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In This Issue (p.33): 
 Cathodic Protection for Oil and Gas Pipelines 

The average person 
not involved in the na-
tion’s oil and gas pipe-
line industry could be 
forgiven for not seeing 
why it is, in fact, quite 
important that we ad-
vance the technology of 
identifying pipeline leaks. Still, this average person likely 
remembers the worst oil spill in US history—the Deepwater 
Horizon spill in 2010. That Exxon Valdez oil slick covered 
1300 miles of coastline. So allow me a minute to explain 
why I want to focus on this topic today. According to the 
Center for Biological Diversity (in an analysis by Richard 
Stover, PhD), between 1986 and 2013 there have been near-
ly 8000 incidents, resulting in more than 500 deaths and 
nearly $7 billion in damage, for an average of nearly 300 
per year at a cost of $250 million. These pipeline accidents 
have spilled an average of 76,000 barrels per year, or more 
than three million gallons, equivalent to 200 barrels every 
day. And oil is by far the most commonly spilled substance, 
followed by natural gas and gasoline. I believe you would 
agree that we also need to understand the causes of these 
spills, before we can formulate the best plans for solving 
related problems. This same Center for Biological Diversity 
report identified the top three causes of related incidents as 
excavation damage (24.3%), corrosion (18.2%), and materi-
al/weld/equipment failure (17.1%). 
 

In pipeline construction, however, one material or type 
does not fit all. Field pipelines for transporting oil and gas 
typically fall into two categories: untreated well head fluid 
and treated fluid. Pipelines can also be used to transport 
single-phase or multiphase fluids. It should come as no sur-
prise that the material chosen for construction is selected 
based on these and other requirements. This is key as, again, 
there is not one type of pipe to cover all fluids or gases. By 
the same token, pipe manufacturers and system designers 
must choose appropriate materials for specific tasks and 
circumstances. For example, if a pipeline is designed for 
treated natural gas, it may experience corrosion problems if 
switched to carry untreated natural gas. And, of course, lay-
ing subsea pipelines has its own challenges over laying un-

derground or above-
ground pipelines. Another 
scenario is one in which 
natural gas can have ex-
cessive moisture, if it isn’t 
diverted to a flare instead 
of simply pumping the wet 
gas through the pipeline. 

    It goes without saying that 
there exist countless tech-
niques for preventing corro-
sion and the manufacture of 
pipes of different materials in 
order for designers to choose 
the best system and materials 
for a given application. But 

the focus of the featured article today is on pipeline inspec-
tion. Yes, numerous companies and individuals are working 
on creating better-quality systems. But we’ve seen that all 
systems will eventually develop physical failures and cause 
leaks. And identifying these inevitable failures before they 
cause leaks is the other side of the attack of the overall 
problem. According to the Pipeline and Gas Journal, “a sig-
nificant portion of many pipeline systems cannot be inspect-
ed through traditional methods.” Non-continuous (and argu-
ably low-tech) methods include inspection by helicopter, 
smart pigging, and tracking dogs. Obviously, these methods 
are very limited in scope. External continuous methods in-
clude fiber-optic cables, acoustic systems, sensor hoses, and 
video monitoring, while internal methods include pressure-
point analysis, mass-balance method, real-time transient 
model-based systems, and extended-RTTM (E-RTTM) sys-
tems. Other techniques include guided-wave inspection 
technology, and a magnetostrictive sensor (MsS) inspection 
system that uses inexpensive ribbon cables and thin magne-
tostrictive strips bonded to the component. 
 

This, then, brings me to our featured article in which the 
authors propose a new method for controlling cathodic pro-
tection. Cathodic protection is a technique used to control 
the corrosion of a metal surface by making it the cathode of 
an electrochemical cell. The authors’ remote monitoring and 
control device (RMCD) adjusts the level of protection in 
real time and removes the dangers and costs associated with 
frequent pipeline checks. With this RMCD, routine checks 
can be cut to zero, while giving technicians the ability to 
adjust remotely in real time. The system can also send up-
dates using cellular technology, thereby making it easy to 
get alerts in the event of a fault and shortening response 
times. The fact that each node can report to the same host 
provides the ability to create a smart system for cathodic 
protection on any pipeline 
network. This RMCD is a 
completely integrable solu-
tion. It is primarily designed 
for legacy systems but can 
also be applied in new instal-
lations, where there is one 
system to take care of many 
cathodic protection needs. 

——————————————————————————————————————————————–————      
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Production Optimization of a Ramp-Up 
Abrasive-Disk Manufacturing System 

Using Discrete-Event Simulation 
——————————————————————————————————————————————–———— 

Ali Alavizadeh, Purdue University Northwest; Lash Mapa, Purdue University Northwest 

discrete-event simulation in conducting their research and 
the disciplines range from production systems to supply 
chain and healthcare. Smith (2003) and Negahban and 
Smith (2014) discussed the results of a survey about how 
practitioners used simulation in the design and operation of 
manufacturing systems. Furthermore, Ferreira, Ares, Peláez, 
Marcos, and Araújo (2012) reported on how ARENA 
(another simulation package) was used in studying an auto-
mobile assembly line.  

 
In a non-manufacturing application, for example, Chen, 

Guinet, and Ruiz (2015) used Simio to model the evacua-
tion of a mid-sized hospital prior to an anticipated flood. 
They also conducted a sensibility study to assess evacuation 
time, using 2k factorial design. Hassan and Abdelsalam 
(2014) applied discrete-event simulation in exploratory re-
search to use Simio in studying the supply chain of contra-
ception methods in Egypt. They mentioned that discrete-
event simulation and Simio had not been used in studying 
similar healthcare problems in Egypt. They simulated two 
regional warehouses with stocks of two contraception meth-
ods, tablets and loops, and, based on the results, they con-
cluded that their attempt was successful. 
 

Some researchers have also considered the integration of 
various software packages and methods to enrich their stud-
ies. For instance, Dehghanimohammadabadi and Keyser 
(2017) integrated MATLAB into a process within a Simio 
model to create an optimizer that used a genetic algorithm, 
simulated annealing, and particle-swarm optimization. They 
discussed the steps needed to optimize N number of jobs on 
M available machines without preemption, and discussed a 
few potential applications involving the optimizer.  
 

Methodology 
 

The manufacturing line consisted of four press machines, 
with one operator at each station, that produced the disks 
(hereafter referred to as wheels). A quality inspector exam-
ined the wheels on their way to the press machine. The pre-
liminary study indicated that, on average, about 95% of the 
wheels passed the inspection. Figure 1 shows a schematic of 
the manufacturing line. Figure 2(a) shows how the wheels 
then moved to the loading station where two operators put 
them onto a pin that held 75 wheels. Figure 2(b) shows how, 
after being placed onto the pins, they moved to the wheel 
press machine, where an operator pressed the wheels down, 
placed a string above them, and secured the spring with a 
small pin. 

Abstract 
 

The goal of the project was to evaluate how a mid-size 
manufacturing company would respond to a production 
ramp-up, due to a sudden increase in customer demands. In 
particular, the authors were interested in learning whether 
the current production capacity cold meet the demand and 
how the company might need to optimize operations. The 
managers were not sure if they could meet the demand, in 
particular due to the lack of an analytical model represent-
ing the operation. In this paper, the authors outline the steps 
taken to model and simulate a mid-size abrasive manufac-
turing company in order to optimize workforce and machine 
utilization. The model was built using Simio software, and 
the results were compared with the actual data being collect-
ed from the operation for verification and validation. The 
analysis indicated that the production line would be capable 
of meeting the demand, if the disk loading and unloading 
station were optimized in terms of the number of pins and 
towers available for loading and unloading the disks. 
  

Introduction 
 

Waste reduction, in any form, constitutes the major focus 
of lean system implementation. Various tools and methods 
are readily available to practitioners for such implementa-
tion, one of which involves computer modeling and simula-
tion. In this paper, the authors present the results of build-
ing, testing, and conducting a set of simulation experiments 
in order to help a mid-size manufacturing company in its 
attempt to reduce waste, thus becoming a leaner enterprise. 
 

Problem Statement and Background 
Information 
 

The company is a mid-size manufacturing plant whose 
primary product is abrasive disks for domestic and interna-
tional customers. The company faced a sudden increase in 
demand for one of its products, referred to as a 3M abrasive 
disk. The customer would require that the order be ready in 
a fairly short time (three months). Management, however, 
was unsure if they could meet the demand, considering the 
fact that their current production capacity was not known 
accurately, and that other orders needed to be completed. 
Modeling and simulation is a common method used to study 
various systems and to gain insight into how they work and 
improve performance by running various scenarios. There 
are numerous articles in which the authors implemented 

 ——————————————————————————————————————————————————
International Journal of Engineering Research and Innovation | v12, n1, Spring/Summer 2020                               5 



——————————————————————————————————————————————–———— 

——————————————————————————————————————————————–———— 

 6                              International Journal of Engineering Research and Innovation | v12, n1, Spring/Summer 2020 

(a) Wheels are placed onto a pin.        (b) Wheel press machine. 

 
Figure 2. Movement of the wheels on the manufacturing line. 

 
Figure 3 shows how the operator placed the compressed 

pins in a metal rack (tower) whose capacity was 48 pins. 
Finally, the towers were wheeled into four ovens, each of 
which held four towers with a cycle time of 36 hours. There 
were two daily shifts in a six-day work week. After discus-
sion and deliberation, it was decided that a two-phase study 
would be most appropriate:  
 
Phase 1: Learn about the current manufacturing system in 
terms of workstation cycle time, and identify potential 
sources of waste (buffers, excessive materials, tools, etc.). 
 
Phase 2: Focus on areas identified in Phase 1 for modifica-
tion. 
 

(a) The towers. 

(b) The ovens.  

 
Figure 3. Placement of the compressed pins. 

 

Press Machine 

Press Machine 

Press Machine 

Press Machine 

Quality 
Check 

Loading Station 

Tower 
Storage 

Wheel Press Machine 

Oven 

Oven 

Oven 

Oven 

Pin and Tower 
Removal 

To packaging 
And shipping 

Figure 1. The company’s manufacturing line.  



——————————————————————————————————————————————–———— 

 

A graduate student conducted Phase 1 as part of his mas-
ter’s project, with the goal of developing a set of recommen-
dations for the company to start implementing lean princi-
ples. The information obtained from this phase, such as 
workstation cycle times, was used in Phase 2, which is the 
focus of this current research project. One of the outcomes 
of Phase 1 was that an excessive number of pins and towers 
in the system were either ready to enter the ovens or were 
empty. The plant manager also mentioned that they won-
dered if they could maintain the same production rate with 
fewer pins and towers. Therefore, the authors focused on 
two workstations where pins and towers were used: loading 
station and wheel press machine (see again Figure 1). Two 
operators worked at the loading station whose cycle time 
varied between two and six minutes. They loaded 75 wheels 
onto a pin. One operator worked at the wheel-press station, 
with a cycle time of one to three minutes necessary to press 
the wheels, put them into a tower, and wheel the tower to 
the tower storage. A simulation model was built using 
Simio software, a discrete-event simulation software pack-
age that uses an object-oriented modeling paradigm as well 
as agent-based modeling (Simio, 2018). Figure 4 shows the 
model that was built in Simio. 
 

After verifying the model, the authors validated the re-
sults by comparing an eight-hour shift throughput of the 
actual line with the one produced by the model, which was 
satisfactory (e.g., the average of simulated output of the four 
press machines was 18,140 wheels, while the actual total is 
close to 18,000). The simulation time was set to one week 
(six working days with two shifts). The independent varia-
bles of interest were the number of pins and the number of 
towers, and the dependent variable (response) was the num-
ber of towers ready to enter an oven. Table 1 shows that, 
originally, the authors designed 16 scenarios with various 
values for the independent variable. 

Table 1. Original values of independent variables used for the 
simulation. 

* The value increased by increments of 10 in each simulation run 
(i.e., 870, 880, etc.). However, the authors changed the settings in order 
to achieve more accurate results. 

 

Discussion 
 

After running 16 experiments with various levels of the 
independent variables (Table 1), it was observed that the 
number of loaded wheels (those placed onto a 75-pin 
wheel), and the number of pressed wheels (loaded pins  
pressed down by a spring secured on top) increased. Figure 
5 shows that these numbers reached a maximum level be-
yond which any change in the independent variables had no 
impact. In fact, the total number of towers that all four ov-
ens could simultaneously handle was 16, since each oven 
had the capacity of only four towers. Figure 4 shows that, 
after the 36-hour cycle, the empty towers and pins were 
returned to their corresponding stations, namely loading and 
pallet loading stations, such that those stations would not 
starve. Table 2 shows that the authors conducted another set 
of 16 experiments with different values for the number of 
pins in order to observe changes, if any, in the number of 
loaded and pressed pins ready to enter the towers. Figure 6 
shows the results, indicating that a maximum level of exited 
pins was reached. The results of another 16 simulations with 
18 pins confirmed this conclusion. Therefore, the authors 
did not run the simulation for the values of 20 and 25.  

