sea level, which is apparent in the 

solar irradiation spectrum (Figure 4.4).  Therefore, sunlight energy density decreases as 

the distance the sunlight must travel through the atmosphere increases.  

 

 

Figure 4.4: Solar irradiation spectrum at sea level and at the top of the atmosphere 

(LASP, 2012) 



 61 

When estimating solar irradiation on an arbitrary tilted surface with a fixed tilt 

and azimuth angle, there are three components of sunlight radiation: direct or beam 

radiation, diffuse radiation, and albedo radiation. Beam radiation is sunlight that reaches 

the earth’s surface without scattering, or direction change. Diffuse radiation is the 

component of sunlight that is scattered and albedo radiation is sunlight that is reflected 

from the ground. The sum of all three components is called global or terrestrial solar 

radiation (Equation 4.7). 

                             (4.7) 

Various models have been developed over the last 50 years to estimate direct, 

diffuse, and albedo radiation. One of the earliest models, developed by Threlkeld and 

Jordan, included many empirically derived parameters such as optical depth, clearness 

number, and sky diffuse factor (Threlkeld, 1958). Many other tilt conversion models use 

measured and modeled parameters from horizontally mounted surfaces (Perez, 1986). 

One of the most popular and widely cited models, developed jointly through NREL and 

the Solar Energy Research Institute (SERI), is the Bird Simple Spectral Model (Bird, 

1984). The Bird model calculates clear sky spectral direct radiation, hemispherical 

diffuse radiation, and hemispherical total radiation on a tilted plane. The goal for the Bird 

model was to give researchers the ability to calculate spectral irradiance by varying input 

parameters such as air mass, atmospheric turbidity, water vapor, time of day, day of year, 

and to ultimately calculate global irradiation on a solar collector by integrating the 

spectral irradiance. The various input parameters are available for reference on the NASA 

AERONET (AERONET, 2012) and the NASA Total Ozone Mapping Spectrometer 

(NASA Ozone, 2012) websites. A comparison of various solar radiation models and their 

associated uncertainties can be found in the literature (Meyers, 2005). 
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Since estimating terrestrial radiation from theoretical models is subject to 

considerable uncertainty due to unpredictable local climatic conditions, the most useful 

form of solar radiation data is based on long-term measured (30 years or more) average 

values at a specific location. This is typically accomplished with a precision instrument 

called the pyranometer, which is designed to measure global radiation. The pyranometer 

is normally mounted horizontally or in the plane of a photovoltaic collector to measure 

incidental radiation. A typical pyranometer is shown in Figure 4.5. It is typically 

composed of a circular, multi-junction wire wound thermopile with a black coating that 

absorbs all solar radiation.  It has a transparent lens cover that limits the spectral response 

from 300 to 2800 nanometers. The radiation that is absorbed is converted to heat and 

thermocouples measure this temperature difference to output a voltage.  

 

 

Figure 4.5: Star pyranometer to measure global radiation (NovaLynx, 2012) 

4.4: PV ARRAY PERFORMANCE MODEL 

While the solar radiation models described in the previous section can be used to 

calculate incidental solar radiation on a solar collector, they do not assist in predicting 

power production from a PV panel. This requires a simulation model of a PV array which 

must account for temperature, cell material type, and impedance loads. This section 
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discusses the basics of solar cell modeling, as well as the overall model used for PV 

analysis.  

4.4.1: The PV Cell & Module 

A typical photovoltaic cell produces roughly 2 watts at about 0.5V DC 

(Messenger, 2001), and these cells must be connected in series-parallel configurations to 

form modules and produce their nominal output. These modules can then be connected in 

series-parallel configurations to form large PV arrays (Figure 4.6). The PV cell is a type 

of p-n junction whose operation can be described by the well known diode equation 

(Equation 4.8) and is typically modeled as a current source in parallel with a diode 

(Figure 4.5). Internal resistances in the solar cell are modeled as series (Rs) and shunt 

(Rsh) resistors.  

 

 

Figure 4.6: a) Solar cells, modules, and arrays (Samlexsolar, 2012), b) Simplified 

equivalent circuit model of a PV cell (National Instruments, 2012) 

The I-V characteristic equation is given in Equation 4.8, where Il is the component 

of cell current due to photons, Io is the reverse saturation current, q = 1.6 x 10
-19

 

coulombs, k = 1.38 x 10
-23

 J/K, T is the cell temperature in K, and n is the diode ideality 

factor, which is usually between 1 and 2.  

         ( 
 (     )

     )  
     

   
  (4.8) 
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Depending on the level of illumination, the PV cell functions according to its 

characteristic I-V curve as shown in figure 4.6. Cell current is approximately proportional 

to the cell irradiance. Thus, if the cell current is known under standard test conditions (Go 

= 1000 W/m
2
), the cell current at any other irradiance, defined here as  , can be 

calculated using equation 4.9. 

   ( )  (
 

  
)    (  ) (4.9) 

 The PV cell operates at a specific point along the curve depending on the load 

connected to the cell. There are four main points of interest along the I-V curve that 

define the electrical properties of the PV cell: the short circuit current, Isc; the open circuit 

voltage, Voc; the maximum power cell voltage, Vmp; and the maximum power cell current, 

Imp. The short circuit current is found by measuring the cell output current with the 

positive and negative terminal shorted while the open circuit voltage is found by 

measuring the voltage across the open terminals. The power being produced by the cell 

can be calculated along the I-V curve according to the equation P=IV. While the power 

output at the Isc and Voc points will be zero, the maximum power output will occur 

between the two at the Vmp-Imp point (Figure 4.7). The shape of the I-V curve does not 

change as the cells are connected to form modules and arrays, but rather the critical 

voltage and current points along the curve are scaled.   
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Figure 4.7: I-V operation of real and ideal cells under different illuminations 

The quality of a PV cell is represented by the fill factor (FF), which is calculated 

by comparing the maximum cell power output, Pmax, to the theoretical maximum power 

output, PT, as shown in equation 4.10. Cells with large internal resistance (low shunt 

resistance, high series resistance) have lower fill factors while the ideal PV cell has a 

unity fill factor and a rectangular I-V curve. Depending on the material and type of solar 

cell technology, fill factors typically range between 0.5 to .82.  

    
    

  
 

      

      
 (4.10) 

Since PV cells only have an output of about 0.5 – 0.6 V, they must be connected 

in series to form a PV module. Most PV systems are commonly operated at voltage levels 

in multiples of 12V, which means the voltage output of the PV module must be designed 

to be within an optimal range for proper charging and operation of the battery/system. A 

typical “12V panel” has a Vm range of 16-18V and a Voc of 20V, which requires 33-36 

cells connected in series.  
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4.4.2: PV System Loads & MPPT  

Given the I-V curve in Figure 4.7, it can be seen that the PV cell is not an ideal 

voltage or current source since the power output is dependent on the load resistance. 

Every PV cell has a single point on the I-V curve at which maximum power is produced 

for a given set of operational conditions. Note that the voltage at which maximum power 

occurs changes depending on the insolation. The optimal load resistance to produce this 

maximum power can be found by the equation R = Vmp/Imp. From a circuit’s perspective, 

the maximum power point is located where the derivative, dI/dV, is equal and opposite 

the Imp/Vmp ratio, or where the value dP/dV = 0, as seen in Figure 4.8.  

 

Figure 4.8: a) Optimum load resistances for varying I-V curves; b) Power as a function of 

voltage for various I-V curves (Messenger, 2010) 

The operating point is always at the intersection of the load and source I-V 

characteristic. In Figure 4.8a, peak power production for the various I-V curves occurs for 

a specific load resistance (R1 – R4). It can also be seen that a non-optimal load resistance, 

such as the intersection of load R1 and power source with 750 W/m
2
, produces 

considerably less power than if the load resistance were R2. If the intersection of the load 

and source I-V characteristic departs significantly from the maximum power point, 

energy is being converted to heat rather than to supply the load, and it may be desirable to 
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utilize an electronic Maximum Power Point Tracking (MPPT) device, which is usually 

programmed into the charge controller.  

MPPT controllers utilize pulse-width modulation techniques to transform the 

input DC voltage to the desired DC voltage output. Since this may require either 

providing a higher voltage at a lower current or a lower voltage at a higher current, a 

buck-boost or boost-buck converter is commonly used to perform the conversion. In 

addition, voltage and current sensors are used as part of a feedback loop where the output 

voltage is adjusted until output power is maximized using the mathematical relationships 

shown in Figure 4.8. The tradeoff for using this technology is cost and the higher energy 

consumption of the MPPT circuitry. Thus, it may not always be justifiable to use an 

MPPT controller if the value of the additional energy harvested will not be recovered.  

In addition to MPPT, charge controllers perform a number of other important 

tasks for the PV system. The charge controller must cut off power to the load when the 

battery reaches a minimum state of charge, typically about 30%, and must also limit the 

power output of the PV panel when the battery is fully charged. It also controls how 

energy is supplied to the batteries depending on the voltage level, temperature, and type 

of battery cell. Therefore many charge controllers have pre-defined or user adjustable 

settings that allow one to optimize load cutoff voltages, charge patterns, and battery 

cutoff voltages.   

 

4.4.3: Empirical Based Model 

 The photovoltaic model used to assess performance for various operating 

parameters was developed at Sandia National Laboratories (SNL) and is based on the 

solar cell characteristics outlined in the previous section (King, 2004). The model is 

empirically based and has been extensively studied and validated through inter-
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comparison studies with other labs and testing organizations. A recent study from NIST, 

comparing the predictions from the SNL model to measurements from PV modules 

installed in Gaithersburg, MD found the model predicted the measured annual energy 

production to within 6% for mono and polycrystalline silicon panels (Fanney, 2009).  

 The model, while relatively complex, accepts a set of input parameters including: 

geographical location, tilt and solar azimuth angles, solar module type, battery size, and 

load requirements among others. It can be utilized for sizing PV arrays, investigating the 

impact of various environmental and geometric conditions on system performance, 

determining the proper battery storage capacity, and predicting annual energy output. The 

model incorporates electrical, thermal, solar spectral and optical effects by using 

empirically derived relationships between the angle of incidence, solar spectrum, and 

insolation levels on PV electrical performance. Sandia conducts outdoor performance 

tests with most commercially available models and a database of the associated module 

performance parameters that can be used directly in the model is available for download 

(Sandia PV, 2012).  

 As discussed earlier, the most reliable method of predicting insolation is through 

the use of long term historical records of insolation data. Although the direct normal 

radiation can be reasonably predicted, it is difficult to account for cloud cover and other 

particles in the air that affect global radiation. Luckily, the NREL has provided designers 

and engineers with a typical meteorological year (TMY) data set that holds hourly 

meteorological values which characterize typical climate conditions at specific locations. 

