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ABSTRACT 
 
 

 This paper summarizes the use of a small, low cost, versatile, easy-to-program, and off-

the-shelf autopilot system, called the Pixhawk Mini, to fly and validate a student-built RC aircraft 

in the aerospace engineering senior design class at Wichita State University. The goal of this paper 

is to obtain data from flight testing an aircraft and to use that data to validate the aircraft design. 

In the senior design course, a physics-based model is developed in the conceptual and preliminary 

stages of design and consists of aerodynamic, stability and control, and structural estimates for the 

aircraft and in detailed design, the model is manufactured and tested for validation. In this thesis, 

a simple test plane is designed, manufactured, and flown. With the Pixhawk Mini in the aircraft, 

the plane goes through several flight-tests in a simulated environment such as X-Plane and in real 

life to obtain data used to better understand the design choice, validate the physics-based model 

and verify the aerodynamics, stability and controls, and structural parameters obtained in the early 

stages of design.  
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CHAPTER 1 
 

INTRODUCTION 
 
 

1.1       Senior Design Class Structure 

The aerospace engineering design class offered during the senior year of undergraduate 

studies at Wichita State University provides students with the opportunity to use their knowledge 

of undergraduate core classes such as statics, aerodynamics, fundamentals of flight, and mechanics 

of material to design, validate, and fly a remote controlled electric powered airplane. The students, 

also known as designers, start with an assigned mission which includes a set of requirements and 

constraints. They move into the first phase of aircraft design known as the conceptual design. 

During this stage, they analyze the mission requirements, browse a wide range of design 

configurations, “perform trade studies of both the designs and the requirements, and ultimately 

settle on a single best design” [1, pp. 13-14]. This can turn into a cumbersome process unless the 

designers regularly refer to the mission and its requirements and do not lose sight of the project 

deadlines. It is important to meet the deadlines not only for submission purposes, but for staying 

on track with fellow teammates and keeping the spirit of competition alive.  

Design itself is a very iterative and fluid process [1, pp. 14, 21]. One does not just start 

with one nicely sketched airplane design, perform performance studies, build, and fly it. “You take 

what you learn from the first one, apply design judgements and computational optimization, 

identify areas for improvement, and then draw it again…and again, and maybe again” [1, pp. 3]. 

Designers eventually settle on a design but that is after running analysis on multiple designs, 

narrowing it down to a few, running analysis again, and maybe then settling on one single design. 

It is a compromise between time (imposed by the deadlines) and the design mission and 

requirements. As the designers learn more about the mission, they can incorporate newer better 
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features into their design and/or remove features from it. By the end of this phase, they have a 

rough idea of what their design looks like, have recognized the important mission and design 

parameters, and most importantly know where they are headed and what needs to be done next.  

This leads them into the next phase of design: preliminary design. This stage “is 

characterized by the maturation of the selected design approach” [1, pp. 15]. It involves better 

comprehension of the selected design, detailed subsystem analysis (structures, aerodynamics, 

stability and controls, and propulsion), computational optimization, and wind tunnel testing. 

Designers use the wind tunnel data to validate their earlier predictions and while not always 

matching, non-significant changes can be made to the design. As mentioned before, design is a 

very fluid process and changes are always imminent. But the main factor keeping the students 

from making too many changes or too big of a change are the deadlines. They must follow the 

schedule to move forward with the project and stay on track with fellow teammates in the class.  

At the end of this stage, designers should have “an ever-increasing level of confidence that 

the design will work” [1, pp. 15]. The design is frozen, and it moves into the final stage called 

detailed design. This is where the team prepares detailed CAD drawings ensuring parts are sized 

correctly and that all pieces fit. The stick-figure drawings of the plane that were originally drawn 

in conceptual design are now detailed CAD drawings. The plane has matured into a viable design 

that is going to be built. Communication and organization are key in the entire design process but 

even more so in this stage. Mistakes are costly both in value and in time. Once the fabrication and 

production of the plane are complete, the team of designers can test-fly their plane, and eventually 

fly it at competition day to compete with fellow teammates.  
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1.2       Autopilot’s Role in the Class 

Design is very iterative and can be time consuming, challenging, and stressful. Because of 

its being a lengthy process, there are many opportunities to make changes to the design, but this 

can have a major impact on performance, weight, cost and most importantly the design might no 

longer meet the original mission and its R&C. The further along the process, the more difficult it 

is to incorporate major changes into the design. That is why it is crucial to start off right with the 

mission in mind. There are many safe guards placed along the project so that students would have 

enough confidence in their design by competition day. However, there is still much anticipation 

and eager built up as it gets closer to flight day. A method thought to be useful for the designers to 

incorporate into their design is an autopilot system for flight testing in order to understand the 

dynamic behavior of their design in real flight and.  