——————————————————————————————————————————————–———— 
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Figure 4. The facility review of the model. 

The maximum number 
of pins available 

The range of the maximum 
number of towers available* 

15 870-1020 

18 870-1020 

20 870-1020 

25 870-1020 
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(a) The number of loaded pins. 

(b) The number of pressed pins. 

Figure 5. The number of pins ready to exit their stations. 
(maximum available number of pins = 15, the range of available towers = 870-1020) 



——————————————————————————————————————————————–———— 

 

(a) The number of loaded pins. 

(b) The number of pressed pins. 

Figure 6. The number of pins ready to exit their stations. 
(maximum available number of pins = 18, the range of available towers = 950-1100) 

——————————————————————————————————————————————–———— 
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Table 2. The original values of independent variables used in the 
simulation. 

* The value increased by an increment of 10 in each simulation run 
    (i.e., 950, 960, etc.). 

 
Figure 7 shows that the utilization of the loading and 

wheel-press stations was quite high, more than 95%. Alt-
hough the plant manager did not have exact figures, he did 
mention that these stations were among the busiest in the 
manufacturing line.  

The maximum number 
of pins available 

The range of the maximum 
number of towers available* 

15 950-1100 

18 950-1100 

(a) Wheel press utilization. 

(b) Loading station utilization. 

Figure 7. Station utilization. 



——————————————————————————————————————————————–———— 

 

With regards to a ramp-up production (a sudden increase 
in production rate), the simulation experiments showed that, 
regardless of any change in the steps leading to the ovens, 
line throughput could not be increased, due to the ovens’ 
capacity and cycle time of 36 hours. The maximum number 
of wheels ready to be sent to the shipment department could 
not exceed 14,400, and the cycle time, a process require-
ment, could not be changed. Due to financial constraints, 
the company was not looking at adding a new oven to the 
line and, therefore, the authors did not consider that scenar-
io. 
 

Conclusions 
 

Based on the results of simulations, the authors believe 
that the company can still operate and achieve the current 
production rate with fewer pins (between approximately 
1000 and 1020). As far as the number of towers, they are 
able to maintain the same production rate with a total of 18 
to 20 towers.  
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Abstract 
 

The less-than-truckload (LTL) and distribution trucking 
industry suffers from a lack of understanding of or apprecia-
tion for automated seamless loading and unloading of pal-
lets. Loads are often put on the wrong trailers and customers 
are frustrated with missing deliveries. Loads are often left 
on trailers and forgotten about or hidden behind other loads. 
The purposes of this current experiment were four-fold: 
first, understand when a pallet crosses the threshold of a 
trailer during loading (association of the load to the trailer); 
second, identify the location of the load on the trailer; third, 
removal of the load from the trailer at the delivery location 
(disassociation and delivery); and, fourth, locate each dis-
connected trailer and what load, if any, each trailer has on 
board. Some side benefits and/or requirements discovered 
during the study included: 1) the systems had to be solar 
powered, as disconnected dry-van style trailers were with-
out power when disconnected from the trailer; 2) GPS was 
required in the system in order to locate the disconnected 
trailer along with an inventory of loaded materials; 3) sens-
ing whether the door was open or closed was important for 
determining system behavior and analyzing the location of 
debarkation of loads; and, 4) there was a natural theft deter-
rent to the system (e.g., open doors in an unauthorized loca-
tion). In this paper, the authors present the results of a study 
conducted at a major beverage distributor using Bluetooth 
low-energy (BLE) beacons placed on pallets during normal 
operations at the distribution facility. 
 

Introduction 
 

The LTL and distribution trucking industry have been 
slow to adopt newer technologies for automated identifica-
tion of loads on trailers for a variety of reasons. One of the 
key drawbacks to most solutions is that they do not address 
the complete need of the industry using a single technology. 
Most of these trucking and distribution companies still use 
paper-based logistics systems for loading and unloading 
trailers. Mistakes are frequent and expected. A review of the 
current technologies was conducted prior to choosing BLE 
beacons for this study. Passive radio frequency identifica-
tion (RFID) was at first considered the key technology for 
this application, but it was found that passive RFID does not 
operate well where there is a high concentration of liquid or 
metal, in addition to the challenges of 100% detection of 
pallets at the door and the location of each on the trailer. 
Active RFID was also reviewed, and while it has many sim-
ilar characteristics to BLE beacon technology, the proprie-

tary nature of active RFID withdrew other potential side 
benefits of the system. BLE beacons seemed to give the 
functionality required as well as the potential future growth 
of the use of the pallets. The ubiquitous nature of Bluetooth 
in phones, tablets, and computers provides benefits to the 
users beyond the scope of this study, but may include loca-
tion of pallets of goods in a warehouse with handheld devic-
es or fixed infrastructure, inventory of a trailer using a basic 
tablet or phone, and inventory of empty pallets destined for 
reuse. 
 

Research related to BLE in the supply chain and trucking 
industry is limited, but strong support for Bluetooth technol-
ogy for logistics and supply chain-related companies such 
as FedEx, UPS, and DHL was found (Tarn, Pang, Yen, and 
Chen, 2009). However, their research concentrated on the 
use of peripherals for drivers and delivery personnel to op-
erate in a safer environment. de Blasio, Quesada-Arencibia, 
Rodríguez-Rodríguez, García, and Moreno-Diaz (2018) 
performed research on BLE beacons in a static environment, 
much like one of the trailer use cases. In this research, the 
beacons were measured in free space and at varying orienta-
tions. Unlike the current study, this team utilized the highest 
power setting of the beacon and came away with mixed 
results. Ng, She, and Park (2018) looked at the use of bea-
con density in a proximity of interest (PoI) system that ap-
plies, to some degree, to the current study. Proximity to a 
specific edge relay device within the trailer helps us know 
for sure that the pallet is loaded on the trailer, but this does 
not resolve to a high degree the location or the passage 
across the threshold.  
 

In another study regarding indoor positioning using BLE, 
Zho, Liu, Zhang, and Fang (2018) introduced a method of 
graph optimization-based methods to help understand loca-
tion based on inertia and pedestrian dead reckoning. Anoth-
er smartphone-based study was conducted by Shchekotov 
(2016) in which the log-normal path loss of BLE signals 
was evaluated. His research helped in understanding the 
indoor multipath and signal variations observed in a semi-
trailer. One of the most interesting papers discovered during 
this literature review was the concept of “fingerprinting” 
locations within a space. Fingerprinting is a technique used 
to establish a known set of RF characteristics of sectors to 
create an expectation of those parameters when actual de-
vices are within that area. Faragher and Hale (2015) com-
pared Wi-Fi fingerprinting and BLE fingerprinting and 
found that BLE fingerprinting provided a higher degree of 
location accuracy. In this paper, the authors also illustrate 
the susceptibility of fast fading. 
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During this current study, the highest priority was to un-
derstand with BLE beacons when a pallet crossed the 
threshold of the trailer. All other purposes were subsequent 
to understanding when pallets moved onto or off of the trail-
er. With this in mind, a strong effort was placed on radio 
frequency (RF) design, including antenna selection and 
placement, beacon settings (frequency of advertisements 
and power), and the proper arrangement of the system on 
the trailer. 
 

Methodology 
 

The current study was performed at Silver Eagle Distribu-
tors in Houston, TX, tracking pallets of beverages destined 
for customers. The following case studies were examined 
for feasibility: 1) RF equipment type and placement within 
the trailer; 2) threshold passage of pallets during loading 
operations; 3) placement of pallets within the trailer;          
4) threshold passage of pallets during unloading; 5) data 
collection and processing of location information; and, 6) 
solar power integration. Many of these studies overlap in 
execution. The equipment utilized for the test were four 
BlueCats Edge relays (one master with LTE and GPS), a 
number of BlueCats BC313 AA beacons, a PC, and a Rasp-
berry Pi device for data collection. Data were collected us-
ing a Wi-Fi connection through an access point and stored 
into a .csv file. In addition, a variety of power sources were 
used for testing, including solar power and battery packs. 
 

Prior to any other activity, it was necessary to understand 
the RF performance of a variety of antennas and antenna 
placements within the trailer in order to create a significant 
variation in the received signal strength indicator (RSSI) 
when passing through antenna zones. It was surmised in the 
planning process that the system required directional anten-
nas with narrow beam width and good back lobe suppres-
sion at the entry point of the trailer. Two additional antennas 
would be placed within the trailer at the midpoint and nose 
(the back would be the deepest part of the trailer). A variety 
of tests were performed utilizing antennas from a number of 
manufacturers and styles. For this current study, the BLE 
beacons were set to the lowest power setting and a beacon 
rate of 10 per second. The objective of these settings was to 
increase sensitivity to location within the beam width of the 
antennas and to create a significant number of samples for 
analysis. For all graphs/charts, RSSI is the y-axis and time 
is the x-axis. Each test period was approximately one mi-
nute in duration. 
 

Figure 1 shows an excellent response in RSSI at the entry 
door antennas, as indicated by the sharp rise in signal 
strength, while the center and back (nose) antennas show a 
poor RSSI response. The four lines in the chart represent the 
RSSI of a single beacon as it passes by the four antennas. In 
the case of Figure 1, the gray line is the Door Left antenna 
and the yellow line represents the Door Right antenna. The 
blue line shows the Nose/Back antenna and the red repre-
sents the antenna in the center of the trailer. As mentioned 

earlier, the chart represents RSSI over time. Clearly, the 
door antennas had a significant response to the passing of 
the beacon between them. During testing, narrow beam-
width antennas were chosen in expectation that a clear re-
sponse in RSSI would be achieved as the beacon passed 
through that particular zone. This change in RSSI was one 
of the key areas of focus for this current study. The lack of 
response from the center and nose antennas prompted a 
number of additional tests across a variety of antenna op-
tions. 
 

Figure 2 indicates a significant change in RSSI in the cen-
ter and back (nose) antennas, after choosing a narrower 
beam width antenna in each location. In Figure 2, the yel-
low line represents the center antenna and the blue line rep-
resents the Nose/Back antenna. The test in this case was to 
carry a beacon from the door to the nose and back out the 
door. The two peaks indicate the transition into and out of 
the trailer, passing the center antenna twice. Figure 3 shows 
the system diagram. All edge relay devices support Wi-Fi, 
but an additional master edge relay (called an LTE Edge 
Relay) was utilized to obtain GPS location and cellular 
wireless data beyond the trailer. Figure 4 indicates the final 
design of the antenna arrangement, which displays the trail-
er from overhead and shows the positions of each antenna 
(blue squares) in the system. 

Figure 3. System Diagram. 

Figure 4. Reader antenna location. 
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Figure 1. Significant RSSI changes at doors but not at the center or nose. 

Figure 2. Significant RSSI changes at the center and back. 



——————————————————————————————————————————————–———— 

 

Results and Analysis 
 

In the case of pallet positioning on the trailer, a grid pat-
tern was created on the floor of the trailer with each section 
being the approximate size of a pallet used by Silver Eagle 
Distributors. The grid was extended beyond the threshold of 
the trailer to gain an understanding of beacons outside the 
threshold. The grids were numbered A1–X2, where A1 and 
A2 constituted the full lateral space of two pallets side-by-
side in the nose of the trailer. Figure 5 shows that X1 and 
X2 were approximately three meters outside the trailer on 
the loading dock ramp. Having completed the grid, 12 bea-
cons were activated for this current study. Beacons were 
placed on the floor of the trailer in the center of grid posi-
tions A1–F2. These beacons were also placed in the lowest 
transmit-power setting, and each period of data collection 
was set to 60 seconds. This process was repeated after mov-
ing to locations G1–L2, M1–R2, and S1–X2, in that order. 
The resulting data were collected on a Raspberry Pi and on 
a laptop. 

Figure 5. Grid positions. 

 
The data from this operation were stored in a .csv file and 

then analyzed through pivot tables for mean, median, mode, 
variance, standard deviation, and number of beacon reads 
per beacon tag/edge relay in order to establish an under-
standing of free-space transmission of each grid beacon to 
each edge relay device. The resulting data created the fin-
gerprint characteristic for each cell within the trailer in free 
space. Each fingerprinted area consisted of several compo-
nents: mean/median/mode RSSI, beacon count, standard 
deviation, variance, the confidence interval of the RSSI, and 
the percentage of reads obtained between the four edge re-
lay devices. In the characterization of each position, data 
were collected for one minute with a maximum number of 
possible beacons having received 600 per beacon per edge 
relay device. Tables 1 and 2 show some examples of the 
fingerprinting of the grid zones. 
 