The data set has been compiled over a time span of 30 years and is available for 1020 

locations in the United States. While the TMY3 data set does not provide meteorological 

extremes, it does represent the natural seasonal and daily variations in insolation for a 

specific location. There are six main variables from the TMY3 data set that are used in 
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the SNL model for simulating solar energy conversion systems: extraterrestrial horizontal 

radiation, global horizontal radiation, diffuse horizontal radiation, dry bulb temperature, 

wind direction and speed. The TMY3 data set is used widely by PV designers and 

scientists for the purposes of modeling solar, wind, and other renewable energy systems 

and to compare the performance of solar energy systems with various input conditions. 

Details on the model and the governing equations can be found in the Sandia 

report listed in the references (King, 2004). The model has been made applicable for the 

PV industry through a commercially available program and is also being considered for 

incorporation in other building and system energy modeling programs (Maui Solar, 

2012).   

4.5: CHAPTER SUMMARY 

Chapter 4 provided a review of solar energy systems modeling by introducing the 

key solar design parameters, which included the tilt angle, solar azimuth angle, and 

location. The key variables associated with solar positioning and tracking of the sun with 

respect to a given location were also reviewed. These key parameters were then used to 

define the three separate components of solar irradiation that constitute global irradiation, 

or radiation incident on a given solar collector. The various theoretical models found in 

the literature that attempt to define global irradiation were reviewed but ultimately the 

best source for predicting insolation is through the use of long-term historical 

meteorological data such as the TMY3 hourly data set. The use of solar cells to form 

modules and arrays and their governing electrical equations were discussed. Since solar 

cell power output is dependent on the load impedance, solar cells are not ideal voltage or 

current sources and therefore require load impedance matching to extract maximum 

power. This is typically accomplished electronically with a maximum power point 
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tracking (MPPT) charge controller. Charge controllers are also responsible for ensuring 

batteries do not deep discharge or overcharge by monitoring battery voltage and 

controlling energy flow to the load and from the PV module. A PV array performance 

model developed by Sandia National Laboratories was found to be suitable for the sizing 

of photovoltaic modules, simulation, and evaluation of various solar energy system 

designs, which will be discussed in Chapter 5.   
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Chapter 5: Analytical Modeling and Experimentation 

5.1: INTRODUCTION 

In designing any photovoltaic (PV) system, there are many factors that can affect 

the selection of PV system components and the geometric orientation of the PV modules. 

These factors include but are not limited to: geographic location, weather, the load 

consumption, and whether the system will be grid-intertied or off-grid. Some important 

aspects to consider when designing a PV system are listed below.  

1. What is the PV module’s optimal geometric orientation for the project’s 

application?  

2. Does the use of two separate modules with independent geometric orientations 

provide better performance compared to a single larger panel? 

3. What is the required size of the PV module and battery for the project’s 

application and how will the system performance change with varying module 

size and battery? 

4. Would a solar tracker be beneficial and cost-efficient?  

5. Do the energy gains with an MPPT controller justify its higher cost? 

6. How long can one expect the PV system to last and will it require any 

maintenance?  

These questions are to be answered through experimental testing and analytical 

modeling in this chapter. In addition, a solar energy system specification sheet detailing 

the optimal solar module size, battery bank size, and charge controller is included at the 

end.  
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5.2: EXPERIMENTAL TESTING 

Since one of the main questions to be answered is if two panels that can be aimed 

independently can provide better performance compared to a single larger panel, an 

experiment was conducted on the roof of the Mechanical Engineering building. A two-

panel system is less susceptible to performance degradation due to partial shading, offers 

more flexibility for positioning and transport, is more modular with respect to panel 

placement, and may blend into the surroundings more suitably. The disadvantages are 

that the system will be heavier, more complex in design, and potentially costlier. The 

main issue to be answered through experimental testing is if more energy can be 

harvested with off-angle panels (i.e., non-south facing), thereby allowing a reduction in 

panel size which would reduce wind loading and potentially overall cost.  

Four 50-W (BP 350J) panels were mounted at a fixed 45 degree tilt with two of 

the panels facing directly south, and the other two panels facing east and west of south. 

 

Figure 5.9: Solar panel experiment on roof of ME building 

All the panels were directly connected to a 6-Ω power resistor and voltage 

measurements were sampled at 1 Hz. A 6-Ω resistor was chosen because it is the optimal 
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impedance load of the solar module at maximum power production (Vmp = 17.5V and Imp 

= 2.9A). It should be noted that since the resistive load is static, maximum power 

dissipation occurs only when the module is receiving standard test condition (STC) 

insolation, or 1000 W/m
2
. A maximum power point tracking system would be ideal to 

extract the maximum energy from the panel for a given set of lighting conditions; 

however this should not affect any recognizable patterns in the data.  

Since the raw voltage data was often noisy due to passing clouds or external 

interference, an average value of the data was taken every 60 seconds and stored, similar 

to a simple moving average filter. The sampling and processing of data was performed on 

the National Instruments 9023 cRIO controller with the NI 9219 analog input module. 

Power dissipation was calculated using the equation P = V
2
/R and the daily cumulative 

energy dissipation was calculated by integrating power with respect to time. The entire 

experiment lasted 52 days, during which time the weather ranged from zero cloud cover 

to full overcast and rain. During the first 21 days, two of the panels were positioned 

directly east/west, -90° and +90° respectively, if 0° is considered direct south. The panels 

were then adjusted to -45° and +45° for the remaining 31 days. The results of the 

experiment are shown in Figure 5.2.  
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Figure 5.2: Cumulative daily energy produced for multiple solar energy systems 

The results show that daily energy production ranged from 6 to 600 W-hrs, 

depending on the insolation received. This variability in energy production implies that 

the sizing of the battery bank must be carefully calculated to ensure that the system stays 

operational during periods of low insolation. The results also show that the south and 

southwest facing panels harvested significantly more energy on clear days than the 

east/west panels. The panel orientation did not seem to affect energy production on 

cloudy days since diffuse radiation is the primary insolation component. The west facing 

panel generated an average of 25% more energy than the east facing panel and about 9% 

less energy than either of the south facing panels over the duration of the experiment.  

While the east/west facing panels performed significantly worse than the two 

south facing panels, the southwest facing panels did generate more energy than the two 
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south facing panels on several days. However, the two south facing panels had the 

highest average energy production as shown in Table 5.1.  

 

Panel Setup South/South South/West East/West 

Average Daily Energy (W-hrs) 244 236.9 199.4 

Table 5.1: Average daily energy production by panel setup 

Ultimately, there may be other locations and climates where a non-south facing 

PV system may outperform a south facing system, such as locations which tend to have 

cloudy mornings and clear afternoons. To provide this flexibility, a PV mount that allows 

two panels to have independent geometric orientations would be ideal.  

5.3: ANALYTICAL MODELING 

A PV simulation model developed by Sandia National Laboratory and converted 

into a usable software application from the Maui Solar Energy Software Corporation 

(Maui Solar, 2012) was utilized to determine the optimal geometric orientation design 

parameters, panel size, charge controller, the usefulness of a solar tracker, and to 

corroborate the experimental data described earlier. The PV simulation model outputs 

key system performance parameters critical to the sustained operation of the load. The 

various input and output parameters of the model can be seen in Figure 5.3. Note that the 

electrical energy production is unaffected by changes in the battery bank size or the load 

energy consumption.  
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Figure 5.3: PV Model input/output parameters 

 5.3.1: Tilt and Solar Azimuth Angles 

To find the optimal tilt and solar azimuth angles, the following input parameters 

were computed in the model and the cumulative daily electrical energy produced was 

calculated and averaged by month.  

 

Climate Data Austin, TX (Camp Mabry TMY3) 

PV Module 50W (BP 350J) 

Tilt (degrees) 15 to 55 

Solar Azimuth (degrees) -45, -15 to +15, +45 

Charge Controller MPPT 

Table 5.2: PV model input parameters  
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To find the optimal tilt angle, a solar azimuth angle of 0 degrees (direct south) 

was used while various tilt angles were simultaed. The results of the simulation can be 

seen below in Figure 5.4. 

 

 

Figure 5.4: Average daily energy output by month for various tilt angles of a 50W panel 

The results reveal that smaller angles, i.e. when the module is angled higher in the 

sky, result in higher summer energy production while larger angles result in higher winter 

energy production, which is expected since the sun path during the summer months is 

higher in the sky than in the winter months. 

The general “rule of thumb” states that for maximum overall annual energy 

production, the solar module should be positioned at a tilt angle equivalent to the latidude 

of location, which agrees with the model results. However, since the power requirements 
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of the load do not change over the course of a year and the system must remain 

operational year-round, it is most desirable to select the tilt angle which produces the 

highest minimum energy during the course of a year, since it is the limiting case. From 

the results, it can be seen that the tilt angle which produces the highest minimum energy 

is 45 degrees. For PV systems which have static load requirements, it is most desirable to 

design the system such that there is minimal variability in power generation. The 

alternative is to find a way to use the excess energy generated in the summer months or to 

allow the load to be non-operational during part of the year.  

To find the optimal solar azimuth angle of the solar module, a tilt angle of 45 

degrees was held constant while various solar azimuth angles were simulated. The results 

of the simulation can be seen below in Figure 5.5.  

 

Figure 5.5: Average daily energy output by month for various solar azimuth angles of a 

50W panel 
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To find the optimal solar azimuth angle, the same methodology for finding the 

optimal tilt angle was used, where the angle that produced the highest minimum energy 

output was selected. It can be seen from the results that the variability in energy output 

for solar azimuth angles ranging from -15 degrees to +15 degrees was minimal. Energy 

production in the summer time was increased with solar azimuth angles of ±45 degrees, 

most likely due to repeated heavy morning cloud cover. However, winter performance 

was significantly worse. Although the constraints for this project do not allow the solar 

panels to be adjusted, it can be seen that energy production can be maximized if the 

panels are adjusted for the summer and winter. Nonetheless, the optimal solar azimuth 

angle that produced the highest minimum energy output was 0 degrees, or direct south.  

 For a single panel system, the optimal tilt and solar azimuth angle were found to 

be 45 degrees and 0 degrees respectively. However, this does not necessarily answer the 

question whether two geometrically independent panels can outperform a single flat 

panel. To answer this, the energy output from each angle is summed to produce an N x N 

matrix, where N is the number of discrete angles. This was done for each month of the 

year as well as for both the tilt and solar azimuth angles. The combination of angles that 

produced the highest minimum energy output was found. For solar tilt, this was found to 

be 45 and 50 degrees while the optimal solar azimuth for both was found to be 0 degrees.  

5.3.2: Solar Trackers 

As discussed previously in Chapter 2, single-axis trackers can offer up to 30% 

increased energy production as compared to a fixed tilt panel. These gains can allow for a 

smaller PV panel, reducing wind loading and thereby potentially lower costs. However, 

trackers have higher mechanical complexity, require regular maintenance, and can be 
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expensive to install. It is important to carefully consider whether the energy gains 

outweigh the cost and complexity associated with installing a solar tracker.  