In general, flight-testing as the name suggests is the testing of an aircraft while in flight. 

During a test-flight, engineers collect data and observe the performance and handling qualities of 

the plane. Airplanes are complex integrated systems and therefore flight-testing “involves a 

number of engineering disciplines in addition to the study of the man-machine interface that we 

know as human factors” [2, pp. 3]. It is during flight-testing that the human crew interacts with the 

aircraft to gather data, validate and refine the design. Unless the test-flights are properly planned 

and coordinated among all engineers, it could potentially lead into a never-ending series of test 

runs and changes.  

There are numerous reasons behind flight-testing. The one suited for the senior design class 

is “to determine if the new vehicle will accomplish its intended mission” [2, pp. 4] and to obtain 

the actual characteristics of the plane as opposed to the calculated and the predicted ones [3, pp. 

1]. The team can build a small scaled-down model of their plane and test it in the wind tunnel to 
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validate some of their data. Wind tunnel tests are certainly a safe way to test an aircraft for 

aerodynamic and stability and control forces, and one can easily repeat tests and control test points. 

However, wind tunnels can have limitations in maneuvers and correction for blockage needs to be 

applied. 

Actual flight gives the team a better and a more realistic way to observe the behavior of 

the plane. If there is a problem or a crash during flight, logged data can be of good use to determine 

the problem(s). Real flight provides a more realistic representation of aircraft performance by 

avoiding the complications that are sometimes caused by using wind tunnels. Students have a 

chance to fly their manufactured plane before the actual competition day. It’d be useful to 

incorporate an autopilot during this test-flight and during the competition flight for a more accurate 

validation process. As mentioned before, with this method students have a better understanding of 

the plane’s performance before the competition or during the day of. The autopilot will add another 

layer of validation in addition to the wind tunnel. It will be useful for both the instructor of the 

class for grading purposes and for the students’ understanding of their plane’s performance and 

their design’s success.  

1.3       Project Goal 

Incorporating an autopilot system is a good addition to the aerospace engineering program. 

Students will have an opportunity to understand their plane’s performance, analyze different 

dynamic behavior of their plane, and therefore apply their undergraduate knowledge to understand 

and evaluate the plane’s behavior during any stage of flight. A thesis published by Kissack [4] 

successfully examined the feasibility of autopilots’ use in academia. The autopilot system was 

assembled, programmed and used to autonomously fly an RC aircraft. The project was a success 
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in realizing that autopilots can be used in the classroom environment and that students can 

experiment with and configure their vehicles with an autopilot system.  

This project hopes to use an autopilot that is already-made, ready-to-use and is more 

powerful in data processing and data acquisition. The world of autonomous flights is rapidly 

becoming more popular with the advancement of technology and is more accessible to the public 

with the availability of open source coding. Every year more powerful autopilots become available 

to the public. Autonomous flight capabilities are useful in the industry, military, and recreational 

settings. Therefore, it is important for students to understand their potential use in everyday life, 

learn how to perform and use data obtained from flight-testing. This project builds on the previous 

work done. It is a cost-effective and more importantly an easy-to-set-up autopilot system that 

students have familiarity with and therefore do not have to spend too much time learning the 

programming language or becoming overwhelmed by the electronics side of the autopilot. The 

focus of each team should be on working with an autopilot that is easy-to-install and use; 

something that can be easily adjusted, changed, or reprogrammed for a unique design in order to 

obtain specific values based on the needs of the team. This data will then be used for system 

identification and for validating the aircraft design.   

1.4 Basic Requirements 

There are numerous types of flight controllers. Several parameters as defined below are 

used to choose the appropriate autopilot system. 

• Weight: An autopilot system that is lightweight and small in size. 

• Cost: Both in time and in value. In terms of value, this is how much each autopilot is going 

to cost in dollar amount. This also raises the question as to whether each device can be 

recycled and reused by multiple teams. In terms of time, this is how long it will take each 
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person to adjust and configure the autopilot system for their unique project. This is tied 

directly to the next criteria, simplicity. 

• Simplicity: The autopilot is simple enough so students can easily understand its capabilities 

and are able to easily work with it. 