Figures 6 and 7 show histograms of the same information 
for mean RSSI and beacon count for these same two areas. 
What was notable was that the ratio for the two antennas 
was similar; however, the mean RSSI and the number of 
captured beacons were lower on C2. The antennas had very 
narrow beam widths; consequently, A1 had more captured 
beacons—especially at Back 479 (nose/back) antenna. A1 
was directly under the Back479 Antenna and well within the 
beam width of the antenna. Note that the mean RSSI of A1 
at the Back479 was approximately -56 dB. Higher RSSI 
values typically mean a higher capture rate for the receiver. 
Also, since A1 was in the corner of the front of the trailer, it 
had two reflection points back to the other three antennas. 

C2 was out of the maximum gain of all antennas, yet was 
still able to reach all four, albeit at lower average RSSI and 
a lower capture rate values. 
 
Table 1. Fingerprint for position A1, as indicated by the grid test. 

Table 2. Fingerprint for position C2, as indicated by the grid test. 

Figure 6. Histogram for grid position A1 with RSSI and beacon 
count. 

A2  B2  C2  D2   E2   F2  G2   H2   I2    J2   K2  L2   M2  N2  O2  P2   Q2  R2   S2  T2 U2  V2 W2 X2 

A1  B1  C1  D1   E1   F1  G1   H1   I1    J1   K1  L1   M1  N1  O1  P1   Q1  R1   S1  T1 U1  V1 W1 X1  

Grid A1     

Raw 
RSSI 

Back 
479 

Center 
47F 

Door LT 
435 

Door RT 
407 

StdDev 0.6195 1.9163 1.0173 1.2468 

Variance 0.3838 3.6722 1.0349 1.5544 

Mean -55.8409 -91.0625 -82.3345 -79.1098 

Median -56 -90 -83 -79 

Mode -56 -90 -83 -79 

Count 352 176 293 173 

Conf Inv 0.0647 0.2831 0.1165 0.1858 

Conf Inv Max -55.7762 -90.7794 -82.2180 -78.9240 

Conf Inv Min -55.9056 -91.3456 -82.4510 -79.2956 

Percentage 35% 18% 29% 17% 

Grid C2     

Raw 
RSSI 

Back 
479 

Center 
47F 

Door LT 
435 

Door RT 
407 

StdDev 3.7560 0.7157 2.6500 1.0632 

Variance 14.1074 0.5122 7.0227 1.1303 

Mean -80.3057 -93.6457 -88.7742 -87.8269 

Median -79 -94 -90 -88 

Mode -78 -93 -90 -87 

Count 229 127 217 156 

Conf Inv 0.4865 0.1245 0.3526 0.1668 

Conf Inv Max -79.8192 -93.5212 -88.4216 -87.6601 

Conf Inv Min -80.7921 -93.7701 -89.1268 -87.9938 

Percentage 31% 17% 30% 21% 
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Figure 7. Histogram for grid position C2 with RSSI and beacon 
count. 

 
The resulting data from the grid fingerprinting were com-

pared to actual results from the beacons placed on pallets. 
Figure 8 shows a drawing of the beacon positioned on the 
pallet; Figure 9 shows an actual photograph of the beacon 
on the pallet. The beacons were placed on the corner of the 
pallet such that when loaded, the beacons would be on the 
outside facing the wall. Pallets placed on the right side of 
the trailer had the beacon on the right front or rear corner, 
while pallets placed on the left side had the beacon placed 
on the left front or rear corner of the pallet. The beacon rate 
was held at 10 beacons per second, and the power level was 
set to the lowest power setting. There were several reasons 
for choosing this position for the beacon. First, the position 
was meant to mimic a beacon built into the pallet, much like 
iGPS (https://igps.net/) and Quicsolv (https://
www.quicsolv.com/). Second, pallets are a returnable asset, 
in many cases, so the concept of pallet retrieval was com-
mon. Finally, placing the beacon on the pallet gave a pre-
dictable and consistent location for testing. Other alterna-
tives considered were on top of the pallet load or on the side 
of the pallet, but both were eliminated based on the points 
already addressed. 

Figure 8. Drawing of the beacon location on the pallet. 

Figure 9. Photo of pallet with BLE beacon. 

 
Six pallets were equipped with beacons and utilized 

throughout the testing phase, with each placed in various 
positions on the trailer for data recording of one-minute 
periods for comparison to the grid data already collected. 
Several key observations were gathered during this testing. 
First, there was significant signal blocking by the pallet of 
goods and certain antennas. The assumption had been that 
the metal structure of the trailer would create helpful multi-
path beacons to all edge relays. This was not the case, how-
ever, in that some antennas were completely blocked. An 
example of this was the pallet in position A1. Figures 10-15 
provide comparative histograms for the grid fingerprint and 
the pallet positioned at locations A1, J2, and P1. [Please 
note that Figure 10 is the same as Figure 6, but is included 
again in this grouping of images to allow for convenient 
comparison.] In this scenario, the edge relay in the center of 
the trailer was unable to receive any signals from the beacon 
on pallet A1. As indicated by the A1 grid histogram, the 
center and Door Right antennas were the most challenged in 
receiving signals from the beacon. 
 

Another observation was that, without the center antenna 
receiving the beacons, the fingerprint was still valid for the 
beacon count, but the RSSI was quite different. Based on 
this information, it was surmised that the beacon count may 
be the better fingerprinting characteristic for stationary pal-
lets in a trailer. This was further proven through the compar-
ison of other positions on the trailer, though some positions 
showed minimal relationship.  

https://igps.net/
https://www.quicsolv.com/
https://www.quicsolv.com/
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Figure 10. Comparison of A1 grid position to actual position. 

Figure 11. Comparison of A1 grid position to actual position. 

Figure 12. Comparison of J2 grid position to actual position. 

Figure 13. Comparison of J2 grid position to actual position. 

Figure 14. Comparison of P1 grid position to actual position. 

Figure 15. Comparison of P1 grid position to actual position. 
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Yet another observation was the free space of the front 
and back pallets as they moved through the trailer. Because 
only six pallets were used, a potentially misleading situation 
with the first pallet (except when loaded in position A1) 
could be created that was not normal for loading trailers. 
Typically, loads are placed as far forward as possible within 
the trailer in order to maximize the load capacity of the trail-
er. Given this information, the measurements taken for the 
first pallets were ignored in subsequent testing, since they 
did not represent reality. The second pallets in the load were 
considered valid for a stationary load, since they were 
blocked on both ends by other pallets. The last pallet of 
each test provided a fingerprint of a partial load.  
 

Understanding the stationary aspects of pallets against the 
grid and establishing the fingerprint for stationary beacons, 
the objective moved to understanding the movement on and 
off the trailer. The key objectives were to understand what 
was meant by being “on” or “off” the trailer. Often, in any 
kind of system, the differentiation of just a few feet is quite 
hard to accomplish, while still maintaining a longer-range 
component throughout the trailer. The arrangement for this 
test was the same as for the previous tests. The antenna de-
sign chosen for this series of tests seemed to be quite good 
at sensing the on/off movements of pallets during the initial 
system design. The procedure for loading was that a forklift 
would pick up two pallets with beacons attached and drive 
them through the door, then repeat the procedure until the 
second and third sets were loaded.  
 

The results of the loading and unloading seemed to be 
most focused on the door antennas, because the eventual 
location of the pallet would not necessarily be known. Fig-
ures 16-19 clearly show the change in RSSI at the door. It is 
also clear that, when loading two pallets simultaneously, the 
left door antenna reacted more aggressively for the left bea-
con and the right door antenna reacted more aggressively 
for the right beacon. This same behavior can differentiate 
left from right when loading and unloading. RSSI in every 
case was able to identify left and right, but additional stud-
ies need to be completed to validate this. Because the bea-
cons were placed on the side facing the door antennas, the 
results might have been skewed, since the position of the 
beacon on the pallet may be random in a real-world scenar-
io. Note that the reaction of the Door Left and Door Right 
Edge Relays was more than 12 dB as the pallet crossed the 
threshold of the trailer, as indicated by the circle. The or-
ange arrow indicates the movement of the forklift and the 
blue arrow indicates the loading of the next pallet, which 
blocked some of the signal to the Edge Relays. 
 

Figures 18 and 19 show the loading of the third pallet on 
the trailer and a similar significant rise in RSSI, as indicated 
on the graph by the circle. It is also significant that the rota-
tion of the forklift at the point of loading is indicated by the 
increase of RSSI of both door Edge Relays (blue arrow). 
That rotation occurred just outside the doors as the forklift 
was being aligned for entry into the trailer. 

The previous graphs and Figures 20-23 show the RSSI 
and loading responses for the first few pallets on the trailer. 
The next set of graphs illustrate the last group of pallets 
being loaded. Note a similar rise in RSSI just at the point of 
passing through the threshold of the vehicle. The previous 
explanation considered only loading of pallets on the trailer. 
The following discussion will show the corresponding un-
loading of pallets from the trailer. The previous graphs 
showed a signal loss of greater than 20 dB as the pallet left 
the trailer. During unloading, pallet 3 was the first pallet off 
of the trailer. Figure 24 shows the change in RSSI as pallet 
2 was removed. Again, the chart clearly shows a significant 
drop in RSSI as the pallet was removed. It should be noted 
that previous changes indicate the removal of the previous 
pallet, as indicated by the blue arrow. The removal of pallet 
3 shows a marked increase in RSSI to the door Edge Relays. 
 

Since beacon count seemed to be a good indication of 
location on the trailer, a comparison of beacon count and 
RSSI was undertaken to explore the correlation (or lack 
thereof) of beacon count to the change in RSSI as pallets 
were loaded and unloaded from the trailer. Figures 25-27 
take the same RSSI graphs and compare them to the beacon 
count of each. For the data to be displayed in a meaningful 
way, the time data was thinned for presentation purposes. 
Note the similar curve of RSSI and beacon count in the 
graphs. This indicates a significant relationship between 
beacon count and change in RSSI as pallets are removed. 
Figures 24-27 show that comparison remains true for all of 
the other sectors of both loading and unloading, including 
the last position on the trailer. 
 

Results and Future Work 
 

The results of this study indicated a moderate relationship 
in the static state of fingerprinting based on beacon count. 
While several methods were researched for adding RSSI to 
the fingerprint, none yielded conclusive results. From the 
ingress and egress of the pallets from the vehicle, the com-
bination of RSSI and beacon count seemed to have a strong 
relationship, although the RSSI seemed to be the strongest, 
most reliable method. Beacon count can be considered if 
RSSI seems ambiguous to make the on/off decision. The 
use of solar power for this trial was a complete success and 
proved to be able to power the system indefinitely. During 
future testing, finding a narrower beam antenna may add to 
the granularity of position as well as a better method of back 
lobe suppression from the antennas. This would be true es-
pecially at the center and back positions. The key to having 
a distinctive rise in RSSI and beacon count is the control of 
RF beyond the threshold of the trailer. Testing on trailers of 
various sizes is also required as well in order to validate that 
these results are valid for various lengths and different types 
of door openings. As noted earlier, it is important to conduct 
tests of the right and left antenna responses on pallets of 
unknown orientation. The assumption made in this paper 
may or may not be true and may or may not have a valid use 
case in trucking and load monitoring. 
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Figure 16. Door Left antenna response to loading of Pallet 2. 

Figure 17. Door Right Edge Relay response to loading of Pallet 2. 
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Figure 18. Door Left Edge Relay response to loading of Pallet 3. 

Figure 19. Door Right Edge Relay response to loading of Pallet 3. 
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Figure 20. RSSI Response from Door Left and Door Right for unloading Pallet 3 Left and Right. 

Figure 21. RSSI Response from Door Left and Door Right for unloading Pallet 2 Left and Right. 
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Figure 22. Last Pallet (3) loading response on Door Left Edge Relay. 

Figure 23. Last Pallet (3) loading response on Door Right Edge Relay. 
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Figure 24. Beacon count to RSSI comparison. 

Figure 25. Beacon count to RSSI comparison. 
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Figure 26. Last pallet (3) unloading from trailer RSSI response on both door Edge Relays. 

Figure 27. Last pallet (3) removal from trailer beacon count response on both door Edge Relays. 



——————————————————————————————————————————————–———— 

 

Also, during future testing, utilizing a complete set of 
pallets that can fill the trailer would be useful. There was 
difficulty accurately comparing the behavior of a full load 
with only six pallets. Finally, testing should be done in or-
der to compare the behavior of the system at both higher 
and lower power output settings of the beacons to validate 
assumptions of power settings used within this study. 
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between the fuel and the oxidizer. His investigation showed 
that the most efficient equivalence ratio was found to be 
1.13. 
 