To determine the energy gains of using a solar tracker for the project’s 

application, the analytical model was simulated comparing the energy output of a 100W 

panel with a single-axis tracker to a 100W and 120W fixed tilt module, with all three 

systems having a fixed 50 degree tilt. The results can be viewed below in Figure 5.6. 

 

Figure 5.6: Single-axis tracker vs. fixed tilt PV system energy production comparison 

The results show that energy gains from using a single-axis solar tracker vary 

from 12.1% in December to 65.1% in July. It can be expected that the actual gains would 

be slightly lower since the simulation does not account for the energy required to power 

the tracking system. It is interesting to note that while the summer time energy gains with 

the 100W single-axis tracker are significantly higher than the gains with the larger 120W 
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panel, the energy gains during the winter time are lower than with the larger panel. This 

is to be expected since sunlight during the winter months has a much higher diffuse light 

component, which means the energy produced from a PV panel is less susceptible to loss 

from misalignment. Another interesting observation is that the 120W panel produces a 

uniform 20% more energy than the 100W panel annually, which is to be expected since a 

120W panel has 20% more surface area over a 100W panel. Since the goal is to design 

the system such that the minimum energy produced during the year is maximized, the 

benefits of using a solar tracker for a static electrical load is negated as the excess energy 

produced during the summer cannot be used for other applications or stored for the 

winter. Therefore, the most cost-effective manner in which to increase energy production 

for an off grid, static electrical load application is to use a larger panel, since the panel’s 

increased surface area will harvest a proportionally higher amount of energy regardless of 

weather, insolation, or geometric orientation. For this reason, the use of a solar tracker is 

not recommended.  

5.3.3: PV Module and Battery Size  

Perhaps the most important task in designing an off-grid PV system is to properly 

size the PV panel and battery bank such that it meets the energy requirements of the 

electrical loads. Although many generic formulas exist for sizing a PV panel for an off-

grid application, which can be found on the NREL website, there are a few drawbacks to 

their use. Firstly, they rely on nonspecific data such as the annual or monthly average 

number of sunlight hours in a day, which does not account for location specific weather 

patterns. They also assume systems have fixed energy losses, which in reality depend on 

the type of charge controller used, battery type, and charge/discharge characteristics 

among others. Lastly, these formulas do not allow the designer to observe coupling 
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effects between different battery and panel sizes, which can have a significant effect on 

cost. Using the analytical model to properly size the system components provides a better 

comparison of system configurations, and prediction of system performance through a 

selection of design parameters.  

There are two primary performance metrics for an off-grid PV system: annual 

solar fraction and average battery state of charge. The annual solar fraction is defined as 

the amount of energy provided by the PV system divided by the total energy required; 

thus it is 1.0 if all energy provided to the load is from PV. The battery state of charge is 

analogous to a “fuel gauge” for the battery pack. One of the critical factors in determining 

the life of a battery is the depth of discharge. Typically, the shallower the battery is 

discharged, the longer the battery will last, among other factors. Estimating a battery’s 

state of charge can be possible if the battery’s charge/discharge efficiency curves are 

known in addition to the current draw characteristics. Given the input parameters listed 

below in Table 5.3, the objective was to find the combination of panel and battery size 

such that the annual solar fraction is 1.0 while maintaining a high battery state of charge 

and minimizing overall cost.  

 

Climate Data Austin, TX (Camp Mabry TMY3) 

PV Module Solarland SLP Series 85W – 130W 

Battery Bank Size (Ah) 40 – 200 

Tilt (degrees) 45 

Solar Azimuth (degrees) 0 

Charge Controller MPPT 

Load 14W (DC) 
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Table 5.3: PV model input parameters for PV Module/battery bank sizing 

The results of the simulation can be seen below in Table 5.4.  
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Rated PV 

Output 

(W) 

Area 

(m
2
) 

Battery 

Size 

(Ah) 

Annual 

Solar 

Fraction 

(%) 

Average 

Battery 

SOC (%) 

Total 

Cost 

($) 

Annual 

Cost  

(10 yr) 

Annual 

Cost  

(20 yr) 

85 0.71 160 98.692 64.844 1790 179 137.5 

85 0.71 200 99.138 65.599 2030 203 161.50 

100 0.83 160 99.878 83.799 1828 182.80 139.40 

100 0.83 200 100 84.981 2068 206.80 163.40 

120 1.0 40 97.762 77.509 1167 116.70 70.35 

120 1.0 80 99.782 86.162 1407 140.70 94.35 

120 1.0 120 100 88.892 1647 164.70 118.35 

120 1.0 160 100 89.233 1887 188.70 142.35 

130 1.01 40 98.416 79.22 1185 118.50 71.25 

130 1.01 80 99.849 87.324 1425 142.50 95.25 

160 1.29 80 100 90.057 1502 150.2 99.1 

Table 5.4: Simulation results for various PV system configurations 

The results from the simulation, shown in Table 5.4, indicate that increasing the 

size of the PV panel results in a higher battery SOC gain and solar fraction gain than 

increasing the size of the battery bank. Considering that it is also cheaper to increase the 

size of a PV module than to increase size of battery bank (~$2.50/watt vs. $6/Ah), it is 

more cost efficient to configure a PV system with a high PV output/low battery bank size 

if the PV module size constraint is not a critical requirement.   

The total system cost includes the price of the PV panel, batteries, charge 

controller, and other fixed costs such as hardware and enclosures. The 10 and 20 year 
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cost estimates assume a 10 year life expectancy for the battery bank. While it is 

impossible to accurately predict the life expectancy of a battery bank, it is possible to 

estimate a life expectancy range based on certain assumptions. The manufacturer states 

that LiFePO4 batteries will retain 80% of their original capacity after 2000 cycles 

assuming a deep discharge cycle. However, a battery bank with a shallow discharge cycle 

can be expected to last beyond 5000 cycles (LifeBatt, 2012) or 10 years (PBQ, 2012). A 

shallow cycle is defined as less than 72% discharge or 28% SOC. As a comparison, the 

average battery SOC from the results is in the 80 – 90% range.  PV modules are typically 

guaranteed to be operational for a minimum of 25 years.  

Ultimately, a PV system configuration of 120W of PV output and 120 Ah battery 

bank size was chosen. This configuration provided the best balance of panel size, cost, 

solar fraction of 1.0, and battery SOC. While the system configuration of 160W output/80 

Ah battery bank had higher predicted performance metrics and lower overall cost, it had a 

30% larger surface area, which translates to 30% higher wind loading and undesired 

mechanical stress.   

5.3.4: Charge Controllers 

The charge controller is typically an essential unit of any PV system. A general 

“rule of thumb” is that a charge controller is needed if the PV panel outputs 2 watts or 

more for each 50 Ah capacity of the battery. The primary purpose of a charge controller 

is to regulate the voltage/current output of the panel to keep the batteries charged, prevent 

overcharging and deep discharging, to protect battery life and maximize PV energy 

output if using MPPT technology. MPPT controllers can provide anywhere from 10 – 

30% extra power to the battery at the expense of higher cost. A simulation was performed 
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to examine the performance gains an MPPT controller would deliver and whether its cost 

is justified. The results are shown below in Table 5.5 and Figure 5.7. 

 

Rated 

Output (W) 

Battery (Ah) MPPT? Annual 

Solar 

Fraction (%) 

Average 

Battery 

SOC (%) 

Total Cost 

($) 

120 120 Yes 100 88.892 1887 

120 120 No 99.639 86.892 1647 

Table 5.5: Comparison of PV system configurations with and without MPPT technology 

 

 

Figure 5.7: Comparison of energy output of MPPT versus No MPPT system 

configuration 
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The results showed that using an MPPT controller produced energy gains between 

2 – 15% during the course of a year. The maximum energy gains are predicted to occur in 

the winter time when solar insolation is at a minimum, which means the use of an MPPT 

controller would allow for a smaller PV module. However, since an MPPT controller 

typically has a price premium of about $200, it would be more cost efficient to spend the 

extra money on a larger or additional panel which would produce significantly more 

energy. Ultimately, an MPPT controller was chosen for the project due to its data logging 

capabilities and customizable set points for battery charging/discharging. 

5.3.5: Comparison of Experimental and Analytical Results 

A study was performed to corroborate the energy data from the roof top 

experiment to the results from the analytical model for the same time period. The 

analytical model was simulated for a 50W BP350J panel, no MPPT controller, 45 degree 

tilt, and 0 degree solar azimuth. The two data sets are plotted against each other in Figure 

5.8 and the average daily energy produced for each data set is shown in Table 5.6. 

 

 Experimental Data Analytical Model Data 

February Average (W-hr) 125.88 183.89 

March Average (W-hr) 121.76 225.78 

Overall Average (W-hr) 124.12 201.48 

Table 5.6: Comparison of daily energy produced from experimental and analytical data 
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Figure 5.8: Comparison of daily energy produced from experimental and analytical data 

It can be seen that the average daily energy produced from the experimental data 

is significantly lower, nearly 38%, than the analytical model data. It can also be seen that 

the variability of the experimental data is much larger than the analytical model data, 

which is to be expected since the weather data used in the analytical model has been 

averaged over a 30 year timeframe. The wide difference in the two data sets can be best 

explained by the differences in the load. The analytical model accepts a static DC load 

input, in units of watts, while the panels on the roof were directly connected to a 6Ω 

power resistor. The energy output for the panels on the roof changes significantly with 

varying amounts of insolation since the 6Ω load is only optimal under standard test 

conditions of 1000 W/m
2
 insolation. If an MPPT charge controller had been used for the 

rooftop experiments, the energy produced from the two datasets would potentially have 

been closer together.  
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5.4: RESULTS AND SUMMARY 

Through experimental testing and analytical modeling, several questions 

regarding the optimal PV system configuration were answered. After conducting a solar 

energy experiment on a roof, it was found that a non-south facing PV system can 

outperform a south facing system depending on the weather conditions. It was 

determined that a two-panel system with independent geometric orientations would be 

ideal to provide design flexibility.  