• Versatile: This has a multifold definition: (1) The desirable autopilot should be able to 

operate on many platforms such as Windows, Mac OS, Linux, Android, and iOS. (2) It 

should be able to communicate with a ground station via Wi-Fi or radio telemetry. (3) It 

can not only be used on a conventional airplane but on different configurations such as 

multirotors. (4) The chosen autopilot should be reused by teams. Therefore, it must be 

adaptable to various designs and can be used repeatedly.   

• Open Source: An autopilot that is open source so students can modify or customize the 

code for a specific project.  

• Accessible: Due to the funds available for this project, materials including this autopilot 

device must be purchased from American providers. 

With favorable results from this thesis, this autopilot system can not only be used in the senior 

design class but also in other undergraduate aerospace engineering courses offered at WSU. This 

can be accomplished by producing tutorials, presentations, and sample programs for students. This 

is a start to a large-scale project of introducing flight-testing as an educational module to different 

courses. It helps students become familiar with the device itself, its programming capabilities, and 

use in recreational and industry settings all the way throughout their undergraduate studies.  
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1.5       Deliverables 

The next several chapters in this paper will describe the validation process in detail. This, 

in summary entails the following deliverables: 

• Reviewing multiple autopilot systems and using the six criteria mentioned in section 1.4 to 

choose a controller that is appropriate to the project goals. The Pixhawk series is a potential 

option as it has been previously used and tested at WSU and presents great potential for 

this project and its purpose. 

• Building a test plane. 

• Testing the autopilot system using simulation and actual flight. 

• Obtaining data from flight testing and validating the aircraft design. 

• Recording, summarizing, and presenting all findings. 

• Presenting the findings in a way that is easy to understand and easy to follow while 

providing sample programs for student reference. 
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CHAPTER 2 
 

THE PIXHAWK 
 
 

2.1      The Pixhawk Series 

In the realm of flight controllers, there has been many changes and those changes come 

about very quickly due to the rapid advancement of technology in the field of electronics. Looking 

back at some of the predecessors of the Pixhawk, shown in Figure 1, we can see that it has taken 

a short number of years and a few iterations of flight controllers to get to the Pixhawk autopilot.  

 

Figure 1. Some of the Pixhawk Predecessors [5] 
The Pixhawk was designed as part of a project named PIXHAWK led by Lorenz Meier at the 

Swiss Federal Institute of Technology located in Zurich, Switzerland [6]. They offer several types 

of controllers such as the Pixracer autopilot, Pixhawk autopilot, Pixhawk 2 autopilot and 

peripherals such as radio and Wi-Fi telemetry, air speed sensor, and GPS module. The Pixracer, 

shown in Figure 2, is a 1.42 x 1.42 𝑖𝑛2 board with a weight of 10.9 𝑔 [7]. Despite its small size 

and weight, it is not a desirable controller for this thesis because it is targeted towards VTOL 

vehicles and racing multicopters.  
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Figure 2. The Pixracer [7] 
The Pixhawk autopilot has a length of 3.22 𝑖𝑛, width of 2.00 𝑖𝑛, height of 0.50 𝑖𝑛, and a 

weight of 38 𝑔. Its software runs on a real-time operating system and supports flight stacks such 

as PX4 and APM [8]. PX4 is a software stack or firmware that was developed as an open source 

project with the goal of coming up with the best autopilot system that is open source and free to 

the public [9]. The PX4 flight stack is flexible and therefore can be used as a platform to power 

and control any types of UAV’s (drones, copters, planes) and ground vehicles [10]. APM is also 

an advanced autopilot software system that is open source and can control UAV’s, boats, 

submarines, and ground vehicles [11]. The hardware of the Pixhawk was designed by collaboration 

with 3D Robotics and ArduPilot Group and is a combination of two electronic boards called the 

PX4FMU and the PX4IO. PX4FMU (autopilot’s Flight Module Unit), shown in Figure 3, has a 

powerful M4 Cortex processor that can control flight and efficiently process digital signals. It also 

has a plug-in memory card that can used to retrieve logged data at a later time. The PX4IO, shown 

in Figure 4, is an input-output module which as the name suggests provides input and output 

features, acts as a carrier board, and has a fail-safe microcontroller in case the FMU fails. Both 

https://3dr.com/
http://www.ardupilot.org/
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boards stacked together, as shown in Figure 5, is what flies any UAV and drives any UGV. This 

is the hardware of the autopilot. “Pixhawk is an independent open-hardware project that aims to 

provide the standard for readily-available, high-quality and low-cost autopilot hardware designs 

for the academic, hobby and developer communities” [14]. It therefore fits the needs of this thesis 

as “it is targeted towards high-end research, amateur and industry needs” [15] in unmanned aerial 

vehicle flight. 