The effects of the arrangement and the number of fuel 
injectors on both mixing and combustion were investigated 
by Abdel-Salam, Tiwari, and Mohieldin (2002). Their in-
vestigation showed a high degree of upstream interaction 
inside the isolator in the 18-injector model. Also, an asym-
metric flow was observed inside the isolator in both cases. 
Roga (2019) used CFD analysis to investigate the scramjet 
combustor with diamond-shaped strut injectors at superson-
ic speeds of Mach 4.5, and was based on a species transport 
combustor that is a standard  k-ε turbulence model. He 
found that the diamond-shaped strut injector yielded the 
maximum temperature and pressure, 3517K and 1.487 MPa, 
respectively, whereas the combustion efficiency was found 
to be 87.2%. Pandey, Roga, and Choubey (2016) investigat-
ed the inlet-combustor interaction and flow structure 
through a scramjet engine at a flight Mach number of M = 6 
with parallel injection (strut with a circular inlet). They used 
three angles of attack: α = -4º, α = 0º, and α = 4º. Their in-
vestigation showed good agreement qualitatively and quan-
titatively with experiments for α = 0° angle of attack, where 
there was no influence of the strut injector in upstream di-
rection towards the isolator. They also observed that maxi-
mum temperature occurred in the recirculation areas for α = 
-4º (approximately 2600K) as compared to α = 0º and α = 
4°. Ignition delay was also found to be shorter for α = -4°, 
and combustion efficiency was found to be highest 
(approximately 88%) for the case of α = -4°, as compared to 
α = 0° and α = 4°. 
 

In this current study, the authors used normal fuel injec-
tion and the FLUENT CFD code to investigate the effect of 
variations of the fuel injector angle (α), diameter (df), and 
location (L) on performance parameters, including combus-
tion efficiency (ηc), total pressure loss (Π), thrust (T), and 
equivalence ratio (Φ), for a two-dimensional model. 
 

Model Scramjet Combustor 
 

Figure 1 shows the two-dimensional geometry that was 
adopted for this investigation. It contained three sections: 1) 
a constant cross-sectional area, Isolator 1, with a height of 
3.4 cm, length of 15 cm, connected to Isolator 2, which was 
4.4 x11 cm. At the outlet of Isolator 2 was the combustor 
with a height of 4.9 cm that provided upper and lower back-
step heights of 0.5 cm. The two isolators were used to iso-
late and stabilize the flow from its surroundings and to pre-
vent interactions between the scramjet combustor and the 

Abstract  
 

A computational parametric investigation was conducted 
to study the effect of fuel-injector angle, diameter, and loca-
tion on the performance of a two-dimensional model scram-
jet engine. The mathematical simulation used multi-species 
Navier-Stokes equations and a K-Epsilon (k-ε) turbulence 
model. Performance parameters investigated were combus-
tion efficiency, thrust, pressure loss, and the equivalence 
ratio for the hydrogen-air scramjet combustor. 
 

Introduction 
 

In order to achieve the desired engine performance, emis-
sions, and fuel economy in a scramjet engine, the air-to-fuel 
ratio must be precisely controlled under all operating condi-
tions. Increasing air residence time in a combustor will in-
crease the air-fueling mixing efficiency, increase fuel con-
sumption, release more energy, and, consequently, produce 
more power (Drummond, Diskin, & Cutler, 2002). For a 
scramjet engine application, a fuel-injection system must be 
designed efficiently in order to obtain high mixing and com-
bustion efficiencies with an equivalence ratio close to one. 
This is because the available time for fuel-air mixing and 
combustion is limited to times on the order of 1ms, which 
makes the maintenance of supersonic combustion a difficult 
task (Xianyu, Xiaoshan, Meng, & Zhenguo, 2007). The fuel
-injection process provides not only enough fuel-air mixing 
but also decelerates the airflow in the combustor. When fuel 
is injected into a supersonic freestream, it creates an interac-
tion shock wave between air and fuel.  
 

Several methods have been used in scramjet research to 
enhance fuel-air mixing and flame holding in order to 
achieve efficient combustion, including angled fuel injec-
tion into a supersonic airflow (Bowersox, 1997; Jeong, 
O’Byrne, Jeung, & Houwing, 2008). This method helps 
enhance the fuel-air mixing and reduces total pressure loss-
es, compared with normal injections, by generating a weak-
er bow shock. Transverse injection from the wall interrupts 
the supersonic airflow and results in a bow shock in front of 
the injector (Sundararaj & Dhandapani, 2006). The disad-
vantage of this method is increased pressure loss. Parallel 
air and fuel injection into the combustor were used by Kim, 
Huh, Yoon, Jeung, and Choi (1999). Raised (compression) 
and relieved (expansion) wall-mounted ramps were used by 
Abdel-Salam (2003), where rapid fuel-air mixing was ob-
tained by a relieved ramp. A single backstep, located at 22 
cm from the air inlet, was used by Carson (2004) in order to 
reduce airflow velocity and enhance the mixing process 
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inlet. The function of the two backsteps was to expand the 
flow and create shocks that would reduce the flow velocity 
and maintain high mixing and combustion efficiencies 
(Kuratani, Ikeda, Nakajima, Tomioka, & Mitani, 2002); 2) a 
combustor (11 cm) mixed and burned the fuel-air mixture. 
The fuel was injected normally into a high-speed airflow 
and had a strong influence on combustor performance. 
There were two 0.2 cm-diameter fuel injectors located on 
the upper and lower surfaces of the combustor at X = 29 cm 
(distance measured from the air inlet). The injector’s design 
had to produce rapid mixing and combustion of the fuel-air 
mixture and accomplish minimization of the combustor’s 
length and weight (Steffen, 2003); 3) a square expansion 
duct (30 cm), with inlet dimensions of 4.9 cm x 4.9 cm, to 
prevent thermal choking (backfire). The duct divergence 
angle was 3º along the freestream direction and the outlet 
dimensions were 8cm x 8cm. 

Figure 1. Scramjet geometry. 

 

Computational Method  
 

A density-based solver (FLUENT) was used to solve the 
Navier-Stokes, continuity, energy, and species transport 
equations (Alhumadi, 2012). These equations were simpli-
fied to algebraic equations and solved numerically to define 
the solution field within FLUENT. Several iterations of the 
solution loop had to be performed before a converged solu-
tion was obtained (typical iterations were in the 70,000 
range). Two options existed for the density-based solver—
implicit and explicit. The implicit solution approach is usu-
ally preferred, because it performs much faster and is un-
conditionally stable with respect to time-step size. The solv-
er uses a point implicit Gauss-Seidel/symmetric block 
(Gauss-Seidel/ILU) model to solve for variables. 
 

To model the influence of turbulence, k-ε was used to 
characterize the turbulent flow. It included the two transport 
equations to represent the turbulent properties of the flow. 
The transport variables were turbulent kinetic energy (k), 
which determines the energy in the turbulence, and the tur-
bulent dissipation (ε), which determines the scale of the 
turbulence. The k-ε model has three user-defined options: 
Standard, RNG, and Realizable. The Realizable model was 
chosen, because it produces more accurate results for 
boundary-layer flows than the Standard and RNG models. 
The finite-rate/eddy-dissipation option was used in the spe-
cies model, because it is suitable for turbulent flow (high 
Reynolds number), fast chemical reactions, as well as non-
premixed air and fuel. The grid used to mesh the geometry 

in this study was composed of structured quadrilateral ele-
ments. Grid independence was examined to ensure that the 
present solutions were independent of grid size. Grids with 
several cells (between 40,000 and 80,000) were examined, 
and small variations in the values of pertinent variables 
were obtained. A grid with a mesh size of 70,000 cells was 
established as nominal (Alhumadi, 2012). The FLUENT 
computational algorithm was validated using the numerical 
and experimental results from Kim et al. (1999). The bound-
ary conditions for air entering the isolator were Pt = 13.667 
atm, Ps = 0.8 atm, and Tt = 1998K. In addition, the fuel was 
injected at Pt = 2.12 atm, Ps = 1.12atm, and Tt = 294K, for 
the fuel injector diameter of 0.2 cm (Alhumadi, 2012).  
 

Results and Discussion  
 

Two fuel injectors were tested in an axisymmetrical ge-
ometry. When the supersonic atmospheric air entered Isola-
tor 2 and the combustor, it decelerated through a series of 
shocks that were created by the backsteps in order to reach 
the combustion chamber at an acceptable level of uniform 
speed and ensuring a stable combustion process. The sudden 
expansion of the flow at the first and second sets of back-
steps created shocks that can cause significant total pressure 
loss. In order to keep the combustion rate of the fuel con-
stant, the pressure and temperature in the engine had to be 
constant (Abdel-Salam, 2003). The effects of variations to 
α, df, and L on ηc, Π, T, and Φ were investigated as follows: 

• α was varied between 25º and 90º. 
• df was varied between 0.1 cm and 0.25 cm. 
• L was varied between 19 cm and 31 cm. 

 
The following properties were kept constant: 
• Number of fuel injectors = 2 
• h1 = 0.5  cm, h2 = 0.25 cm 
• θ1 = θ2 = 90º 
• L1 = 15 cm, L2 = 26 cm 
• Air inlet height = 3.4 cm 
• Exhaust outlet height = 8.0 cm 
• An axisymmetry geometry (as defined within FLU-

ENT) was used. 
 

Effect of Fuel Injector Angle (α) on Perfor-
mance Parameters 

 
To determine the effect of variation of α on ηc, Π, T and 

Ф, df and L were kept constant at 0.2 cm and 29 cm, respec-
tively, while α was varied between 25º and 90º. Figure 2 
shows the effect on ηc (as a function of X/df) for various 
values of α (25º, 45º, 65º, and 90º). As α increased (angle 
measured from the x-axis clockwise), the strength of the 
interaction between the fuel injector flow and the principle 
air stream increased, until the level of mixing reached a 
maximum at α = 90º. The result was an increase in the 
strength of the resulting shock wave, a decrease in the aver-
age flow velocity, and an increase in the average pressure in 
the combustor. The mixing (air and fuel) efficiency in-
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creased at low air velocity, which in turn increased the ex-
traction of the useful heat from the fuel. Table 1 shows the 
value of the equivalence ratio (Φ). For Φ > 1, there was 
excess fuel in the fuel-oxidizer mixture and for Φ < 1, there 
was excess air in the fuel-oxidizer mixture. Table 1 also 
displays the relationship between α, ηc, Π, and T. As α ap-
proached 90º, T increased and Φ approached unity, which 
was an indication of almost complete combustion (most of 
the fuel had reacted with the oxidizer). The smaller values 
of α produced Φ values greater than unity; this was due to 
poor mixing of air with fuel and the weak shock that result-
ed from the interaction between the fuel injector flow and 
air stream flow. 

Figure 2. Combustion efficiency as a function of non-dimensional 
distance for various fuel-injector angles. 
 

Table 1. c, Π, T and Ф for various values of α. 

Figure 3 displays pressure losses for different fuel-
injector angles. The minimum pressure losses occurred 
when α = 90º. This was due to the efficient shock waves that 
were created by the two backsteps and the interaction be-
tween the fuel injector and the free steam airflow, which 
decelerated freestream flow and led to more desirable val-
ues of Φ and T. FLUENT data and contour diagrams 
showed that the interaction between injected fuel and the 
freestream airflow created maximum shock (with minimum 
mean velocity) when α = 90º. For the present steady state 
adiabatic process, when supersonic air entered the 15-cm-
long constant cross-sectional area Isolator I, viscous effects 
caused the temperature to increase and the flow properties 
to change along the duct. For 0 ≤ X/df ≤60, the pressure and 
the internal energy of the airflow increased, due to an in-
crease in temperature, which was caused by viscous effects. 

For constant area compressible duct flow, with M > 1, pres-
sure increased in the freestream direction. For 60 ≤ X/df 
≤120, as the airflow reached the first backstep, the pressure 
decreased, due to sudden enlargement of the duct. The sud-
den enlargement of the duct cross-sectional area created 
expansion waves between the first and second backsteps 
that caused the pressure to decrease and velocity to increase. 

Figure 3. Pressure loss as a function of X/df for various values of 
fuel-injector angles. 