Using an analytical model, several simulations were conducted to find the optimal 

tilt angle, solar azimuth angle, the energy gains of a solar tracker, the optimal PV module 

and battery bank size, and type of charge controller. It was determined that an off grid PV 

system powering a static DC load should be designed such that it produces the highest 

minimum energy, or in other words the system should be designed for the periods when 

solar insolation is at a minimum (usually the winter), as this will be the limiting case. For 

this reason, a solar tracker was found to provide minimal benefit for the project’s 

application. This was also the reason why the optimal annual solar tilt angle was found to 

15 degrees higher than the location latitude, which is in contrast to the general rule of 

thumb. The life expectancy of the PV system is limited by the battery bank life. A 

comparison of the experimental and analytical data was also examined and analyzed. The 

final PV design specifications can be found below in Table 5.7.  
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System Component Specification 

Module Output 120 W (Polycrystalline Si) 

Battery Bank Size 120 A-hr (LiFePO4) 

Tilt Angle 45 degrees 

Solar Azimuth 0 degrees (South) 

Charge Controller MPPT 

Trackers/Concentrators Not recommended 

Two Panel vs. One Panel Two Panel (flexibility) 

Table 5.7: Final PV system design specifications 
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Chapter 6: Design, Analysis, and Construction 

6.1: INTRODUCTION 

The results from simulations and experiments revealed the optimum PV system 

design specifications to supply power for an off grid static 14W DC load in Austin, TX. It 

was found that an adjustable dual panel system could provide design flexibility for 

increased energy production, avoidance of partial shading, prevention of system failure 

due to shaded cells, portability for transport, modular panel placement, and potentially 

more suitable blending into the environment. Although the primary disadvantages include 

increased weight and design complexity, it is acceptable for the project’s application 

since the system, once installed, will require minimal maintenance or adjustment.   

This chapter provides an overview of the bridge types and attachment methods to 

be considered, various concept embodiments produced, two separate designs chosen for 

refinement, a structural mechanical analysis for both designs, and photos of the 

constructed prototype.  

6.2: BRIDGE TYPES AND SUPPORTING ATTACHMENT CHARACTERISTICS 

To produce an effective PV mounting solution, the design problem was divided 

into two subtasks: designing the attachment to the bridge, and designing the attachment to 

the panel. The critical system requirements for attaching the PV system to the bridge are 

as follows: a structure capable of supporting the panel, electronics, batteries, mechanical 

hardware (up to 200 lbs.), withstanding 100 mph wind loading, does not interfere with 

traffic, non-permanent, and resistant to corrosion. One of the primary goals of the mount 

is to have the capacity of mounting to a wide variety of bridges, which is why a modular 
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design which separates the panel, batteries, and supporting electronic components from 

the actual mechanical hardware was pursued.  

Bridges, which are aging and experience medium to high traffic flow, were 

surveyed in the Austin area. These included I-girders, box-girders, and truss bridges. 

Features of the bridges which enable a suitable attachment were identified and recorded, 

such as edges, holes, flanges, and flat surfaces. The compiled list of features was then 

further narrowed by identifying the features common among the bridges surveyed. 

Examples of these common features can be seen below in Figure 6.1. 

 

 

Figure 6.1: Enabling attachment features found to be common among bridges in Austin 
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Initially, clamping a structure to the flanges of the I-beams and girders was 

considered since this does not require any drilling or modification of the bridge, can be 

quickly installed or removed, does not affect the mounting hardware, and is widely 

adaptable to several types of bridges in different configurations depending on the bridge 

layout. The availability of off-the-shelf I-beam flange clamps for pipes and struts, as 

shown in Figure 6.2, make this type of attachment very attractive. 

 

 

Figure 6.2: I-beam clamps for pipes and struts (McMaster, 2012) 

Although one of the design requirements states that modifications to the bridge 

are undesirable, it was discovered later that drilling holes into concrete is acceptable if 

the holes are repatched with grout upon removal. This opened new doors for the design of 

the mount, since every bridge inspected has a concrete railing on the edges of the bridge 

that can be used to securely fasten a PV system to the bridge. Some of the bridges have 

steel railings above the concrete barrier, as can be seen in Figure 6.1, that needed to be 

considered during the design process. Anchoring a structure to a concrete surface, such as 

highway signs and traffic lights on bridges, is typically accomplished through the use of 

concrete expansion anchors, as seen in Figure 6.3, which were considered during the 

design process.  
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Figure 6.3: Various types of concrete expansion anchors (Planet Engineering, 2012) 

The use of these attachment methods are demonstrated in various concept designs, 

as can be seen in the following section.  

6.3: CONCEPT GENERATION 

This section describes various ideas and concepts generated for effectively 

mounting the PV system onto the bridge. A novel idea of using fiber optic cables for 

supplying energy to PV systems is included as well. The design evolution process is 

detailed in concepts 2 to 5.  

6.3.1: Concept 1: Fiber optic light transmission 

Since there are other components within the monitoring system that require a 

reliable power source, such as the WSN node and router, it is important to develop 

innovative ideas of using solar energy to power these components as well. While the 

power requirements of the WSN gateway can range from 10-15W, the power 

requirements of the WSN node and router are 0.5mW and 200mW respectively, assuming 

a 60 second transmission rate. Therefore, the PV panel size required to power these 

components can be as small as the size of a single solar cell. If a 120W panel is sufficient 
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to power a static DC 14W load, proportionally a single 2.85W solar cell should be able to 

power more than 650 WSN nodes or 1 WSN router, assuming the same conditions.  

One of the inherent disadvantages of using a conventional PV panel is its 

exposure to dust, dirt, animal droppings, shading, and other environmental debris which 

can significantly reduce energy production. Periodic maintenance to clean the surface of 

the panels can solve the issue; however this can be expensive and wasteful of resources. 

An alternative is to have the PV cell placed in a sealed box with sunlight being channeled 

into the box through fiber optic cables, as shown below in Figure 6.4. 

 

 

 

Figure 6.4: WSN Node box with fiber optic cables channeling insolation on solar cell 

Optical fibers consist of flexible, transparent silica glass which functions as an 

efficient waveguide or a “light carrier.” Fibers with large core diameters, known as multi-

mode fibers, accept lightwaves through an acceptance cone, allowing a greater 

transmittance of light than the cross sectional area of the fiber itself, as shown below in 

Figure 6.5. This allows a reduction in the total incidental surface area between the PV 

panel and the optical fiber.
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Figure 6.5: Light transmittance through multi-mode optical fiber (Wikimedia 

Contributors, 2012) 

The benefits of using optical fibers as “light guides” are as follows: 1) The solar 

cell can be shielded from environmental effects; 2) The solar cell can be placed within 

the same box as the WSN, battery, and charge controller, reducing wiring and producing 

a more packaged solution; 3) The box may be placed in an inaccessible location such as 

under the bridge and between the girders, thus hiding it from the public; 4) The optical 

fibers can be routed and oriented in any direction since they are flexible and can be easily 

blended into the bridge; 5) The system is more fail-safe since several optical fibers can be 

fitted around the bridge to reduce the chance of the system failing due to an obstruction. 

However, there are many questions to be answered such as: How much light 

energy can be transported within a multi-mode optical fiber? Are the fibers capable of 

transmitting light in the wavelength range absorbed by the solar cell (typically 300-1200 

nm)? How many optical fibers/cables are needed to power a WSN node? Will heat 

buildup within the box become an issue?  Is it necessary to use a parabolic collector to 

track and concentrate its light? Perhaps the best way to answer these questions is through 

setting up a laboratory experiment and measuring energy production with varying types 

of optical fibers and solar insolation. A proposed layout of the different components 

within the box can be seen below in Figure 6.6. 
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Figure 6.6: Proposed layout of fiber optic WSN node solar energy system 

The use of optical fibers as light guides has been seen in passive solar lighting 

applications where solar light is passively distributed throughout residential/commercial 

structures. This shows potential to work for photovoltaics but further research needs to be 

completed (Grisé, 2003). 

The following four concepts address the issue of mounting the panel onto the 

bridge for powering the WSN gateway.  

6.3.2: Concept 2: I-girder cantilever structure 

Since many of the bridges surveyed in Austin have attachment features such as 

flanges on I-girder or box-girder bridges, one idea of producing a universally adaptable 

bridge mount is based on using movable clamps that can quickly attach and detach from 

the flanges. The concept illustrated in Figure 6.7 utilizes perpendicular I-beam clamp 
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mounts, as seen in Figure 6.2, and standard off-the-shelf parts such as schedule 40 steel 

pipes and steel U-channels. Since the orientation of the I-beams below the bridge will not 

always result in the panel being oriented to the south, the idea of mounting the PV panel 

onto a pole which can rotate was utilized.  

The advantages of this concept are that it is easily removable and configurable 

assuming the bottom of the bridge has I-beams and all the components can be fabricated 

from off-the-shelf parts. However, the disadvantages of this concept are that it does not 

satisfy the requirement that it cannot hang below the lowest part of the bridge. It is bulky 

and requires significant welding and machining, and could potentially fail by excessive 

deflections due to bridge vibrations. Thus, this concept was discarded.  

 

 

Figure 6.7: PV system I-beam cantilever concept 

6.3.3: Concept 3: Single flat panel pole attachment 

The desired improvements for the next design were to reduce the size, weight, and 

vibration from the I-beam cantilever structure. The functions of adjusting the PV panel 

height and solar azimuth angle regardless of the orientation of the bridge mount were 
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appealing and were carried over into the next design, one of the benefits of a modular 

design.  

 The attachment to the bridge was modified by using anchor bolts to directly 

connect the panel and supporting hardware to the concrete barrier instead of using 

clamps. The two surfaces and edge of the concrete rail are the enabling attachment 

features. A concept sketch can be seen below in Figure 6.8.  

 

 

Figure 6.8: Single flat panel pole attachment concept sketch 

6.3.4: Concept 4: Vertical configuration tilt adjustable pole attachment 

As reviewed in section 5.2.1, the maximum energy extracted when using two 

independent panels was found to occur when the two panels were oriented at tilt angles of 

45 and 50 degrees respectively. This led to the idea of using two 60W panels, in place of 
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a single 120W panel. The two panels are vertically mounted on top of each other and can 

be individually tilt adjustable. The reason for using a vertical configuration instead of a 

horizontal configuration is to prevent partial shading in the morning or evening. Shading 

could occur at mid-day but is highly unlikely if both panels are set at a similar tilt. The 

maximum tilt of the bottom panel in any configuration is the tilt of the top panel, which 

means the higher angle panel should always be the top panel. Adjusting the tilt angle of 

the panels is accomplished through the use of telescoping attachments, as illustrated in 

the concept sketch in Figure 6.9. 

 

 Figure 6.9: Vertical configuration tilt adjustable pole attachment concept 
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6.3.5: Concept 5: Horizontal configuration solar azimuth adjustable pole 

attachment 

The concept shown in Figure 6.10 is based on mounting the PV panels in a 

horizontal configuration. Telescoping attachments similar to those used in the vertical 

configuration system control the solar azimuth angle of each panel. A lockable hinge, as 

also shown earlier in the vertical configuration concept, allows the panels to rotate about 

an axis for easy adjustment.  

The tilt angle of both panels is the same to prevent one panel from shading the 

other. The solar azimuth angle of each panel can be individually adjusted.  

 

 

Figure 6.10: Horizontal configuration solar azimuth adjustable pole attachment concept 
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6.4: CONCEPT SELECTION AND REFINEMENT 

After evaluating the various concepts with respect to the system requirements, 

concepts 3 and 5, the single flat panel pole attachment and the horizontally configured 

solar azimuth adjustable pole attachment, were chosen as candidates for concept 

refinement and potential prototyping. Concepts 2 and 4 were much bulkier, heavier, 

vulnerable to vibration, and failure in stress; thus they were eliminated from further 

consideration. 