 

Figure 3. The PX4FMU [12] 

 

Figure 4. The PX4IO Board [13] 
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Figure 5. PX4FMU and PX4IO Stacked [13] 
2.2  The Pixhawk Mini 

The most recent version of the Pixhawk is the Pixhawk Mini designed by 3D Robotics in 

collaboration with HobbyKing [16]. The version, shown in Figure 6, has several advantages 

compared to its predecessors. It is much smaller in dimension and therefore lighter in weight, it 

has improved sensors, better connectors, and a built-in GPS module. It is found to be a good fit for 

this thesis due to its size (small and weight effective), ease of set-up, and ultimately meeting the 

six criteria mentioned in section 1.4. Refer to the tables below to compare the original Pixhawk to 

the Pixhawk mini.  

 

Figure 6. The Pixhawk Mini [17] 
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TABLE 1 

ORIGINAL PIXHAWK DIMENSIONS AND WEIGHT 

Parameter Value 

Length (𝑖𝑛) 3.22 

Width (𝑖𝑛) 2.00 

Height (𝑖𝑛) 0.50 

Volume (𝑖𝑛3) 3.22 

Weight (𝑔) 38.00 

Weight (𝑜𝑧) 1.34 

 
TABLE 2 

PIXHAWK MINI DIMENSIONS AND WEIGHT 

Parameter Value 

Length (𝑖𝑛) 1.70 

Width (𝑖𝑛) 1.50 

Height (𝑖𝑛) 0.50 

Volume (𝑖𝑛3) 1.28 

Weight (𝑔) 15.80 

Weight (𝑜𝑧) 0.56 

 
TABLE 3 

THE ORIGINAL PIXHAWK AND THE PIXHAWK MINI COMPARISON 

Parameter Value 

Volume Ratio 0.40 

Weight Ratio 0.42 
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2.2.1  Sensors 

 Part the autopilot’s role is to configure and display the vehicle’s state. These states such as 

heading, airspeed, location, orientation, battery readings, etc. are determined by sensors that are a 

part of the hardware. At a minimum, the autopilot should come with a magnetometer, 

accelerometer, and a gyroscope. Additional sensors can always be added to the system as external 

peripherals.  

 As for the basic sensors, the Pixhawk mini comes with a magnetometer, accelerometer, 

gyroscope, and a barometer. There are three sensor modules or IMUs on board: a nine-axis motion 

processing unit called the MPU9250 Accel/Gyro/Mag, a six-axis motion tracking device called the 

ICM20608 Accel/Gyro, and a barometer labeled as MS5611. The accelerometer is used to measure 

acceleration, a gyroscope measures angular rates (roll, pitch, and yaw rates) and a magnetometer 

measures orientation in the North, East, West, and South directions. A magnetometer is similar to 

a compass in that it measures the magnetic force, but it is more reliable and advanced in that it 

takes into account errors such as crosswind in order to give a more accurate orientation and 

heading. The barometer measures atmospheric pressure which consequently gives the aircraft’s 

altitude. The GPS also provides altitude. Each sensor has its capabilities and limitations; combined, 

they complement one another and provide an accurate state of the vehicle. 

2.3  Peripherals 

There are several accessories available that can be added to the Pixhawk mini for a more 

complete autopilot system. Some of these are optional and some are necessary. The peripherals 

that are added to the autopilot system for this project are: telemetry, GPS and compass, power 

module, and an airspeed sensor.  

  



14 

2.3.1  Telemetry 

The radio telemetry is an optional module used to link the flight controller to the ground 

control station via a USB connection. If one is interested in using wireless telemetry, there are Wi-

Fi telemetry boards available as shown in Figure 7. However, radio telemetry offers a more reliable 

connection and longer range. The telemetry connection allows one to view live data on the ground 

control station, monitor the flight and the mission, give commands to the autopilot, and control the 

plane during flight. The radio set used for this project is shown in Figure 8 and uses the U.S. legal 

band of 915 𝑀𝐻𝑧. Two radio boards are needed for setting up a proper communication route where 

one is connected to the autopilot system on board the aircraft and one to the ground control station.  