 
For 120 ≤ X/df ≤140, as the air reached the second back-

step, a shock wave was formed, due to the second enlarge-
ment of the duct area, which caused a change in pressure 
and velocity of the air stream flow. The temperature and 
pressure of the airflow started to increase, due to the recir-
culating flow behind the second backstep, which forced 
some of the hydrogen molecules to move upstream and re-
act with air, except when α = 25º the pressure continued to 
decrease, due to poor mixing efficiency, which led to a poor 
ηc. As the fuel injector angle increased, the mixing and com-
bustion efficiency increased. 
 

For 140 ≤ X/df ≤160, as the air reached the fuel injectors, 
the interaction between the air stream flow and the fuel flow 
increased. As α increased, the mixing and ηc increased, 
which caused the pressure, kinetic energy of the molecules, 
and the Mach number of the mixture to increase until they 
reached their maxima at α = 90º. The minimum pressure 
was obtained when α = 25º, due to poor mixing efficiency. 

The inconsistent trend of the graphs between the backstep 
and the inlet to the diverging section was due to the pres-
ence of shock waves and flow interaction. For 160 ≤ X/df 
≤185, as the highly energetic product mixture left the com-
bustor and reached the diverging section, the pressure began 
to decrease, due to the area enlargement of the exhaust duct, 
which caused the product mixture to expand. 

α (deg) ηc Π (atm) T(N)  

25 90.0 0.59 287 1.2 

45 94.0 0.58 319 1.1 

65 94.0 0.57 396 0.96 

90 95.0 0.57 397 0.98 



——————————————————————————————————————————————–———— 

 

For 185 ≤ X/df ≤335, the pressure of the product mixture 
for the four fuel injector angles continued to decrease, due 
to the diverging section, while the velocity reached a maxi-
mum and became supersonic (M > 2) at the outlet of the 
duct (supersonic nozzle flow). 
 

Effect of Fuel Injector Diameter (df) on 
Performance Parameters 
 

In order to investigate the effect of df on ηc , Π , T, and Ф, 
L was kept constant at 29 cm (distance measured from air 
inlet), while df was varied between 0.1 cm and 0.25 cm. 
Based on results from a parametric study involving α, the 
most effective value of α was chosen (90º) and used in this 
current study. Figure 4 displays the effect of variations of df 
on ηc. The optimum value for ηc was obtained when df  = 0.2 
cm, which was an indication of efficient mixing and com-
bustion shown by the value of Ф being close to unity. The 
other values of fuel-injector diameters (0.1, 0.15, and 0.25) 
resulted in Ф values greater than unity, which was an indi-
cation of excess fuel in the product mixture. Table 2 shows 
that, as the fuel injector diameter decreased with constant 
mass flow rate, the fuel velocity increased, which decreased 
the mixing efficiency and led to Ф values greater than unity 
and a decrease in T. 

Figure 4. Combustion efficiency as a function of X/df for various 
values of fuel-injector diameter. 

 
Table 2. ηc, Π, T and Ф for various values of df. 

For 120 ≤ X/df ≤140, as air reached the second backstep, 
the temperature and pressure started to increase, because the 
vortices behind the second backstep forced some of the hy-

drogen molecules to move upstream and react with air. 
Maximum pressure was obtained when df = 0.2 cm (this was 
due to the efficient shock between the airflow and the fuel 
flow, which led to a better mixing efficiency), while the 
minimum pressure was obtained when df = 0.1 cm, this was 
due to poor mixing efficiency (as the fuel injector diameter 
decreased with constant mass flow rate, its velocity in-
creased and, therefore, the mixing efficiency decreased). 
For 140 ≤ X/df ≤160, as air entered the combustor, the pres-
sure continued to increase for df = 0.2 cm, due to high mix-
ing and combustion efficiency. For df = 0.1 cm, the pressure 
decreased, due to high velocity, which led to poor mixing 
efficiency. The inconsistent trend of the graphs in Π in the 
combustor area was due to the presence of shock waves and 
changes in the fuel flow speed.  
 

For 160 ≤ X/df ≤185, the velocity increased and the pres-
sure decreased as the flow left the combustor and ap-
proached location X/df  = 185 (inlet to the expansion duct), 
except for df = 0.1 cm before it reached location X/df =185 
there was a minor increase in pressure, due to a decrease in 
its velocity after a short distance from its injection. For 185 
≤ X/df ≤335, the flow behavior was similar to that described 
in the previous section. Figure 5 displays the effect of varia-
tions to df on Π. 

Figure 5. Pressure loss as a function of X/df for various values of 
fuel injector diameters. 

 

Effect of Fuel Injector Location (L) on 
Performance Parameters  

 
In order to investigate the effect of L on ηc , Π , T and Ф, 

L was varied between 18 cm and 31 cm. Based on the re-
sults from a parametric study involving α and df, the most 
effective values of α and df were found to be at 90º and 0.2 

df (cm) ηc (%) Π (atm) T(N)  

0.1 88 0.62 280 1.3 

0.15 94 0.61 298 1.2 

0.2 95 0.60 397 0.98 

0.25 95 0.60 321 1.1 
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cm, respectively. These values were held constant during 
this phase of the study. Numerical calculations were per-
formed in order to understand the correlation between fuel 
injector location and combustion characteristics of the hy-
drogen fuel. Table 3 shows the results of fuel injected in 
different locations behind the first and second backstep. In 
the region between the first and second backsteps (15 cm to 
26 cm), the maximum T was obtained when L was at 18 cm 
from the air inlet. This was due to the sudden expansion of 
the airflow behind the first backstep, which created a shock 
wave that reduced the airflow velocity and resulted in maxi-
mum T. However, Ф was greater than one, which was an 
indication of incomplete combustion and excess fuel in the 
exhaust products. The most efficient ηc and T with reasona-
ble Ф were obtained when L was at 3 cm behind the second 
backstep (29 cm from the air inlet), which was due to the 
reduction of airflow velocity by the shock wave, created by 
the two backsteps. Figure 6 displays the effects of variation 
of L on ηc, where the maximum ηc was obtained when L 
was at 18 cm and 29 cm. 
 
Table 3. ηc, Π, T and Ф for various values of L. 

Figure 6. Combustion efficiency as a function of X/df for various 
values of fuel-injector locations. 
 

For 0 ≤ X/df ≤60, as supersonic freestream airflow entered 
the 15-cm long constant cross-sectional area duct, viscous 
effects caused the airflow temperature to increase. This led 
to an increase in the pressure of the airflow and a decrease 
in its velocity.  

For 60 ≤ X/df ≤120, between the first and second back-
steps, the fuel was injected at three different locations (18 
cm, 19 cm, and 20 cm, as measured from the air inlet). The 
combustion of the fuel at the previous three locations caused 
the pressure to increase, but the interference of the combus-
tion products with the expansion waves created by the sud-
den airflow expansion caused by the first backstep caused 
the pressure to decrease. The other two fuel injectors 
(located 29 cm and 31 cm from the air inlet) showed a de-
crease in the airflow pressure. This was due to the expan-
sion wave created by the first backstep, as noted previously. 
 

For 120 ≤ X/df ≤160, as the products of combustion for 
the first three locations of fuel injectors (18 cm,19 cm, and 
20 cm) reached the second backstep, the pressure continued 
to decrease, but there was a small increase in pressure, prob-
ably due to the compression waves created by the second 
backstep. The pressure decreased for the other two locations 
of the fuel injectors (29 cm and 31 cm), due to the combus-
tion process of fuel with air. For 160 ≤ X/df ≤185, as the 
products of combustion left the combustor, the kinetic ener-
gy of the mixture molecules increased (this led to an in-
crease in flow velocity), and the pressure began to decrease 
as it approached location X/df =185. 
 

For 185 ≤ X/df ≤335, the pressure of the product mixture 
for the five fuel-injector locations continued to decrease, 
due to a diverging section angle, while the velocity reached 
a maximum and became supersonic (M > 2) at the outlet of 
the duct, (supersonic nozzle flow). The highest pressure 
losses with Ф greater than 1 were obtained when the fuel 
injectors were located behind the first backstep; this was 
due to the fact that one backstep was not sufficient to reduce 
the air velocity before it reached the fuel injector. Table 3 
shows that the lowest pressure losses (with reasonable Ф 
and optimum T) were obtained when the fuel injector was at 
29 cm and 31 cm. This was because the two backsteps ex-
panded the airflow and created the shock waves that re-
duced the airflow velocity before the air reached the com-
bustor, thereby leading to a maximum ηc. Therefore, in or-
der to have efficient mixing and maximum thrust, two back-
steps were required before the combustion process began. 

Figure 7 displays the effect of variations of L on Π.  
 

Validation Code 
 

Figure 8 shows the results of the investigation of Decay 

of Centerline Fuel Mass Fraction,, with No Shock and 
No Combustion. Close agreement was obtained between 
FLUENT results and data from Kim et al. (1999). The mi-
nor differences found between the FLUENT results and 
those from Kim et al. can be partially attributed to the fact 
that a two-dimensional geometry was adopted in this current 
study, although the model investigated Kim et al. was ax-
isymmetric. 
 

2HY

L(cm) ηc(%) Π (atm) T(N)  

18 99 0.63 296 1.3 

19 82 0.65 277 1.3 

20 99 0.63 263 1.4 

29 95 0.57 397 0.98 

31 94 0.59 370 1.1 
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Figure 7. Pressure loss as a function of X/df for various values of 
fuel-injector locations. 

Figure 8. Decay of centerline fuel mass fraction with no shock and 
no combustion. 

 

Conclusions 
 

Fuel injector effects were investigated numerically by 
changing the fuel injector angle, diameter, and location, 
with particular emphasis on combustion efficiency, total 
pressure loss, thrust, and equivalence ratio of a supersonic 
hydrogen-air jet flame in a model scramjet combustor. The 
main conclusions of this study are as follows: 

1. The strength of the shock wave increased as α 
increased, until it reached its maximum at 90º. It also 
had a strong effect on T and Ф, and caused a de-
crease in average flow velocity and an increase in 
average pressure. T increased significantly, by 28%, 
when α = 90º. 

2. The fuel injector diameter had an effect on mixing 
efficiency. Table 2 shows that, as fuel-injector diam-
eter decreased with a constant mass flow rate, the 
fuel velocity increased, which decreased the mixing 

efficiency and led to Ф values greater than unity and 
a decrease in T. The efficient fuel-injector diameter 
was found to be 0.2 cm. 

3. The location of the fuel injector behind the second 
backstep was more efficient than its location behind 
the first backstep; this was due to the fact that air 
velocity was reduced by the shock waves that were 
created by the two backsteps. 
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Martin, Schöneich, Haynes, Leeds, & Kajiyama, 2016). 
Mainly, there are two methods of implementation: a sacrifi-
cial metallic (or galvanic) anode system and an impressed 
current system. In the galvanic method, an anode is placed 
close to the metallic structure to be protected. This anode 
would have a higher negative electrical potential than the 
cathode part of the system, which is the metallic structure to 
be protected. This results in the anode donating electrons to 
the protected metallic cathode, thereby preventing the oxidi-
zation of the metal due to a lack of electron holes in the pro-
tected structure. For this reason, the sacrificial anode must 
be constructed out of a material that naturally has a more 
negative electrical potential than the structure it is attempt-
ing to protect. Unfortunately, this system requires a lot of 
maintenance, because the anode (considered the sacrificial 
metal here) itself will corrode due to a lack of electrons and 
often needs to be replaced. 
 

The impressed current method also uses an anode stake to 
donate electrons similar to the galvanic method. However, 
the anode does not sacrifice its electrons to the cathode 
structure to provide protection from corrosion. Instead, the 
anode is impressed with a direct current that would send the 
cathode structure its donor electrons. Because the anode is 
not a sacrificial metal in this method, the system requires 
less maintenance than the galvanic method. The DC power 
source may require adjustment, however, based on the envi-
ronmental factors affecting the structure. Impressed current 
cathodic systems are more often used to protect larger struc-
tures such as ships or boats, offshore marine establishments, 
concrete reinforcement, and of course oil pipelines. Figure 1 
displays the electron flow in an impressed current cathodic 
protection system. 

Figure 1. Electron flow in an impressed cathodic protection sys-
tem. 

Abstract 
 

Oil pipelines experience a wide variety of environmental 
conditions, ranging from nearly freezing temperatures in 
winter to over a hundred degrees in the warmer seasons. 
Such variable conditions in weather and climate can cause 
pipelines to corrode, which is a major environmental haz-
ard. Pipeline corrosion mainly involves rust buildup caused 
by the oxidization of metals used to make the pipe. In this 
paper, the authors propose a new method for controlling 
cathodic protection. This system remotely monitors and 
controls the level of protection in real time. It also removes 
the dangers and costs associated with frequent pipeline 
checks. With the remote monitoring control device 
(RMCD), these routine checks can be cut to zero, while 
giving technicians the ability to adjust remotely in real time. 
The system sends updates using cellular technology, making 
it easy to get alerts in the event of a fault, thereby allowing 
for faster response. The fact that each node can report to the 
same host provides the ability to create a smart system for 
cathodic protection on any pipeline network.  
 