6.4.1: Design A (Dual Adjustable Panels) 

Since the conclusions from chapter 5 revealed that a dual panel adjustable system 

could provide design flexibility by adapting to many types of climates and locations as 

compared to a single flat panel system, concept 5 was further refined and can be seen 

below in Figure 6.11.  

 

 

Figure 6.11: Refined CAD model of dual panel PV system without enclosure box; Tilt: 

45 degrees  
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Each panel’s solar azimuth angle can be independently adjusted from 0 to 45 

degrees away from the panel’s normal direction through the telescoping functionality of 

the aluminum U-channel shown as part 2 in Figure 6.11. The U-channels are capable of 

being rigidly fixed with a bolt and nut through the patterned holes. The u-channel 

extrusions provide fixed support from the sides of the panel to the pole at any tilt angle 

with the use of the ball joints shown as part 1 in Figure 6.11. The ball joint compensates 

for misalignment up to 55 degrees and transmits the forces on the panel to the load 

bearing U-channel extrusions. Rotation of the panel is enabled by the ball bearing hinges 

highlighted as part 3 in Figure 6.11. The hinges also transmit loads from the panel onto 

the load bearing center U-channel which attaches to the pole via the same telescoping u-

channel extrusions shown as part 2. There are a total of 5 degrees of freedom that fully 

defines the system’s position and can be seen in purple in Figure 6.11. The entire system 

can rotate about the pole’s central axis giving the ability to adjust to any solar azimuth 

direction desired. 

The panels are attached to the pole with the U-bolts shown as part 4 in Figure 

6.11. The advantage of U-bolts is that they can be easily moved up and down the pole, 

providing flexibility when adjusting the tilt angle. While the top and bottom two U-bolts 

will be fixed after deployment onto a bridge, the middle two U-bolts will require 

adjustment only when modifying the tilt angle.  

Except for the fasteners and the angle extrusion attachment to the bridge, which 

are to be made of steel, the parts are made of 6061 aluminum for its corrosion resistance 

and high strength to weight ratio. The features of the design are shown below in Table 6.1 

and rendered pictures of the model in a deployed configuration with both panels tilted at 

15 degrees away from direct south are shown in Figure 6.12. Overall dimensional 

drawings and a Bill of Materials can be seen in Appendix C.  
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Design Feature Specification 

Tilt angle range 15° - 60° 

Solar azimuth angle range 
Any (each panel can be adjusted up to 

45° away from the normal direction) 

Total package weight (panels, batteries, 

and all mechanical hardware) 
173 lbs. 

Pole Height 48 inches 

Maximum system width (one end of panel 

to other end of panel with both as = 0°) 
55 inches 

PV panels Two Solarland 60W panels (SLP060) 

Battery bank Three 12.8V 40Ah LiFePO4 

Charge controller Morningstar SunSaver MPPT 

Supported load 14W constant DC 

Table 6.1: Design specifications of the dual adjustable panel PV system 
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Figure 6.12: Rendered graphic of PV mount on bridge with enclosure, Tilt: 45 degrees, 

Solar azimuth: 15 degrees off normal (both) 

6.4.2: Design B (Single Flat Panel) 

After a design review meeting with other members on the project, several design 

modifications were suggested to produce a system with fewer potential methods of failure 

and a higher safety of factor. The redesign resulted in a static system with fewer degrees 

of freedom, fewer parts, clearance from the bridge in any configuration, and the use of 

bolt and nut fasteners as opposed to friction based connections such as the U-bolts. 

Section 6.5 discusses the mechanical truss analysis completed for the dual panel system 

and estimation of factors of safety for load bearing components. In consideration of the 

feedback received from Design A, the static flat panel PV concept as shown in concept 3 



 106 

was refined and the resulting design can be seen below in Figure 6.13. Overall 

dimensional drawings, a detailed Bill of Materials and an assembly procedure can be seen 

in Appendix D.  

 

 

Figure 6.13: Single static panel with fixed 45 degree tilt design 

The design specifications of the refined concept are listed below in Table 6.2. The 

main differences in the design specifications are as follows: fixed 45 degree tilt as 

opposed to a range of 15 – 60 degrees, single 120W panel versus two 60W azimuth 

adjustable panels, increase in weight of 75 lbs. due to heavier materials, and a slight 

increase in system width of 4 inches. The single static panel system can also be adjusted 
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to any solar azimuth angle without interfering with any part of passing traffic on the 

bridge. A shaded image of the concept is shown in Figure 6.14. 

 

Design Feature Specification 

Tilt angle range 45° 

Solar azimuth angle range Any 

Total package weight (panels, batteries, 

and all mechanical hardware) 

248 lbs. 

Pole Height 48 inches 

Maximum system width (one end of 

panel to other end of panel with both as = 

0°) 

59 inches 

PV panels One Solarland 120W panels (SLP120-12U) 

Battery bank Three 12.8V 40Ah LiFePO4  

Charge controller Morningstar SunSaver MPPT 

Supported load 14W constant DC 

Table 6.2: Design specifications of single flat panel PV system 
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Figure 6.14: Rendered graphic of PV mount on bridge with enclosure, Tilt: 45 degrees 

6.5: MECHANICAL ANALYSIS 

To ensure long term reliability of the PV mounting system, it is crucial to 

determine the mechanical forces acting on the system, the internal stresses, and factors of 

safety to properly design a sturdy mount. In this section, both PV mount designs A and B 

are analyzed for structural integrity using the principles of statics, strength of materials, 

and SolidWorks Simulation.  
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6.5.1: Design A Truss Analysis 

The first step in analyzing the mechanical structure is to determine the acting 

mechanical forces. These may include the weight of the panels and supporting hardware, 

the aerodynamic wind loading, and forces due to rain, snow, and vibration. Of these 

various forces, the aerodynamic wind loading presents the highest concern. Due to the 

large surface area of the PV panels, the wind loading on the panel will vary between 24 

and 55 lb/ft
2
, depending on local wind velocity. Compared to less than 5 lb/ft

2
 for weight 

loading (Messenger, 1999), the wind load is much more significant.  

The American Society of Civil Engineers has developed standards and procedures 

for calculating the wind loading on buildings, structures, and photovoltaic arrays (ASCE, 

2010). The formulas, tables, and charts listed in this reference have been used to calculate 

the forces acting on the panel due to wind loads. Assuming a maximum 100 MPH wind, 

the wind loading (Peff) was calculated to be 44.76 lb/ft
2
. The total force on a panel 

depends on the tilt angle, total panel area and acts directly normal to the panel (Equation 

6.1).  

                (6.1) 

The next step is to simplify the physical system into a 2-dimensional truss 

structure and to determine the acting forces on members, joints, and bolts. A truss 

structure usually consists of straight uniform members fastened together at their ends to 

form joints. Three assumptions must be made in simplifying the system as a truss 

structure. 

1. The members are connected at their ends to form joints that behave like 

frictionless pins. This assumption is justified since the forces in the members 

calculated on the basis of pin construction do not differ substantially from 
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their true value (Morrow, 2004). It is also important to note that if the moment 

acting on a single bolted joint was high enough to loosen the nut, it would 

result in a pinned joint and since nylon insert nuts are to be used, there is little 

danger of the nut loosening and falling off. 

2. All forces acting on the truss are applied at the joints. The second assumption 

is justified since the hinges on the center member are located very closely to 

the pin joints and the weight of the links and the panels can be split among the 

joints. In addition, the weight of the panels and members are small in 

comparison to the wind loading (~30 lbs. vs. ~350 lbs). 

3. The members, joints, and loads all lie in a plane. 

The simplified truss structure with reaction forces, input loads, and geometric 

angles can be seen in Figure 6.15. The following analysis assumes the full loading force 

will be burdened on members A and B which in reality will not be the case but for the 

purposes of this analysis gives a higher margin of safety.  

 

Figure 6.15: PV Mount Truss Diagram 
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Using the method of joints and applying the equations of equilibrium, a total of 

six equations and six unknowns are produced. The six unknowns are                 

        and the input parameters to the system are               . Free body 

diagrams of the three joints can be seen in Figure 6.15 and the accompanying equations 

are displayed in Equations 6.2 – 6.7. It should be noted that         are independent 

angles.  

 

 

Figure 6.16: Free body diagrams of Joints A, B, and C 

Joint A: 

             ( )  
 

 
   ( )     (6.2) 

      
 

 
   ( )         ( )  

  

 
    (6.3) 

Joint B: 

           ( )         ( )  
 

 
   ( )      (6.4) 

         ( )  
 

 
   ( )         ( )  

  

 
 

  

 
    (6.5) 

Joint C: 

             ( )      (6.6) 

             ( )  
  

 
   (6.7) 
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The results of the analysis with varying input values of         can be seen in 

Table 6.3.  

 

Input Variables Forces and Reactions (lbs.) 

θ (deg) Φ (deg) P (lbs) Ax Ay Fab Fbc Cx Cy 

15 2.3 128.5 -237.2 146 262.7 -270.6 270.4 12 

30 26.2 248.2 -25.8 174.2 101.4 -167.1 149.9 74.8 

45 17.6 351 46.7 217.5 109.4 -211.3 201.5 64.7 

60 15.1 429.9 149.1 187.7 74.2 -231.2 223.2 61.2 

Table 6.3: Forces and reactions at joints with varying input variables 

The truss analysis simulation was performed for a range of tilt angles from 15 to 

60 degrees. Both input variables P and Φ change with varying tilt angles. The resultant 

reactions and member forces can be seen in Table 6.3. The forces in member AB are 

positive, indicating it is always in tension, while member BC is always in compression.  

The next step is to evaluate the impact of these forces on the structural integrity of 

the system. This includes calculating the shear stress acting on the bolts at all joints and 

members, as well as the tensile stresses, compressive stresses, and critical buckling of the 

members. The bolts at locations A, B, and C as seen in Figure 6.15 are assumed to be 

loaded in shear since the directions of all forces acting on the bolts are perpendicular to 

the axes of the bolts. The shear stresses in bolts A, B, and C resulting from the reaction 

forces and member forces and their corresponding factors of safety (FOS) with respect to 

yielding are shown in Table 6.4.  

The bolts at locations A, B, and C have multiple forces acting at different 

locations along the bolt and it is important to calculate the shear stresses due to each of 
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these acting forces. The reaction forces at joints A and C have been normalized and are 

shown in Table 6.4 as Anorm and Cnorm. The bolt at location D connects the telescoping 

members between joints B and C and must also be analyzed for failure due to yielding. It 

is important to note that there are two bolts carrying the forces at joints A, B, and C, and 

this has been accounted for in the analysis.  