 

Figure 7. Wi-Fi Telemetry [18] 

 

Figure 8. Radio Telemetry [19] 
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2.3.2  GPS 

The flight controller kit comes with a GPS-compass module as shown in Figure 9. This 

module features the Neo – M8N ublox GNSS receiver and the HMC5983 compass.  With its much 

stronger and faster GPS lock, the autopilot knows where the airplane is in space which gives the 

viewer a good understanding of the vehicle’s location. 

 

Figure 9. The GPS Module 

2.3.3  Power Module 

The 10S power module, shown in Figure 10, is used to safely power servos without the 

need for multiple batteries. It also reads the battery’s voltage and current and reports it back to the 

ground station. 

 

Figure 10. 10S Power Module [20] 
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2.3.4  Airspeed Sensor 

The airspeed sensor is a necessary module for an aircraft and VTOL vehicles as it provides 

airspeed by measuring the static and dynamic pressures. The one used for this project is shown in 

Figure 11 and is composed of the digital airspeed sensor, the pitot static probe, I2C cable, and two 

rubber tubes. The rubber tubings are attached to the pitot tube and the airspeed sensor is attached 

to the autopilot using the I2C cable.  

 

Figure 11. Airspeed Sensor [21] 
2.4  The Ensemble 

For a complete autopilot system, as shown in Figure 12, several other peripherals as listed 

below are purchased and connected to the Pixhawk Mini. The motor, propeller, and servos are 

physically part of the aircraft and are not shown in Figure 12. 

• Electronic Speed Controller (ESC) 

• Transmitter receiver which is bound to the transmitter that will be used to fly the plane. 

• Eight channel PWM breakout board for servo connections. Out of the eight available 

channels, only four are used for ailerons, elevator, throttle, and rudder respectively. If 

additional channels are needed, there are four more that can be utilized. 

• An external (accessible) safety switch to arm the vehicle before take-off. 
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2.4.1  Weight of the Autopilot System 

 Weight is generally an important factor to consider during the entire design process. It is 

also one of the determining criteria for the autopilot selection mentioned in section 1.4. Table 4 

summarizes the weight of each component of the autopilot system. Note that the propeller, motor, 

and the servos are not included in this table because they are physically part of the aircraft and are 

ingrained in its structure. A total weight will later be provided once the airplane is manufactured. 

TABLE 4 

ITEMIZED WEIGHT OF THE AUTOPILOT SYSTEM 

Item Weight (𝑔) Weight (𝑜𝑧) 

Airspeed Sensor (Board, Tygon Tubes, Pitot Tube, cable) 9.00 0.32 

Eight Channel PWM Breakout Board (including cable) 4.80 0.17 

ESC 27.10 0.96 

GPS 22.00 0.78 

I2C Board (including cable) 5.00 0.18 

Pixhawk Mini 16.70 0.59 

10S Power Module 18.00 0.63 

Radio Telemetry (one board, antenna, cable) 24.30 0.86 

Switch 2.00 0.07 

Transmitter Receiver (board and cable) 5.40 0.19 

Total Weight 134.30 4.74 
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2.4.2 Cost of the Autopilot System 

Since cost is one of the criteria mentioned at the beginning of this thesis and is one of the 

key factors in determining the suitable autopilot, a total autopilot cost has been estimated. This is 

based on the minimum number of necessary items purchased to put together a functioning, simple, 

and easy-to-use controller. Some of the sensors/peripherals such as GPS, cables, eight channel 

PWM breakout board, I2C board, and external switch come with the Pixhawk Mini kit and some 

such as the battery, ESC, servos, transmitter and receiver are available in the lab where this project 

is conducted. Therefore, these items are excluded from the cost estimate. Below is the total cost of 

ancillary items purchased for this project. 

TABLE 5 

PRICE OF THE AUTOPILOT SYSTEM (PURCHASED ON MAY 17, 2017) 

Item Price (USD) 

Airspeed Sensor $69.99  

Pixhawk Mini Kit $199.00 

10S Power Module $29.99 

Radio Telemetry Set $42.99 

Total Cost $341.97 

Note: Other peripherals or sensors could be added or removed 
based on the needs of a project which subsequently affect the total 
cost of the autopilot.  
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CHAPTER 3 
 

THE TEST PLANE 
 
 

3.1       Test Plane Design Selection 

To complete this project, a basic test aircraft is needed. To narrow down the selection and 

choose a design suitable for flight testing, several criteria are considered: 

• Durability: A design that is lightweight yet structurally strong and can withstand multiple 

test flights.  

• Simplicity: A simple design that accomplishes the mission, is transparent, easy to build, 

and easy to repair. 