Another huge difference in the proposed cathodic protec-
tion system is the design of the current control system. Nor-
mally, a power supply at the pipeline site is connected to a 
DC rectifier. To adjust the amount of current being pumped 
into the pipeline, one must manually manipulate coils that 
translate to the desired current. But this new power switch-
ing supply is more energy efficient than a normal linear 
regulated supply and allows the embedded system to fine-
tune the amount of current provided to the pipe. RMCD is a 
completely integrable solution. It is primarily designed for 
legacy systems, but can also be applied in new installations, 
where there is one system to take care of many cathodic 
protection needs. This, being a completely new system, is 
not a great cost-effective solution but one that aims to help 
small- and medium-size companies by providing remote, 
real-time monitoring capabilities through upgrades, renova-
tion, or addition to their existing cathodic protection sys-
tems. 
 

Introduction 

 
Currently, most oil companies implement a cathodic pro-

tection system to alleviate the corrosion problem (Zhang, 
Tan, Xiao, Zhang, & Ariffin, 2016). Cathodic protection 
works by lowering the likelihood of pipeline metal oxida-
tion and corrosion (Leeds & Leeds, 2015; Angst, Büchler, 
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While the impressed current cathodic protection system 
indeed is an efficient method for preventing an oil pipeline 
from corroding, it is not easy to maintain. A good amount of 
research has been done on real-time monitoring of pipeline 
corrosion (Handawi, Vahdati, Rostron, Lawand, & Shirya-
yev, 2016), especially with the use of fiber Bragg grating 
(FBG) Hoop-Strain sensor (Ren, Jia, Li, & Song, 2014; 
Ren, Jiang, Li, Zhang, Li, & Song, 2016) and the distributed 
strain measurement technique (Zou, Sezerman, & Revie, 
2008). But these methods have their own limitations. The 
FBG Hoop-Strain sensor requires an internal pressure-
compensation scheme for reliable corrosion indication 
(Handawi et al., 2016), while the long‐term stability of the 
distributed strain‐based pipeline corrosion‐monitoring meth-
od needs further evaluation (Jiang, Ren, Jia, Li, & Li, 2017). 
Corrosion studies using ultrasound sensors (Du, Twumasi, 
Tang, Wu, Yu, & Wang, 2018), acoustic sensors (Peng et 
al., 2019), and electromechanical impedance (Li, Liu, Zou, 
Wang, & Yi, 2019) have been made recently.  

 
These new methods were proven to be promising but are 

still in the early stages of development and need rigorous 
testing before being implemented into real-time monitoring 
systems. In addition, the DC power source often needs to be 
adjusted based on the resistivity of the environment caused 
by weather and climate conditions and may require hands-
on maintenance, which is costly both in terms of money and 
labor efforts, combined with a potential hazard due to the 
electrified pipeline. With a focus on reducing oil pipeline 
maintenance, a novel device, a remote monitoring control 
device (RMCD), was developed for real-time monitoring of 
pipelines with alert capability, allowing for remote fine-
tuning of current provided to the pipe for cathodic protec-
tion, thereby reducing the overall response time in case of a 
fault.  
 

Conceptual Design 
 

Figure 2 shows the conceptual block diagram of the 
RMCD and its interfaces. 

Figure 2. Conceptual block diagram. 

The graphical user interface (GUI) is the user interface 
node. It is bi-directional as it not only receives automatic 
updates through the wide area network (or more specifically 
the internet) but also alerts the user of any critical changes 
on the RMCD system. This node also allows its operator to 
send commands to the RMCD, including the ability to man-
ually set the current (amperage) level of the cathodic protec-
tion rectifier through the RMCD. Finally, this node stores 
the data it receives from the RMCD in cloud storage. This 
feature allows the user to conduct data analytics of the ca-
thodic protection system over time. The block diagram fea-
tures a global system for mobile communications (GSM) 
connection to the cellular tower. One requirement of the 
RMCD, due to it being in faraway remote areas, is that it 
should be able to communicate over long distances. This 
requirement is fulfilled with the implementation of GSM 
connectivity on the device. With the GSM module installed 
on the RMCD itself (antenna on module included), the 
RMCD can communicate information to towers at a long 
range even in remote areas since GSM runs on 2G connec-
tivity. 
 

The power sources for the RMCD include a battery bank 
of power supplies sourced by solar panels. Many cathodic 
protection systems already run off of these power sources. It 
is at the discretion of the user to use renewable energy or a 
battery bank as the source of power, depending on the loca-
tion of the pipeline and its ease of use. The feedback sensor 
interfaces with the RMCD through the half-cell. The half-
cell is used to measure the amount of current over a pipe-
line. It outputs a voltage response that can be read by the 
RMCD. The RMCD monitors the cathodic protection on the 
pipeline and makes decisions on the current level of the 
pipeline. The half-cell is buried above the pipeline in order 
to measure the hydrogen levels expelled by the pipeline 
metal, thus indicating the amount of corrosion.  
 

The main function of the RMCD board is to create an 
effective method for adjusting the current (amperage) output 
of the cathodic protection rectifier and controlling the ca-
thodic protection on the pipeline without sending out per-
sonnel to the remote areas. These rectifiers can be adjusted 
manually. The RMCD had a GSM module on it to connect 
to the nearest cell tower to relay information to the user 
interface. The local memory cards on the device save the 
same information and send it to the user interface. If the 
RMCD becomes inoperable, the local unit memory is 
backed up on the unit in addition to a GUI cloud memory 
environment, thereby creating redundancy. A temperature 
sensor on board the RMCD checks the thermal levels within 
the RMCD enclosure. This ensures that the board does not 
overheat or drop below operating temperature ranges. In 
both cases, the RMCD sends an alert to the user interface 
and then shuts off if the temperature goes past a set thresh-
old. In addition, the physical enclosure of the RMCD is wa-
ter proof and tough so that it can withstand the elements and 
continue to function. The microcontroller within the RMCD 
makes all of calculations, including the algorithm for deter-
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mining the level of need for cathodic protection, the temper-
ature overheat threshold, and the updates and commands to 
and from the user interface. 
 

Functional Design 
 

Figure 3 shows a picture of the functional block diagram 
for the RMCD. 

Figure 3. Functional block diagram. 

 
The first step in the functional block diagram is the power 

source. The device uses 12 VDC as a voltage supply. It has 
three separate voltage regulators that produce 5VDC, 
3.3VDC, and -5VDC. These three voltages power the rest of 
the components on the board. The voltage regulators used 
are the KA378R05 (5V), the KA378R33 (3.3V), and the 
MAX739 (-5V). The GSM module in Figure 4 is the Janus 
LTE910CF Terminus Plug-In. It has a slot for a SIM card 
that is used to transmit the signal over a cellular network to 
the end user. The signal translated to IP by a GSM gateway 
is then sent over a wide area network to the GUI for the end 
user to examine. The Janus LTE 910CF Terminus Plug-In is 
both FCC certified and Carrier certified. Once plugged into 
the RMCD, the device will not be dropped from the network 
due to lack of certification. The Janus module contains the 
Telit LTE 910 CF quad-band radio. This radio has the abil-
ity to transmit over GSM, LTE, UMTS, GPRS, and Edge 
networks. Figure 4 shows the functional block diagram of 
how the Janus LTE 910CF is connected to the                    
TI MSP430F5257. 

Figure 4. Janus LTE 910CF connected to the TI MSP430F5257. 

 
Figure 5 shows the functional block diagram of the two 

SanDisk 4GB SD cards connected to the TI MSP430F5257. 

Figure 5. Two SanDisk 4GB SD cards connected to the TI 
MSP430F5257. 

 
There are two, class 4, SanDisk SD cards, each with a 

storage capacity of 4GB used in a redundant configuration. 
This redundancy ensures that data can be backed up twice; 
once for the main SD card and again for the second SD 
card. These SD cards are connected to the MSP430 using 
SPI communication. 
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The onboard temperature sensor is powered by 3.3V pro-
duced by the voltage regulator. The temperature sensor is 
connected to the microcontroller by a general-purpose input/
output connection. The sensor uses the Maxim One Wire 
protocol to communicate with the microcontroller. Figure 6 
shows the functional block diagram of the temperature sen-
sor connection to the TI MSP430F5257. 

Figure 6. Temperature sensor connected to the TI MSP430F5257. 

 
The reading from the half-cell passes through the Borin 

Bullet Box. The reading is then measured in relation to the 
shunt in the box. Finally, the signal travels to the microcon-
troller for data processing. This reading enables the micro-
controller to measure the current on the pipeline. Since the 
half-cell outputs a low negative voltage, it requires level 
shifting to a positive voltage and amplification for the mi-
crocontroller to read the input. Figure 7 shows the half-cell 
connecting to the microcontroller through the level shifting 
circuitry. 

Figure 7. Half-cell Circuitry connected to the TI MSP430F5257. 

The controlling circuitry for the cathodic protection sys-
tem is a PWM-controlled MOSFET. This MOSFET con-
trols the amount of voltage between the anode ground and 
the negative side of the pipeline. This MOSFET requires 
12V to operate its switching capabilities. The microcontrol-
ler cannot send this voltage, so an optocoupler is used to 
send the 12V PWM signal. This optocoupler is also the 
main method of isolating the high-voltage side of the board 
from the low-voltage side. As a safety feature, the micro-
controller also has the ability to cut off all voltage going to 
the pipeline through a relay. The relay is controlled (and 
isolated) with an optocoupler. Figure 8 shows the circuitry 
for both the PWM MOSFET control and the relay safety 
feature. 

Figure 8. Controlling circuitry for the cathodic protection system. 

 

Sensor Characterization 
 

The temperature sensor used in the RMCD is a DS18S20. 
Figure 9 shows how the temperature sensor connects to the 
microcontroller. As shown, there is a need for a pull-up re-
sistor between the 5V source and the data line for the sensor 
to transmit data. The sensor features a parasitic section that 
enables the sensor to run off voltage that is on the data line. 
The temperature sensor is capable of measuring tempera-
tures between -55°C and 125°C (-67°F and 257°F). The 
RMCD will never operate outside of these temperature 
ranges. The microcontroller will stop functioning until the 
board cools down, in case of the board being overheated. If 
the temperature is too low, the microcontroller sends a 
warning to the end user. The conversion time of the sensor 
is roughly 750 ms, which enables the microcontroller to 
quickly detect if the temperature is too high or too low. The 
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sensor sends the microcontroller a 16-bit sign extended 
two’s-complement digital signal. Figure 10 shows the ap-
proximate error of the sensor. Typically, the temperature 
ranges between 20ºC and 30ºC, giving an error of 0.02%. 

Figure 9. Temperature sensor and microcontroller connection. 

Figure 10. Error curve of the temperature sensor. 

 
The half-cell sensor used was the TB-0006 Stelth 7 IR 

Free Probe 10cm2 developed by Borin Manufacturing. The 
half-cell was placed on the ground above the pipeline and 
utilized a coupon of the same type of material as the pipe-
line. The coupon was measured and, based on the measure-
ment, a signal traveled out of the Borin Bullet Box to the 
microcontroller. By connecting this half-cell to a “bullet 
box,” the reading was sent over a shunt and measured in 
order to obtain a voltage. Using the voltage and the known 
value of the shunt, the potential current is calculated in the 
microcontroller. If a reading of -0.08561 mA or less is 
measured, then the pipeline is protected by cathodic protec-
tion. The coupon size is dependent on the current density of 
the pipeline. Figure 11 shows the half-cell setup. The half-
cell has three wires that connect to the bullet box. A blue 
wire serves as the reference for the metal. A black wire 
serves as the low coupon wire, while the red wire serves as 
the high coupon wire. Three shunts were available in this 
bullet box: 10Ω, 30Ω, and 100Ω. 

Figure 11. Setup of the half-cell and bullet box. 

 

Test Matrix 
 

The following tests were conducted to ensure the func-
tional requirements. Table 1 illustrates the test matrix. 
 
Table 1. Test matrix. 

The tests ensure that the device is able to operate on a low 
voltage and can transmit data over long distances to the end 
user. The device also needs to store data over the cloud. 
This is tested by observing the sent and received data on a 
network. The data must be stored on-site on memory cards 
attached to the device to measure several different signals 
and then read from it after the measurements have been 
written to the memory. Finally, the microcontroller inputs a 
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signal to ensure that the pipeline is cathodically protected 
and compares it to the recognized cathodic protection level. 
If the level is too high, the device increases the amount of 
current going to the anode. Costs for development of the 
prototype RMCD unit, including the cost for parts, micro-
controller, sim card, enclosure, and memory card, was about 
$1500.  
 