 

Location of Bolt A B C D 

Acting force Fab Anorm Fbc Fab Fbc Cnorm Fbc 

Shear stress (psi), θ = 

15° 
1189.4 1260.9 1225.1 1189.4 2756.6 2757 5513.2 

Shear stress (psi), θ = 

30° 
459.2 797.2 756.3 459.2 1701.6 1706.1 1701.6 

Shear stress (psi), θ = 

45° 
495.4 1007 956.6 495.4 2152.4 2155.5 2152.4 

Shear stress (psi), θ = 

60° 
335.8 1085.1 1046.7 335.8 2355.2 2357.8 2355.2 

Critical FOS 75.7 71.4 73.4 75.7 32.6 32.6 16.3 

Table 6.4: Bolt shear stresses and yielding FOS  

Members AB and BC must be analyzed for yielding in tension, compression, and 

critical buckling. The equation used to calculate the critical compressive force to cause 

buckling is shown in Equation 6.8 (Juvinall, 2006). The tensile stresses, compressive 

stresses, and critical buckling FOS for various tilt angles are shown in Table 6.5.  

     
    

    
 (6.8) 
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Tilt Angle 

(deg) 

Tensile 

stress in AB 

FOS in 

AB 

(yield) 

Compressive 

stress in BC 

Critical 

Compressive 

Force 

(Buckling) 

Critical 

Buckling 

FOS 

15 196.1 204.0 856.4 140492.6 164.0 

30 75.7 528.4 528.7 140994.3 266.7 

45 81.7 489.8 668.7 183620.5 274.6 

60 55.4 722.6 731.7 263189.5 359.7 

Table 6.5: Tensile, compressive, and critical buckling stresses and FOS 

In conclusion, the results of the mechanical truss analysis revealed that the bolts 

and members have safety factors varying from 16 to 360 when subjected to a 100 MPH 

wind force and therefore should be capable of carrying the most extreme loads. Although 

this analysis only examines the static loading case, there are many other potential 

methods of failure of the system including fatigue, vibration, thermal stresses, and impact 

which have not been directly addressed here.  

6.5.2: Design B Mechanical Simulation Analysis 

Design B, the single flat panel static PV mount, was also analyzed for maximum 

stresses and yielding factors of safety. The analysis was performed using SolidWorks 

Simulation, a finite element analysis (FEA) design validation tool. The simulation 

settings are listed as follows: 1) input load of 350 lbs, which corresponds to a 100 MPH 

wind load on the collector at a 45 degree tilt; 2) fixed connections at the anchor joints; 3) 

all parts which are welded are treated as bonded connections; 4) no penetration contact 

set for surfaces in contact; and 5) part materials as specified below in Figure 6.17 
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Figure 6.17: PV mount with color coded part materials, fixtures, and forces 

The design was simulated in three different mounting configurations. The results 

of the simulations and the corresponding minimum factors of safety are shown below in 

Figures 6.18 – 6.20.  
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Figure 6.18: Simulation results with panel in 0 degree configuration, Min. FOS: 3.4 

 

Figure 6.19: Simulation results with panel in 90 degree configuration, Min. FOS: 2.3 
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Figure 6.20: Simulation results with panel in 180 degree configuration, Min. FOS: 2.2 

The maximum stress concentration in all three configurations occurs at the hole 

where the bottom anchor bolt is fastened. There is a significant stress concentration on 

the top square channel in the 90 degree configuration, as seen in Figure 6.19. If the PV 

system is to be mounted in this configuration, additional square channels should be 

welded on both sides of the square tubes. The lowest FOS is 2.2, which occurs when the 

panel is mounted in the 180 degree configuration and is subjected to 100 MPH winds. 

This is an acceptable FOS and the PV mount can be expected to serve the life of the panel 

and batteries.   

6.6: FINAL PROTOTYPE 

The figures seen below showcase the assembled prototype of Design B situated in 

a prototyping lab. The prototype was assembled as subsystems, with the pole attachment, 

bridge attachment, and enclosure being separate subassemblies. 
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Figure 6.21: PV system pole attachment with 120W panel  

 

Figure 6.22: Bridge mount (left) and enclosure (right) 
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The steel components were galvanized for rust protection and rubber washers 

were also placed between steel and aluminum parts to prevent galvanic corrosion. Shown 

above are pictures of the bridge mount and enclosure.  

The contents of the enclosure include the battery bank and protection circuit 

module (PCM), MPPT charge controller, NI gateway, and cellular modem, as seen below 

in Figure 6.23.  

 

Figure 6.23: Enclosure with supporting PV system components 

6.7: CHAPTER SUMMARY 

In this chapter, an overview of the various bridge types and their attachment 

methods were reviewed. The three different types of bridges in Austin and their 

attachment features were identified and recorded. The most promising methods of 

attachment to the bridge were determined to be I-beam clamps for pipes and struts, or 
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concrete expansion anchors which can be used to securely fasten a PV system to the 

bridge.  

The concept of using a fiber optic cable to channel sunlight to an enclosed solar 

cell for powering the WSN node and router was discussed , along with its advantages and 

further information needed to verify the concept. Four different concepts for mounting 

the PV panel onto a bridge were discussed along with their relative strengths and 

weaknesses. The most promising of these were concepts 3 and 5, a single flat panel pole 

attachment and a horizontally configured solar azimuth adjustable pole attachment. Both 

of these concepts were chosen as candidates for concept refinement and potential 

prototyping. Details and corresponding specifications for each of these concepts were 

also discussed.  

The two designs were analyzed for structural integrity using truss analysis and an 

FEA simulation. It was determined that the single flat panel system, Design B, would be 

preferred for outdoor testing due to fewer parts, fewer degrees of freedom, and ultimately 

fewer failure modes. The simulation revealed that the minimum factor of safety for 

Design B when subjected to 100 MPH wind loads was 2.2.  
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Chapter 7: Conclusions 

7.1: SUMMARY AND CONCLUSIONS 

Over 23.8% of the nation’s bridges are classified as either structurally deficient or 

functionally obsolete. Current inspections are infrequent, costly, and unreliable. Recent 

bridge failures, such as the I-35 Mississippi River Bridge in Minneapolis, MN, have 

raised awareness of the nation’s crumbling infrastructure and focused a national spotlight 

on the problem. A better alternative to manual inspections is the implementation of a 

structural health monitoring system which utilizes sensors and wireless communication to 

continuously monitor the health of a bridge. These systems would require minimal 

maintenance, provide reliable quantitative data, have the capability of being deployed in 

remote locations, and be inexpensive to manufacture and install.  

There are various electrical components within the structural health monitoring 

system which require a reliable source of power to function properly. There are three 

primary electrical components: the WSN gateway, the WSN router, and the WSN node. 

Power consumption of these components averages 9.5 – 15W, 207 mW, and 0.5 mW, 

respectively. The energy consumption of each device varies depending on component 

settings, receive/transmission rates, distance data must travel, and signal reception. 

A variety of power sources were considered such as grid power, disposable 

batteries, generators, and energy harvesters. Ultimately, energy harvesters are the most 

attractive sources because of their potential to continuously harvest energy from their 

surroundings, long-life service capabilities, minimal maintenance costs, environmental 

friendliness, aesthetic qualities, and novelty. Several energy harvesting technologies were 

considered, including solar, wind, and vibration. The energy density of solar exceeds 

wind and vibration by an order of magnitude and thus is the preferred choice for 
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supplying power to the WSN gateway. Wind and vibration are being pursued for 

powering the other devices.  

In addition to the energy requirements, there are several functional requirements 

of the energy harvester, detailed in Table 1.2, which include a service life of 10-15 years, 

maintenance intervals of 10 years, resistance to corrosion and other environmental 

factors, no interference with moving traffic below or above the bridge, and resistance to 

maximum wind and vibration forces.  

A literature review of the application, technologies, components, and latest 

innovations in solar energy technology was completed. Conversion of sunlight to 

electricity or heat has many different applications for both residential and commercial 

sectors, and for small to large scale energy harvesting. Each application has unique needs 

and has resulted in the development of different types of solar energy technologies such 

as solar heating, solar photovoltaics, concentrated solar power (CSP), solar thermal 

electricity, and passive solar building design.   

Since solar energy systems are intermittent energy sources, they often require 

energy storage devices to create a reliable energy supply for a given application. The 

most common and economical form of energy storage for small scale solar energy 

systems is the lead-acid battery. However, lithium ion batteries have made tremendous 

gains in the past few years in terms of energy density, conversion efficiency, thermal 

stability, low self-discharge rates, and high lifecycle expectancy. Of all the battery 

technologies available, lithium ion is the current frontrunner for small to mid-scale 

energy storage options and their lifecycle expectancy is expected to double with 

advancements in current research.  

Important functional requirements of the energy harvester include interfacing to 

the bridge with minimal impact to the bridge and surroundings, and adapting universally 
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to many types of bridges. This design problem raised the greater question of properly 

designing an attachment of a new (child) system to an existing (parent) system. A 

methodology to assist engineers, and students pursuing engineering degrees, in designing 

such parent-child attachment systems was presented. In developing the methodology, an 

experiential study was performed wherein several off-the-shelf products, patents, and 

biological systems encompassing a wide range of attachment methods were examined. 

Generalizable patterns from these products were identified and the distinguishing 

characteristics of each attachment method utilized to develop a foundation for the 

methodology.  

The effectiveness of the design tool was confirmed through a design experiment 

in which two groups of undergraduate senior engineering students were presented with a 

design problem. The test group utilized this methodology to generate concept variants, 

while the control group did not. The attachment concepts from the two groups were 

compared and analyzed with respect to a number of metrics. The results from the 

experiment revealed that the methodology helped students to produce concepts that were 

higher in quantity and quality, and better met the design requirements. However, students 

using the methodology produced concepts with lower variety, and there was no 

noticeable difference in the novelty of generated concepts.  

To accurately predict PV system performance and determine whether a dual non-

planar configurable panel system is superior to a single flat panel system, a simulation 

model was conducted using a PV array performance model developed by Sandia National 

Laboratories, along with long-term historical meteorological data from the TMY3 hourly 

data set. This simulation was used for sizing photovoltaic modules and evaluating various 

solar energy system designs 
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The model was used to answer several important questions pertinent to the design 

of the PV system such as the PV panel size, battery bank size, panel orientation, the value 

of a solar tracker and MPPT charge controller, and whether the use of two separate PV 

modules with independent geometric orientations provides better performance compared 

to a single larger panel.  Experimental testing was used to address the last question. The 

results from the experimental testing revealed that a non-south facing PV system could 

outperform a south facing system depending on the weather conditions. It was 

determined that a two-panel system with independent geometric orientations would be 

ideal to provide design flexibility. 