• Versatility: This has a multifold definition: (1) the design should be able to house the 

electronics in a way that is easily accessible, (2) there should be enough room to move the 

electronics for center of gravity adjustments, and (3) the design should be easy to repair if 

damaged during flight.  

• Cost: The overall cost of manufacturing the aircraft should not exceed fifty dollars. 

After browsing several models, the simplest, most cost effective, and versatile design is one that 

consists of the most basic components of a RC aircraft: wing, fuselage, horizontal tail, vertical tail, 

ailerons, elevators, and rudder. The selected design has been used in the past [4] and it is used for 

this project because of its success in accomplishing the mission and performing well under 

numerous test flights.  
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3.2      The Aircraft’s Features and Performance Analysis 

Autodesk Inventor, referred to as Inventor from this point on, is the CAD software used to 

model the aircraft and obtain several key parameters. In addition to modelling the design, Inventor 

is used to find the mass moments of inertia (MMOI), total aircraft weight, center of gravity (CG) 

location and the static margin. The design is further analyzed in structures, aerodynamics, 

propulsion, and stability and control to develop an understanding of the aircraft’s system and its 

performance.  

3.2.1    Subsystem Analysis – Structures 

 The aircraft is a hybrid of pink insulating foam, balsa, and carbon fiber which creates the 

intended lightweight and strong structure defined in section 3.1 under “durability”. A flat plate is 

used for the horizontal tail and for the vertical tail, and NACA 0015 as the wing’s airfoil, as shown 

in Figure 13. The reasons for this airfoil selection are that it has low 𝐶𝑑0
, its thickness provides 

ample room to house the electronics and it is a simple design to build. The inside, as shown in 

Figure 13, is hollowed out for conserving weight and for providing extra room for the electronics. 

 

Figure 13. NACA 0015, Wing Cross-Section 

The wing has four 0.125-inch-thick spars made of spruce, two on top and two on bottom 

that help carry the loads in the chordwise direction. There are six ribs, four of which are made of 

foam and each has a thickness of 0.5 𝑖𝑛 and two ribs out of balsa each with a thickness of 0.125 
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𝑖𝑛. These six ribs maintain the shape of the wing in flight and carry the loads in the spanwise 

direction. As for the tail, there are two balsa spars placed in between each segments of the 

horizontal and vertical stabilizers for structural stability. The tail boom is a carbon fiber arrow 

shaft as shown in Figure 15.  

 

Figure 14. The Wing Structure 

 

Figure 15. The Tail and The Tail Boom  
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The aircraft has plenty of room to house the electronics. This is to ensure the electronics 

are furthest away from each other to reduce noise and that there is enough room to shift things 

around if the center of gravity (or the static margin) needs to be adjusted. The main area that houses 

the electronics is easily accessible by removing the top nose piece and the lid. The battery is placed 

in between the two nose pieces where it is close to the motor and the propeller. The motor and 

propeller are attached to a mount made of 0.125-inch-thick lite ply to ensure it will withstand the 

torque generated from the spinning motor and propeller. These features and many more are shown 

in Figure 16 and Figure 17. The completed aircraft model is shown in Figure 18 and dimensions 

of the plane’s key components are summarized in Table 6. 

 

Figure 16. Some of the Plane’s Features 
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Figure 17. Electronics’ Location  

 

Figure 18. Completed Aircraft Design in Inventor 
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TABLE 6 

PLANE DIMENSIONS 

  Wing Horizonal Tail  Vertical Tail 

Airfoil NACA 0015 Flat Plate Flat Plate 

Span (𝑖𝑛) 45.00 13.50 7.82 

Chord (𝑖𝑛) 12.00 5.50 5.25 

𝐴𝑅 3.75 2.45 1.49 

Thickness (𝑖𝑛) 15% 0.25 0.25 

 
After completing the design in Inventor, the density of each aircraft component is 

calculated and entered to obtain an aircraft weight of 1.68 𝑙𝑏𝑠. Table 7 shows the densities of balsa, 

lite ply, spruce, carbon fiber, and pink foam. In order to calculate the density of these material, a 

piece/sample is weighted, its volume is measured, and using the ratio between weight and volume, 

density is calculated. Table 8 lists the electronics that are used in this project with their densities 

calculated by the same method. 