Conclusions 
 

Oil pipeline companies can operate the RMCD in order to 
monitor and control the output of cathodic protection sys-
tems used to prevent corrosion. The RMCD can be placed in 
various environments with ranging weather and climates. 
This RMCD can be operated by the end user on a user inter-
face, where the customer is able to analyze data logs and 
make decisions based on the state of the pipeline structure. 
Successful use of this product is based on the extremities of 
the environment. More extreme temperature or weather con-
ditions may require frequent adjustments to the DC power 
supply of the cathodic protection system. Changing temper-
ature and weather can cause the resistivity of the environ-
ment to change, which may result in the anode having more 
or less impressed current. Another factor affecting the use-
fulness of the RMCD is a GSM connection used for com-
munication. Even if the device is set up correctly, the user 
may no longer be able to remotely control the system, if the 
GSM connection is interrupted.  
 

The success of the RMCD design relies heavily on the 
ability to integrate GSM communication to the controller as 
well as transfer data packets via a wide area network. This 
device should have the ability to be powered by solar panels 
and a battery bank, or practically any DC source. The de-
vice could potentially be impacted by the amount of sun-
light its environment receives (in the case of solar panel 
use) but could have the option to be powered by alternative 
sources. 
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Dual-Axis Solar Tracking System 
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Abstract 

 
Solar tracking systems based on various designs and 

tracking mechanisms have shown significantly increased 
energy gains in different solar energy applications when 
compared to fixed systems. These tracking systems allow 
solar energy collectors to achieve maximum power and effi-
ciency gains by orienting the collectors’ tilt angles to opti-
mize the solar radiation on them. In large-scale applications, 
such as a solar thermal power plant in which arrays of para-
bolic trough solar thermal concentrators are systematically 
orientated, solar tracking systems also play a crucial role in 
the function and operation of the plant. In this paper, the 
authors present the design and development of an azimuth-
altitude dual-axis solar tracking system, based on a slewing 
drive and a linear actuator controlled separately by two Ar-
duino Uno microcontrollers (Arduino, 2019). The slewing 
drive rotated around the vertical axis going through the cen-
ter of the support of a solar thermal collector to track the 
solar azimuth angle as it changed at different hours of the 
day. The linear actuator adjusted the tilt angle of the collec-
tor along with a horizontal axis that went through the center 
of the collector in response to the seasonal zenith angle 
changes. A light sensor to detect the orientation of the sun-
light radiation, based on four photoresistors, was developed 
to identify the changes of the azimuth and zenith angles. 
Wireless communication modules were also incorporated to 
monitor the status and performance of the solar tracking 
system. 
 

Introduction 

 
As one of the primary alternative energy sources, solar 

energy—commonly in the forms of photovoltaic for elec-
tricity and absorption or reflection for heat—is getting 
cheaper, becoming more efficient, and being implemented 
in more applications. Among the challenges, such as energy 
losses during transformation and storage processes, the per-
formance of solar energy systems greatly depends on the 
solar radiation input. Figure 1 shows the use of a flat solar 
collector as an example, where the orientation of a sunlight 
beam depends on the site latitude, daylight hours, and sea-
son of a year, where γs is the solar azimuth angle, αs, is the 
solar altitude angle, θz, is the zenith angle, γ and β are the 
zenith angle and slope of the flat solar collector, respective-
ly (Duffie & Beckman, 2013). When the sun rises in the 
morning from the east and then moves towards the west as 
time elapses, the solar azimuth angle γs will change from -
90º to 90º. Between the days and seasons, the zenith angle 
θz, will also change with a range determined by the site lati-
tude.  

Therefore, the incidence angle of the sunlight beam, 
which is the angle between the sunlight beam and the nor-
mal position of the flat solar collector, changes continuous-
ly. Both theoretical and experimental studies indicate that 
the solar radiation input determined by the sunlight beam 
incidence angle directly affects the collectors’ efficiency 
and energy gain. The energy gains reach the maximum 
when the incidence angle equals 90º. Al-Mohamad (2004) 
investigated improvement in efficiency between a fixed and 
single-axis tracking rack with a mounted photovoltaic panel 
and reported that the overall daily output power gain in-
creased by more than 20%. Bione, Vilela, and Fraidenraich 
(2004) compared the performance of water pumping sys-
tems driven by a fixed and a solar-tracking photovoltaic 
generator and concluded that the solar-tracking system 
yields 50% more pumping volume than the fixed system. 
Recently, Ju, Xin, Shen, and Li (2019) reported the success-
ful implementation of a robotic arm as the platform for solar 
tracking with improved solar energy harvesting efficiency. 
Many other researchers (Rizk & Chaiko, 2008; Mousaza-
deh, Keyhani, Javadi, Mobli, Abrinia, & Sharifi, 2009; Na-
dia, Isa, & Desa, 2018) also reported similar gains when 
using solar tracking systems in other applications. 

Figure 1. Slope, Zenith angle, and azimuth angle for a tilted flat 
solar collector. 

 
Figure 2 shows that, although there are many different 

tracking system designs, the tracking mechanisms are gen-
erally based on either the single-axis or dual-axis rotations 
(Hafez, Yousef, & Harag, 2018). Roong and Chong (2016) 
developed an experimental single-tip axis system that uses a 
chronical-based algorithm to track the sunlight beam. Alt-
hough they reported a 20% increase in the total energy har-
vested during the one-week experimental measurement peri-
od, the performance of the system also depended on the 
schedule and magnitude of predefined rotations. Rashid, 
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Akorede, Chao, and Mohammed (2015) designed and im-
plemented a dual tip-tilt axis automatic tracking system. The 
experimental test, based on an array of photovoltaic panels, 
showed improvement in total energy gain. Lubitz (2011) 
created a model to analyze a hybrid single-dual-axis system 
in which manual tilt adjustments are performed. The model 
showed gains several times greater in sunlight irradiation 
for a system with two to twelve manual zenith angle adjust-
ments. For all the single-axis tracking systems, the main 
disadvantage is that they can only track daily sun position 
changes, not yearly movements. 
 

Figure 2. Single-axis and dual-axis tracking mechanisms. 

 
Drive systems for solar tracking are typically categorized 

as active, passive, manual, and chronological. Active sys-
tems use sensors to determine sun position and then control 
actuators to make the necessary adjustments based on a con-
trol algorithm in order to ensure maximum sunlight irradia-
tion (Huang, Huang, Chen, Hsu, & Li, 2013). Passive track-
ing systems are based on thermal expansion of a working 
fluid stored on the opposite side of the solar energy collec-
tor. The imbalance of the pressure and weight drives the 
tracking system (Parmar, Parmar, & Gautam, 2015). Actua-
tors to drive chronological tracking systems are controlled 
by an open-end algorithm with no feedback, which rotates 
the solar energy collector following a pre-designed schedule 
(Ghazali & Rahman, 2012). Manual systems are controlled 
manually by an operator (Mwithiga & Kigo, 2006). Figure 2 
shows that, for this current study, the tracking system was 
based on the azimuth-tilt dual-axis tracking mechanism. A 
slewing drive and a linear actuator controlled by microcon-
trollers to determine sunlight beam irradiation direction 
were used to drive the tracking mechanism.  
 

System Design 
 

The functional design of the dual-axis tracking system 
was to adjust a solar energy collector mounted on a vertical 
support so that it can be orientated towards the sunlight 
beam as it changed for maximum energy gains. An active 

dual-axis design with combined azimuth and tilt adjust-
ments (see again Figure 2) was employed in this current 
study. The azimuth adjustment was achieved via a slewing 
drive mounted at the base of the support, and a linear actua-
tor—mounted between the support and the bottom of the 
flat solar collector—performed the tilt-angle change. A cus-
tom-designed light sensor to detect sunlight beam incidence 
direction was developed and mounted on the top of the col-
lector. A wireless communication module was used for 
communication between the microcontrollers to report the 
system status to computer. Figure 3 shows the schematic 
representation of the dual-axis azimuth and tilt design. Con-
siderations of site latitude, the travel limits of the linear ac-
tuator, and the locations for mounting the linear actuator 
were necessary so that the desired range of tilt angle could 
be achieved. Figure 4 shows the diagram of the overall sys-
tem; the arrows indicate the flow of information between 
the four modules. The main functions of the modules are 
listed below.  

 The light-sensor module detects the sunlight beam 
incidence angle. 

 The microcontroller module receives and processes 
signals from the light sensor and then sends control 
signals to the actuators to adjust the orientation of the 
collector. 

 The actuator module includes the slewing drive, the 
linear actuator, and their power units required to 
change the orientation of the solar collector. 

 The wireless communication module facilitates com-
munications between the microcontrollers and gath-
ers and transfers system status information to a wire-
less connected computer. 

Figure 3. Schematic representation of the dual-axis tracking sys-
tem. 

 

Light Sensor  
 

The light sensor played a critical role in the successful 
operation of the entire tracking system. Initially, the attempt 
to obtain a commercial light sensor capable of tracking the 
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sunlight beam incidence angle based on a simple coordinate 
system with the capability to output the angular positions 
for further processing was unsuccessful. The sensors availa-
ble were either for detecting the presence of light or had 
already been integrated into another system. A light sensor 
using a photoresistor was designed and built for this study. 
Figure 5 shows that the light sensor consisted of four photo-
resistors with identical specifications, which were arranged 
in two pairs and positioned at horizontal (east-west) and 
vertical (north-south) orientations. The R0-R1 pair was for 
measurement of the angle between the normal direction of 
the solar collector and the sunlight beam for adjustment of 
the solar collector’s tilt angle. The R2-R3 pair detected the 
difference between the sunlight beam and the solar collector 
azimuth angles so that the solar collector’s azimuth angle 
could be changed. Signals from the R0-R1 pair fed the line-
ar actuator, while the R2-R3 pair determined the action of 
the slewing drive.  

 
Based on this layout, the position of sunlight beam could 

be tracked by simply comparing the voltage drops between 
the two pairs of photoresistors. The foundation of this meth-
od was that the electrical resistance of these photoresistors 
was inversely proportional to the intensity of the light they 
were exposed to. For example, to check the tilt angle, by 
supplying resistors R0 and R1 with the same voltage, if the 
voltage drop across R0 was more than that of R1, it meant 
that R0 had a higher electrical resistance and, thus, less light 
intensity. Figure 6 shows the schematic for measuring the 
voltage drop at the photoresistors. 

Figure 4. Diagram of relationships between the modules. 

Figure 5. Photoresistors arrangement in the light sensor. 

Figure 6. Schematic to compare the voltage drops. 

 
A prototype using four photoresistors and constructed on 

a breadboard was first built in order to verify the feasibility 
and sensitivity of the light sensor design. Figure 7 shows the 
schematic of the design based on the Wheatstone bridge. 
Four electrical resistors with identical constant electrical 
resistance were used to limit the current and adjust the sen-
sitivity of the circuit (depending on the photoresistors, the 
actual value of their resistance varied). Preliminary tests 
conducted in an indoor laboratory environment using a 
Maglite heavy-duty incandescent 2-cell D flashlight with a 
rated brightness of 27 lumens as the light source shoed that 
the system functioned as designed. However, it was also 
noticed that there was a possibility that the photoresistors 
might create the same voltage drops without pointing at the 
highest light intensity direction. Further experiments 
showed that this was due to the interference between the 
photoresistors and could be avoided by isolating the photo-
resistors to create a more significant voltage drop. This pro-
totype was used as the platform for building and testing the 
control algorithm that would drive the actuators. 

Figure 7. Schematic of the light sensor design. 

 
Figure 8 shows a low-cost ambient light sensor PCB with 

a built-in voltage divider and three pins for voltage input/
output that was used to build an integrated and compact 
light-sensor prototype (DFRobot, 2019). These integrated 
sensors avoided the need to design and fabricate a PCB 
board or use a protoboard to create the four voltage divider 
circuits that were essential for the light sensor. Two-inch 
long and 0.75-inch diameter conduit cut at a 45º angle on 
one end was used to isolate the four ambient light-sensor 
PCBs. This allowed for less interference between these 
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PCBs, thereby making the resistance differential between 
the corresponding pairs of PCBs significant and, thus, a 
more sensitive light sensor. Figure 9 shows that this was 
accomplished by leveling and then fastening them to a flat 
piece of square plywood, such that the light sensor was suc-
cessfully developed as a single-function component. Initial 
tests in an indoor laboratory environment using an oscillo-
scope and a flashlight showed that the light sensor was 
highly sensitive and performed as designed. Later, outdoor 
field tests were done after integrating the PCBs with other 
modules of the tracking system. This outdoor design also 
performed as designed. 