The results from the analytical model provided many insights into designing an 

off grid PV system. Most importantly, when powering a static DC load, the system 

should be designed for the periods when solar insolation is at a minimum (typically the 

winter), as this will be the limiting case. This resulted in an optimal solar tilt angle 15 

degrees higher than the location latitude. A solar tracker was found to provide minimal 

benefits as winter time energy production would have minimal gains compared to simply 

increasing the size of panel. The optimal PV system design specifications for powering 

the WSN gateway, a static DC 14W load, for Austin include a 120W Polycrystalline PV 

panel, a 120 A-hr LiFePO4 battery bank, 45 degree tilt and 0 degrees solar azimuth angle 

(south), and an MPPT controller. The results from the analytical model also showed that 

the maximum energy produced with two independent panels is with a solar azimuth angle 

of 0 degrees (south) and tilt angles of 45 and 50 degrees, respectively. However, these 

energy gains are insignificant compared to increasing the size of the PV module.   

The physical embodiment of the solar energy harvester which included the mount 

to the bridge and the panel was conceptualized, refined, and prototyped. A novel idea of 

channeling sunlight to an enclosed solar cell using fiber optic cables for powering the 
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WSN node and router was discussed. Four different concepts for mounting the PV panel 

onto the bridge were presented along with their relative strengths and weaknesses. Two 

different designs were chosen for refinement and were analyzed for structural integrity 

using truss analysis and FEA simulation. It was determined that a single flat panel system 

would be preferred for deployment onto an actual bridge due to its fewer parts, secure 

connections, and ultimately fewer failure modes. The simulation revealed that the 

minimum factor of safety for this design when subjected to 100 MPH wind loads is 2.2.  

7.2: FUTURE WORK 

Future research into advancing solar energy harvesting for bridge health 

monitoring systems should be focused in the following areas: load power consumption, 

energy storage, theft-proofing, and weather proofing. 

Reducing the load power consumption will allow a reduction in the size of the PV 

panel, battery bank, PV mount, and overall cost. Methods of reducing the load power 

consumption can include reducing the rate of transmission/receiving, intelligent 

programming, or system deep sleep during periods of inactivity. Allowing the system to 

shut off during periods of low energy production for even a few hours can significantly 

reduce cost by allowing for a smaller battery bank. The life of the PV system is currently 

inhibited by the lifetime expectancy of the LiFePO4 battery bank. Future research into 

developing stronger carbon electrodes can be promising for extending lithium ion battery 

cycle life.  

The current prototype can be easily disassembled using standard tools and thus 

poses a significant risk for theft. Methods of mitigating this risk include positioning the 

system away from either end of the bridge, using non-standard fasteners, mounting a 

hidden GPS tracker, mounting a camera pointed towards the system, or hiding the system 
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from public view. These methods should be explored and utilized for deployment on 

future systems. 

The concept of channeling sunlight through fiber optic cables for powering a PV 

cell should be further explored. A laboratory experiment comparing the energy 

production from an enclosed PV cell with fiber optic cables to a PV cell mounted at a 

fixed tilt in direct sunlight should be conducted. The applications for this concept could 

be extended to supplying power for remote homes and other systems which may not have 

direct incidental sunlight. 

The potential applications of solar energy harvesting extend beyond bridge health 

monitoring and could be used to reduce or eliminate the formation of ice, snow and frost 

on bridge decks and roadways. The extra energy produced in the summer could 

potentially be stored in an underground heat sink or molten salts to use in the winter time. 
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Appendix A: List of Attachment Principles and TRIZ Principles with 

Examples 

Attachment 

Principle 

Domains 

Attachment 

Principles 
Definition Examples 

Mechanical 

Radial 

Expansive 

Applies a radially outward force within a 

hole 

Anchor bolts, 

Threaded inserts 

Radial 

Compressive 

Applies a radially inward force on an 

extrusion 
Zip ties, Hose clamps 

Axial 

Expansive 

Applies axially outward forces 

perpendicular to two surfaces 
Shower rod, Car jack 

Axial 

Compressive 

Applies axially inward forces 

perpendicular to two surfaces 

Table clamp, 

Doorway pull up bar 

Hook 

Object is suspended through the contact 

interface between the upward facing 

surfaces of an extrusion and the 

downward facing surfaces of an object 

Hangers, Backpack 

Material 

Adhesive 

Bonding 

Reactive: Adhesives that chemically 

react to harden. 

Epoxies, Light-curing 

materials 

Non-reactive: No chemical reaction 

required. 

Drying adhesives, 

contact adhesives, hot 

adhesives 

Coalescence 

Attachment where two or more 

components merge and form a singular 

part 

Concrete, Welding, 

Soldering, Brazing 

Cohesion 
Attachment describing the natural 

attraction of similar materials 

Water molecules, 

Surface tension 

Chemical 

Adhesion 

Attachment where the two surfaces form 

ionic, covalent, or hydrogen bonds 

Gecko
15

, Wet paper on 

glass 

Fields 

Magnetic 

The components are locked through the 

attraction of opposing magnetic fields. 

Magnetic field can be supplied through a 

permanent magnet or electrically 

generated. 

Magnetic base dial 

indicator, fridge 

magnets 

Vacuum 

The component interfaces are locked 

through the difference between ambient 

pressure and the pressure in the contact 

cavity 

Suction cups, GPS 

windshield mount 

Electric 
Attachment through the attraction 

between two electrically charged bodies 

Electrostatic chuck, 

static balloon 

Table A-1: List of attachment principles, definitions, and examples 
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Radial Expansive – Attachment principle which applies a radially outward force within a 

hole.  

Examples: Anchor bolts, Press fit threaded inserts, Dowel pin 

Enabling characteristics: Hole       

 

Figure A-1: Radial expansive attachment principle examples 

Radial Compressive – Attachment principle which applies a radially inward force on an 

extrusion. 

Examples: Zip ties, Hose clamps, Car cup holders 

Enabling characteristics: Extrusion 

Figure A-2: Radial compressive attachment principle examples 

Axial Expansive – Attachment principle which applies axially outward opposing forces 

perpendicular to two surfaces.  
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Examples: Shower rod, Car jack  

Enabling characteristics: Two parallel flat surfaces, two angled flat surfaces 

 

Figure A-3: Axial expansive attachment principle examples 

Axial Compressive – Attachment principle which applies axially inward forces 

perpendicular to two surfaces.  

Examples: Rivet, Clamp lamp, Pull up bar 

Enabling characteristics: Perpendicular edges, two parallel flat surfaces 

 

Figure A-4: Axial compressive attachment principle examples 

Hook – Attachment principle where the object is suspended through the curved or bent 

contact interfaces of an extrusion and an object. 
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Examples: Hanger, Backpack, Velcro 

Enabling characteristics: Extrusion 

 

Figure A-5: Hook attachment principle examples 

TRIZ Examples 

Principle of segmentation – To make a product easier to disassemble and more portable, 

consider dividing the object into many independent parts.  

Examples: Temporary Street light connected with flexible joints, Development of a roller 

conveyor with multiple rollers 

 

Figure A-6: Principle of segmentation examples 
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Principle of moving into a new dimension – Increase the degrees of freedom of the 

attachment so that the object can be oriented in many different ways. Use a multi-layered 

assembly instead of a single layer. Incline the object or turn it on its side. Use the other 

side of an area. 

Examples: Robotic Arm with multiple degrees of freedom, Multi-layered shelf 

 

Figure A-7: Principle of moving into a new dimension examples 

Principle of universality – Let one object perform several different functions. Remove 

redundant objects. 

Examples: Hat being used as a handbag, Luggage handle being used as an iron  

 

Figure A-8: Principle of universality examples 
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Principle of counterweight – To make the product more stable and balanced in weight, 

consider using counterweights. 

Examples: Chalkboard being raised/lowered with counterweights (Fig. 21), Crane staying 

upright through counterweights (Fig. 22) 

 

Figure A-9:  Principle of counterweight examples 

Principle of introducing protection in advance – To increase the reliability of the product, 

introduce protections against accidents before the action is performed.  

Examples: Protection (Anchors) in lead climbing (Fig. 23), Fuses designed to limit excess 

current draw (Fig. 24) 

 

Figure A-10: Principle of introducing protection in advance examples 



 133 

Appendix B: Bridge and Wind Energy Harvester Drawings 

 

Figure B-1: Bridge cross section with dimensions 

 

Figure B-2: Bridge underside view 
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Figure B-3: Wind energy harvester drawings 

  



 135 

Appendix C: Design A Dimensional Drawings and Bill of Materials 

 

Figure C-1: Design A rear view with major dimensions 
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Figure C-2: Design A side view with major dimensions 
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Design A: Bill of 

Materials 
   No

. 
Part Name Description Supplier Part No. Qty. 

1 solarPanels 
SolarLand 60W 12V Solar 

Panel (set of two) 

mrsolar.c

om 

SLP060-

12U 
1 

2 verticalPole 

2 inch SCH 40 (2.375 OD X 

.154 wall)  A500 ERW 

Structural Carbon Steel Pipe 

- Uncoated 

metalsdep

ot.com 
T52 1 

3 
uChannel1_topP

ole 

Multipurpose Aluminum 

(Alloy 6061) U-Channel, 5" 

Base X 2-3/4" Legs, 1' 

Length 

mcmaster.

com 
1630T362 1 

4 uBolt2 

Clamping U-Bolt Chrome-

Plated Steel, 5/16"-18 

Thread, for 2-1/2" OD 

mcmaster.

com 
3042T44 6 

5 
uChannel2_betw

eenPanels 

Multipurpose Aluminum 

(Alloy 6061) U-Channel, 3" 

Base X 1-3/4" Legs, 3' 

Length 

mcmaster.

com 
1630T321 1 

6 aluminumHinge 

Unfinished Alum Surface-

Mount Hinge w/o Holes 

Nonremovable Pin, 3" H, 3" 

W, .120" Thk 

mcmaster.

com 
1609A22 4 

7 
uChannel3_bott

omPole 

Multipurpose Aluminum 

(Alloy 6061) U-Channel, 5" 

Base X 2-3/4" Legs, 1' 

Length 

mcmaster.

com 
1630T362 1 

8 
telescopeChanne

l_big 

Outer Telescoping U-

channel 

ironridge.

com 

51-3517-

207 
3 

9 
telescopeChanne

l_small 

Inner Telescoping U-

channel 

ironridge.

com 

51-3517-

208 
3 

10 
uChannel4_side

Panels 

U-channel attaching ball 

joint to panel 

mcmaster.

com 
1630T473 2 

11 

uChannel5.2_bal

lJointChannelAd

apterPole 

U-channel attaching ball 

joint to inner telescoping U-

channel 

mcmaster.

com 
1630T473 4 

12 

uChannel6_pole

2SidePanelAdap

ter 

U-channel attaching pole 

side ball joints to pole 

adapter 

mcmaster.

com 
1630T321 1 
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13 ballJoint 

Ball joint attaches 

telescoping u-channels to 

pole or panel 

mcmaster.