TABLE 7 

MATERIAL PROPERTIES 

Material Weight (𝑔) Volume (𝑐𝑚3) Density (𝑔/𝑐𝑚3) 

Balsa* 88.00 586.86 0.15 

Carbon Fiber  25.00 130.18 0.19 

Lite Ply* 42.00 580.72 0.07 

Pink Foam* 30.40 1,277.88 0.02 

Spruce* 3.00 7.01 0.43 

*The weight of these materials does not represent the amount used in the aircraft.  
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TABLE 8 

ELECTRONIC PROPERTIES 

Item Weight  
(𝑔) 

Volume  
(𝑐𝑚3) 

Density  
(𝑔/𝑐𝑚3) 

Airspeed Sensor (Board and cable) 2.40 4.60 0.53 

Airspeed Sensor (Pitot Tube and Tygon Tube) 5.30 1.87 2.82 

Battery 246.00 104.84 2.35 

Eight Channel PWM Breakout Board 4.80 6.15 0.78 

ESC 27.10 11.21 2.42 

GPS (including cable) 22.00 18.44 1.19 

I2C Board (including cable) 5.00 3.23 1.55 

Motor 98.00 25.81 3.79 

Pixhawk Mini 16.70 20.75 0.78 

10S Power Module 18.00 4.10 4.40 

Propeller 22.00 15.26 1.44 

Radio Telemetry (one board, antenna, and cable) 24.30 22.14 1.05 

Servos (x4) (not including cable) 32.00 27.66 4.54 

Switch 2.00 1.00 1.99 

Transmitter Receiver (board and cable) 5.40 3.93 1.33 

Note: 𝑔/𝑐𝑚3 is the unit of density used in Inventor. 

After entering the material properties, Inventor calculates the center of gravity and the 

MMOI. For the center of gravity, as shown in Table 9, the origin of the axes is placed at the wing 

leading edge, positive 𝑥-axis is out the nose of the aircraft, positive 𝑦-axis is out the right wing, 

and positive 𝑧-axis is down. This axis nomenclature is used throughout this paper.  
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TABLE 9 

AIRCRAFT CENTER OF GRAVITY LOCATION 

Axis Value 

𝑥 -2.037 𝑖𝑛 

𝑦 -0.148 𝑖𝑛 

𝑧 0.011 𝑖𝑛 
 

TABLE 10 

AIRCRAFT MASS MOMENTS OF INERTIA 

MMOI Value 

𝐼𝑥𝑥 77.67 𝑙𝑏 − 𝑖𝑛2 

𝐼𝑦𝑦 79.56 𝑙𝑏 − 𝑖𝑛2 

𝐼𝑧𝑧 156.17 𝑙𝑏 − 𝑖𝑛2 

Note: MMOI are only along the 𝑥, 𝑦, 𝑧 axes because the plane is 
symmetric. 
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3.2.2    Subsystem Analysis – Aerodynamics 

This goal of this analysis is to get an understanding of the aircraft’s aerodynamic behavior 

in flight and to also ensure the aircraft will not fly below the stall speed thereby preventing a crash. 

To start the aerodynamic analysis, a velocity of 50 𝑓𝑡/𝑠, an angle of attack of 5°, and a yaw angle 

of 0° is assumed for the aircraft’s cruise condition. Mach number and Reynold’s number are 

calculated using equation (1) and equation (2) respectively. 

       𝑀 =   
𝑉𝑐𝑟𝑢𝑖𝑠𝑒

𝑉𝑠𝑜𝑢𝑛𝑑
  (1) 

         𝑅𝐸 =   
𝑎𝑖𝑟 × 𝑉𝑐𝑟𝑢𝑖𝑠𝑒× 𝑐̅ 

𝜇
 (2) 

Besides Mach number and Reynold’s number, another important parameter that needs to be 

determined is the stall speed as it is a major contributor to vehicle safety in flight. Because stall 

happens at 𝐶𝐿𝑚𝑎𝑥
, the aircraft’s maximum lift coefficient needs to be determined. First 𝐶𝑙𝑚𝑎𝑥

 is 

obtained from NACA report 586 [22] and then equation (3) [1, pp. 127] is used to calculate the 

aircraft’s maximum lift coefficient. The wing does not have sweep and so the quarter-chord sweep 

angle, 𝛬0.25𝑐, is zero. 

𝐶𝐿𝑚𝑎𝑥
 =  0.9 × 𝐶𝑙𝑚𝑎𝑥

× 𝑐𝑜𝑠(𝛬0.25𝑐)  (3) 

“The wing loading required to meet a certain stall speed requirement can be found from the simple 

fact that lift must equal weight” [1, pp. 126]. Knowing this fact and using equation (4) through 

equation (7) [1, pp. 126] yields a stall speed of 20.45 𝑓𝑡/𝑠 for this aircraft. All values are 

summarized in Table 11 and Table 12. 