Figure 8. Ambient light sensor with a built-in voltage divider. 

Figure 9. Completed light sensor. 

 

Microcontroller 
 

The two most popular low-cost microcontrollers on the 
market—the Arduino and the mBed—were considered for 
use in this current study, but ultimately the Arduino Uno 
model was chosen (Arduino, 2019). The Arduino was se-
lected for this study for three reasons. First, the Arduino has 
multiple models and variations that all follow the same cod-
ing standard and, thus, are able to run the same code without 
modifications. The Arduino Uno is the most widely used 
and documented model with a large group of users. Finally, 
it is also the most robust model among the entire Arduino 
family and is widely available at a low price. The Arduino 
Uno has six pins that read analog signals (Kumar, Roopa, & 
Sathiya, 2015). The six pins pass a small current over the 
device connected to them using a 5V power supply from the 
board and then produce a value ranging from 0 to 1023, 

based on the voltage drop across the device. With the built-
in voltage divider circuit in the ambient light sensors, they 
can each be connected to the Uno microcontroller following 
the schematic shown in Figure 6 (the voltage divider read-
ings from the ambient light sensor R0~R3 were connected 
to the A0~A1 pins on two Unos). Six of the 14 digital input/
output pins can be used for PWM (pulse width modulation) 
outputs, which are used to drive the actuators (Petru & Ma-
zen, 2015).  
 

Actuator Control 
 

The most common method for controlling a DC motor 
using the Arduino Uno is PWM. The Arduino Uno is 
equipped with six digital pins capable of producing a PWM 
signal, which is essentially a digital representation of an 
analog signal. The PWM signal represents an analog signal 
by switching between on and off at different times. By mod-
ulating the duration of the “on time” (also referred to as the 
pulse width), voltages in between full magnitude on (5V) 
and off (0V) can be obtained. The result is as if the signal is 
a steady voltage between 0V and 5V. Figure 10 shows the 
PWM signal; the green lines represent a regular time period 
of two milliseconds with the Arduino Uno’s frequency at 
500Hz. By calling the analogWrite() function and setting 
the parameter on the 0~255 scale, an analogWrite(127) 
function call represents 50% of the duty cycle and, thus, a 
voltage of 2.5V (Hirzel, 2018).  

Figure 10. Arduino Uno PWM signal at different duty cycles. 

 
To protect the microcontroller from any potential back-

current that the motor driving the actuator could generate, 
and to control the motor speed as well as rotational direc-
tion, H-bridges were used as the buffer between the Arduino 
Uno and the actuators. An H-bridge is essentially four tran-
sistors arranged in an H pattern with the motor being in the 
center of the H arrangement. By switching the transistors on 
and off in a specific order, the direction of the motor can be 

Output GND 5V 
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controlled. The speed of the motor is controlled by varying 
the level of current supplied to the motor (Brown, 1998). 
Since the slewing drive used in this study was powered by a 
24 VDC source, and the linear actuator was powered by a 
12 VDC source, the Sabertooth 2x25 and 2x12 were used 
for the two actuators separately (Dimension Engineering, 
2019). The two H-bridges operate under the same logic. 
When 5V is supplied to the S1 connector, full current from 
the power source is supplied to drive the motor connected to 
the M1 connector in the forward direction. Conversely, if 
0V is applied, it will drive the motor at full reverse. If 2.5V 
is applied, the motor will stop. By varying the voltages 
above or below 2.5V, both the speed and rotational direction 
of the motor connected to the H-bridge can be controlled. 
 

The Sabertooth H-bridges are very robust and easy to use. 
However, they have one issue that prevents the direct inter-
face with the Arduino Uno microcontroller. The input for 
these H-bridges is analog which, at face value, does not 
seem to be a problem, since the Arduino Uno can produce 
an analog signal using PWM as just discussed. However, if 
a PWM signal is to be applied to these Sabertooth               
H-bridges, it must first be conditioned by a low-pass filter to 
prevent unpredictable outputs. Figure 10 shows how the 
filter conditions the PWM signal from a square wave to a 
smooth analog signal that can be interpreted by the Saber-
tooth H-bridges. Figure 11 shows the circuit design of the 
filter and the schematic of how it is connected to the Ar-
duino Uno and the Sabertooth H-bridge. A 1kΩ resistor and 
a 10μF capacitor were used in the filter design. It was deter-
mined that the frequency response of the filter was 15.9 Hz, 
which was enough for the tracking system, following the cut
-off frequency Equation 1: 
 
 

(1) 
 

Figure 11. Schematic of actuator control. 

 

Wireless Communication 
 

The wireless communication module was incorporated so 
that the light-sensor information and control signals could 
be communicated between the microcontrollers controlling 
the two actuators. Through a breakout board, known as 
wireless SD shield and wireless radio known as Xbee for 

Arduino Uno, wireless communications could be estab-
lished. In this design, one Arduino Uno was dedicated to the 
handling of all of the input signals from the light sensor, 
processing the logic, and controlling the linear actuator for 
tilt-angle adjustment. Table 1 shows the control signals for 
azimuth angle adjustment, which were sent to another Ar-
duino Uno via the Xbee to control the slewing drive follow-
ing a simple communication protocol. The controls of the 
two actuators were open-loop with no need for feedback 
from the actuators. Instead, the light sensor would continu-
ously read and feed the microcontrollers to check the effects 
of angle adjustments. Also, data showing the status of the 
tracking system was collected and communicated to a wire-
lessly connected computer via the Xbee radio.  
 
Table 1. Protocol for wireless communication. 

Software Design and Prototype 
 

The drivers for the Arduino Uno and the Arduino IDE 
environment distributed via www.arduino.cc was used for 
the development and testing of the controller software. The 
details and documentation related to the IDE, the drivers, 
and installation instructions can be found at the distributors’ 
website. Figure 12 provides an example of the Arduino IDE 
GUI showing the main controller program. 

Figure 12. Arduino IDE environment. 

 
As noted earlier, the tracking system consisted of two 

Arduino Uno microcontrollers, one dedicated to reading and 
processing the signals from the light sensor and controlling 
the linear actuator for tilt-angle adjustment (called a reader), 
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while the other received the processed signals from the light 
sensor to rotate the slewing drive for azimuth angle control 
(called the receiver). The reader was mounted at the back of 
the collector panel near the light sensor, and the receiver 
was installed at the base near the slewing drive. Figures 13 
and 14 show the flowcharts of the logic design for the read-
er and receiver, respectively. 

Figure 13. Controller logic for the reader. 

 
With the control software developed and tested, a labora-

tory-scale prototype was constructed for the experimental 
test to measure energy gains and verification of the func-
tionality of the tracking system when subjected to natural 
sunlight. A rectangular box built out of plywood was the 
base on which the stationary flange of the slewing drive was 
attached. A circular platform was fixed to the rotating collar 
of the slewing drive and functioned as the base for a 4"x4" 
wooden support. A metal rod with a mounting bracket was 

fixed to the support providing a horizontal pivoting axis for 
the wooden panel. The linear actuator was attached to the 
brackets on the side of the support and the bottom of the 
wooden panel. The reader microcontroller and the 2x12      
H-bridge were mounted on the back of the panel, while the 
receiver microcontroller and the 2x25 H-bridge were 
mounted next to the slewing drive on top of the base. Figure 
15 shows the fully assembled prototype. 

Figure 14. Controller logic for the receiver. 

Figure 15. Laboratory scale prototype. 
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Results 
 

A 12V photovoltaic panel rated at 20W was mounted on 
the prototype for experimental tests to measure the power 
gains of the tracking system. For comparison, another 20W 
panel was set up at a tilt angle of 30º and orientated to face 
south. In an outdoor area where there were no obstacles that 
could cast shadows on the two panels, three tests were car-
ried out on three selected days during May in southern Tex-
as with similar conditions—such as no clouds and similar 
sunlight irradiance intensity (peak at approximately     
860W/m2 around noon) and temperatures. The panels were 
connected to 12V batteries via charge controllers. By meas-
uring the voltage and current the charge controllers supply 
to charge the battery, the power gain of the panel could be 
calculated simply by multiplying the voltage with the cur-
rent (charge controller losses were ignored). The experi-
mental tests were carried out from 08:00 to 17:00. The 
charge controller voltage was read directly from its built-in 
gauge, and the current was measured every 30 minutes us-
ing an ammeter. 
 

Table 2 shows the energy gains in wattage at the time of 
measurement for both the fixed and tracked panels during 
the three tests. Figure 16 shows a graph of the calculated 
averages for the three tests and the range of variation at the 
time of measurement during the three tests. The energy 
gains peaked between 11:30 and 13:30, when the sunlight 
irradiance reached a maximum near noon. The tracked sys-
tem had a higher gain than the fixed system, since its zenith 

angle was adjusted in real-time so that the sunlight irradi-
ance was always normal to the collector surface. By averag-
ing the two consecutive wattage values measured and then 
multiplying that by the time interval between measurements 
(0.5 hours) before summarizing the results for all of the time 
intervals, the total energy gains during the nine hours of 
tests could be obtained. It was determined that the average 
overall energy gains over the nine hours for the fixed panel 
during the three tests was 109.07 wh (watt-hour) with a   
3.25 wh variation between the tests; the tracked panel 
showed 149.86 wh with a 4.05 wh variation, indicating ap-
proximately 37% in increased energy gains.  

Figure 16. Comparison of fixed versus tracked energy gains. 

Time 

Power Gains (W) 

Test One Test Two Test Three Average 

Fixed  Track  Fixed  Track  Fixed  Track Fixed Track 

08:00 2.4 5.9 1.9 6.3 2.6  7.5 2.3 6.6 

08:30 3.8 10.8 3.0 11.0 3.9  11.8 3.6 11.2 

09:00 5.5 14.8 5.1 14.5 5.9  16.0 5.5 15.1 

09:30 7.5 16.5 7.7 16.9 7.8  17.1 7.7 16.8 

10:00 11.6 17.9 12.0 18.2 11.9  18.6 11.8 18.2 

10:30 14.6 18.8 14.3 18.2 15.0  19.0 14.6 18.7 

11:00 16.9 19.0 16.6 18.8 17.2  19.4 16.9 19.1 

11:30 17.8 19.1 16.9 19.5 18.3  19.2 17.7 19.3 

12:00 17.9 19.2 17.9 19.3 18.5  19.5 18.1 19.3 

12:30 18.1 19.1 18.0 19.1 18.4  19.3 18.2 19.2 

13:00 18.0 19.3 18.1 18.6 18.7  19.4 18.3 19.1 

13:30 17.6 19.0 18.0 19.2 17.9  19.7 17.8 19.3 

14:00 16.8 18.9 17.1 18.0 16.9  19.0 16.9 18.6 

14:30 14.6 18.2 13.9 17.5 15.0  18.8 14.5 18.2 

15:00 12.2 17.6 11.9 17.9 11.9  18.5 12.0 18.0 

15:30 10.5 16.6 10.2 15.9 9.2  17.2 10.0 16.6 

16:00 8.1 14.5 7.7 13.9 7.3  15.9 7.7 14.8 

16:30 4.0 11.3 4.3 11.3 4.9  11.2 4.4 11.3 

17:00 2.5 6.8 2.6 7.8 3.0  8.0 2.7 7.5 

Table 2. Experimental test results. 
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Conclusions 
 

In this paper, the authors presented the design, develop-
ment, and prototype of a dual-axis solar tracking system 
based on a slewing drive, a linear actuator, two Arduino 
Uno microcontrollers, and two Sabertooth H-bridges. Pre-
liminary experimental results indicated that the laboratory-
scale prototype successfully tracked the sunlight panel. The 
tracking system also improved the total energy gains of the 
photovoltaic panel by up to 37%, compared to the fixed 
system. Indoor tests using a flashlight as the light source 
showed that the tracking system responded to the moving 
flashlight with so little delay that it could hardly be noticed. 
This fast response speed gives this design the potential for 
other applications. By changing the sensor to a thermal 
camera and adding thermal imaging analysis capability, the 
same system could easily be used in other applications, such 
as an automatic fire-fighting water gun. In addition to com-
municating between the two microcontrollers and reporting 
system status, the wireless communication infrastructure 
could also be redesigned to allow manual inputs from a 
wirelessly connected computer for active control of the two 
actuators. For future study, a full-scale collector consisting 
of an array of commercial size photovoltaic panels should 
be constructed and tested in the natural outdoor environ-
ment for an extended period of time to evaluate the perfor-
mance and reliability of the system when subjected to ex-
treme environmental conditions such as snow and ice. 
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