com 
6960T61 4 

14 
poleBallJointAd

apter 
Attaches part 12 to pole 

mcmaster.

com 
8975K316 1 

15 
bridgeAngleMo

unt 

8 x 8 x 1/2 Steel Angle  A-

36 Steel Angle 

metalsdep

ot.com 
A28812 1 

16 

uChannel7_steel

Pole2AngleAda

pter 

Attaches pole to bridge 

mount 

metalsdep

ot.com 
C2590 1 

17 
.375screw_1.75l

ength 

Grade 8 Coated Alloy Steel 

Hex Head Cap Screw 3/8"-

24 Thread, 1-3/4" Length 

mcmaster.

com 

91286A24

9 
1 

18 

.250-

28screw2.50leng

th 

18-8 SS Hex Head Cap 

Screw 1/4"-28 Thread, 2-

1/2" Length 

mcmaster.

com 

92198A11

5 
2 

19 
.250-

28diameterNut 

18-8 Stainless Steel Nylon-

Insert Hex Locknut 1/4"-28 

Thread Size, 7/16" Width, 

5/16" Height 

mcmaster.

com 

91831A12

0 
2 

20 
.250washerRubb

er.750od 

Abrasion-Resistant 

Reinforced Rubber Washer 

1/4" Screw Size, 3/4" OD, 

1/8" Thick 

mcmaster.

com 

90131A10

2 
8 

21 
.250screwSpacer

1.3125length 

18-8 Stainless Steel 

Unthreaded Spacer 1/2" OD, 

1-5/16" Length, 1/4" Screw 

Size 

mcmaster.

com 

92320A91

0 
2 

22 
.375weldNutSte

el 

Plain Steel Tab-Base Weld 

Nut W/Center Pilot 3/8"-16 

Thread Size 

mcmaster.

com 

98001A14

5 
1 

23 
.375screw_3.5le

ngth 

18-8 SS Hex Head Cap 

Screw 3/8"-16 Thread, 3-

1/2" Length 

mcmaster.

com 

92198A63

8 
1 

24 
.3125-

18nylonLockNut 

18-8 Stainless Steel Nylon-

Insert Hex Locknut 5/16"-18 

Thread Size, 1/2" Width, 

11/32" Height 

mcmaster.

com 

91831A03

0 
1 

25 Enclosure Box 
Box to hold batteries and 

electronics 

alliedelec.

com 

PJU16148

F 
1 

Table C-1: Design A - Bill of Materials 
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Appendix D: Design B Dimensional Drawings, Bill of Materials, 

Assembly and Test Procedures 

 

Figure D-1: Design B rear view dimensional drawing 
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Figure D-2: Design B side view dimensional drawing 
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Design B: Bill of Materials 
   

No. 
Part 

Name 
Description Supplier 

Part 

No. 
Qty. 

1 PV Panel 120W Polycrystalline PV Panel Solarland 
SLP120-

12U 
1 

2 Batteries 
LiFePO4 Prismatic Battery: 

12.8V 40Ah 

Batteryspac

e 

LFP-

G4S40A

H 

3 

3 
Large 

Bucket 

Steel U-channel attaching top of 

panel to center pole 

Metalsdepo

t.com 
C2454 2 

4 
Clips 

(right) 

Aluminum angle connecting large 

bucket to panel 
Ironridge 

51-

4517-

243 

1 

5 
Clips 

(left) 

Aluminum angle connecting large 

bucket to panel 
Ironridge 

51-

4517-

244 

1 

6 Rails 
Aluminum extrusion providing 

attachment support for panel 
Ironridge 

51-

0527-

001 

2 

7 
Outer 

Channel 
Outer telescoping U-channel  Ironridge 

51-

3517-

208 

2 

8 
Inner 

Channel 
Inner telescoping U-channel Ironridge 

51-

3517-

207 

2 

9 

Inner 

Channel 

Bracket 

Aluminum bracket connecting 

rails to inner channel 
Ironridge 

51-

3517-

204 

2 

10 

Outer 

Channel 

Bracket 

Aluminum bracket connecting 

large bucket to outer channel 
Ironridge 

51-

3517-

203 

2 

11 
Backbone 

U-channel 

Steel U-channel adapting buckets 

to pole 

Metalsdepo

t.com 
C24725 1 

12 Pipe 2.5" Schedule 40 Steel Pipe 
Metalsdepo

t.com 
t5212 1 

13 

Bridge 

Angle 

Mount 

8" x 8" Steel angle adapter to 

bridge 

Metalsdepo

t.com 
F2128 1 

14 
Angle Leg 

Extension 
Extension to bridge angle mount 

Metalsdepo

t.com 
F2126 1 
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15 

Lower 

Pole U-

channel 

Steel U-channel attaching pole to 

square tubes 

Metalsdepo

t.com 
C24725 1 

16 
Plate 

Bracket 

Steel plate attaching u-channel to 

square tubes 

Metalsdepo

t.com 
F2124 1 

17 

Main arm 

tube 

square 

Square steel tube  
Metalsdepo

t.com 

T11341

1 
1 

18 

Support 

arm tube 

square 

Square steel tube supporting main 

arm 

Metalsdepo

t.com 

T11341

1 
1 

19 
.375"-16, 

4" screw 

18-8 SS Hex Head Cap Screw 

3/8"-16 Thread, 4" Length 

Mcmaster.c

om 

92198A

640 
8 

20 
.375"-16 

Locknut 

18-8 Stainless Steel Nylon-Insert 

Hex Locknut 3/8"-16 Thread 

Size, 9/16" Width, 29/64" Height 

Mcmaster.c

om 

91831A

127 
16 

21 
.375"-16, 

.75" screw 

18-8 SS Fully Threaded Hex 

Head Cap Screw 3/8"-16 Thread, 

3/4" Length 

Mcmaster.c

om 

92240A

622 
16 

22 
.375"-16, 

1" screw 

18-8 SS Fully Threaded Hex 

Head Cap Screw 3/8"-16 Thread, 

1" Length 

Mcmaster.c

om 

92240A

624 
8 

23 
.3125"-18, 

1" screw 

18-8 SS Fully Threaded Hex 

Head Cap Screw 5/16"-18 

Thread, 1" Length 

Mcmaster.c

om 

92240A

583\ 
22 

24 
.3125"-18 

locknut 

18-8 Stainless Steel Nylon-insert 

Hex Locknut, 5/16"-18 Thread 

Size, 1/2" Width, 11/32" Height 

Mcmaster.c

om 

91831A

030 
22 

25 

.5"-13, 

1.375" 

screw 

18-8 Ss Fully Threaded Hex Head 

Cap Screw, 1/2"-13 Thread, 1-

3/8" Length 

Mcmaster.c

om 

92240A

716 
4 

26 
.5"-13 

locknut 

18-8 Stainless Steel Nylon-insert 

Hex Locknut, 1/2"-13 Thread 

Size, 3/4" Width, 19/32" Height 

Mcmaster.c

om 

91831A

137 
4 
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27 Enclosure  
Enclosure to hold batteries and 

electronics 

alliedelec.c

om 

PJU161

48F 
1 

Table D-1: Design B - Bill of Materials 

Mechanical Assembly Procedure 

1. Coat all steel and aluminum components with galvanizing coating. 

2. Mount rails [6] onto PV module [1] using ¼”-20 screws supplied with Ironridge 

SP-01XH kit. Make sure the lip of the rail is pointing towards the center of the 

module. 

3. Attach right and left clips [4,5] to the rails using 5/16” screws and nut [23,24]. 

4. Attach inner channel brackets [9] to rails using 5/16” screws and nut [23,24]. 

5. Mate backbone u-channel [11] to pipe [12] using long 3/8” screws [19] and 

locknuts [20]. Pipe will need to be rigidly fixed to an anchor while installation 

takes place. 

6. Mount large buckets [3] onto backbone u-channel [11] using 3/8” screws [21] and 

locknuts [20]. 

7. Attach outer channel brackets [10] to bottom large bucket using 3/8” screws [21] 

and locknut [20]. 

8. With the help of another person, lift the panel assembly and attach the right and 

left clips to the top large bucket using 5/16” screws [23] and accompanying 

locknuts. 

9. Attach inner channels [8] to the inner channel bracket using 5/16” screws [23] and 

locknuts [24].  

10. Attach outer channel [7] to outer channel bracket [10] using 3/8” screws [21] and 

locknut [20]. 
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11. With the help of another person, adjust the panel to the desired tilt and attach 

5/16” screws [23] and locknuts [24] to both ends of the intersecting u-channels.  

12. Attach lower pole u-channel to bottom of pole by using long 3/8” screws [19] and 

locknuts [20].  

13. Weld angle leg extension [14] to bottom edge of bridge angle mount [13]. 

14. With the flat ends of the tube squares [17,18] sitting flush on a surface, weld the 

contacting surfaces of the tubes squares.  

15. Place tube square part flat upon the bridge angle mount part and weld the 

contacting surfaces together. 

16. Place flat end of main arm tube square [17] flush upon plate bracket [16] and 

place weld on contacting surfaces. 

17. Attach plate bracket [16] onto lower pole u-channel [15] using ½” screws and 

locknuts [25,26]. 

18. Attach enclosure onto rear side of pole, away from panel, using the predrilled 

aluminum sheet metal cutout.  
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Electrical Connection Procedure 

1. Each 12.8V 40 Ah battery pack consists of four 3.2V cells connected in series. 

The cells from each of these battery packs must be disconnected and reconnected 

to the PCM inputs as shown in the figure below. 

 

Figure D-3: Battery PCM connection diagram 

2. The SunSaver MPPT charge controller has three terminals: Solar panel, Load, and 

Battery. The leads from the panel must be stripped and connected to the solar 

panel input of the charge controller.  

3. The positive and negative terminals of the PCM must be connected to the battery 

input of the charge controller. Make sure a 25 amp fuse is connected in series. 

4. The load terminal from the charge controller must be connected in parallel with 

all devices requiring power. Make sure a 25 amp fuse in connected in series and 

all devices can operate from 12-15V DC.  

5. The wiring diagram for the system should be as shown in figure D-4. 
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Figure D-4: PV electrical wiring diagram (Morningstar, 2012) 

PV System Testing Procedure 

1. Place panel at 45 degree tilt orientation. 

2. Place all batteries, loads, charge controller, and wireless modem in enclosure. 

3. Mount pole with attached panel and enclosure in an area with no potential 

shading.  

4. Install temperature sensors within enclosure and have data continuously logged by 

WSN onto gateway. 

5. Program SunSaver MPPT charge controller to log power and temperature data at 

intervals of 60 seconds and store data on charge controller itself or on gateway. 

6. Have system run for 2 weeks with continuous data logging.  

7. Compare average daily energy produced to simulation data from figure 5.6.  

8. Ensure temperature within enclosure does not exceed maximum temperature 

rating of electronics and batteries.  
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