𝑞𝑠𝑡𝑎𝑙𝑙  =   
1

2
 ×  𝑎𝑖𝑟 × 𝑉𝑠𝑡𝑎𝑙𝑙

2 (4) 

𝑊 =  𝐿 =  𝑞𝑠𝑡𝑎𝑙𝑙  ×  𝑆 × 𝐶𝐿𝑚𝑎𝑥
 (5) 

𝑊 =  𝐿  =  [ 
1

2
 ×  𝑎𝑖𝑟 × 𝑉𝑠𝑡𝑎𝑙𝑙

2] ×  𝑆 × 𝐶𝐿𝑚𝑎𝑥
 (6) 
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𝑉𝑠𝑡𝑎𝑙𝑙  =  √
 2 × 𝑊 

𝑎𝑖𝑟× 𝑆 × 𝐶𝐿𝑚𝑎𝑥

  (7) 

TABLE 11 

PARAMETERS USED IN THE AERODYNAMIC ANALYSIS 

Parameter Value 

𝑉𝑐𝑟𝑢𝑖𝑠𝑒 (𝑓𝑡/𝑠) 50.00 

𝑉𝑠𝑜𝑢𝑛𝑑 (𝑓𝑡/𝑠) 1128.00 

𝛼° 5.00 

𝛽° 0.00 

𝜇 (𝑙𝑏 − 𝑠/𝑓𝑡2) 3.796 x 10-6 

𝐶𝑙𝑚𝑎𝑥
[22] 1.00 

𝑎𝑖𝑟 (𝑠𝑙𝑢𝑔/𝑓𝑡3) 0.00238 

𝑊 (𝑙𝑏) 1.68 

 
TABLE 12 

PARAMETERS CALCULATED FROM THE AERODYNAMIC ANALYSIS 

Parameter Value 

𝑀 0.044 

𝑅𝐸 317,997 

𝐶𝐿𝑚𝑎𝑥
 0.90 

𝑞𝑠𝑡𝑎𝑙𝑙 (𝑠𝑙𝑢𝑔/𝑓𝑡 − 𝑠2) 2.97 

 𝑉𝑠𝑡𝑎𝑙𝑙 (𝑓𝑡/𝑠) 20.45 
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3.2.3    Subsystem Analysis – Stability and Controls 

 This section makes up a big block of the design analysis because the plane’s main mission 

is flight testing. Stability and control of the aircraft will be analyzed by (1) finding the static 

margin, (2) finding the stall 𝐴𝑂𝐴, and (3) analyzing the stability of the aircraft at cruise and at 

stall. Static margin is an important term when discussing the stability of an aircraft. Knowing the 

static margin “usually expressed in percent, is both a requirement and a key design tool for aircraft 

designers” [1, pp. 607]. Inventor provides the center of gravity of the aircraft but not the static 

margin. A tool used to find the static margin is OpenVSP which is an open source geometry tool 

that allows students to sketch their model and to analyze it for stability and aerodynamics [23]. 

The design, shown in Figure 19, is modeled in OpenVSP using NACA 0015 for the wing and flat 

plate for the horizontal and vertical tails. VSPAERO (a program within OpenVSP) is used to 

analyze the performance of the model for a certain 𝐴𝑂𝐴 range. An 𝐴𝑂𝐴 range of 0 – 15.5 degrees 

is used and a static margin of ~16% is obtained using equation (8) [1, pp. 607]. 

Static Margin = − 𝐶𝑀𝛼

𝐶𝐿𝛼

 x 100% (8) 

Using the data obtained from that run, the static stability of the plane is analyzed by plotting 

pitching moment coefficient versus 𝐴𝑂𝐴. For the plane to be stable, this plot should have a 

negative slope and as shown in Figure 20, the plane is stable at this 𝐴𝑂𝐴 range. Using the same 

populated data from VSP, the 𝐶𝐿 versus 𝐶𝐷𝑡𝑜𝑡𝑎𝑙
 plot is configured for the same 𝐴𝑂𝐴 range as shown 

in Figure 21. This figure will be used in section 3.2.4. 
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Figure 19. OpenVSP Aircraft Model 

 

Figure 20. VSPAero Aircraft Pitching Moment vs. 𝐴𝑂𝐴 
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Figure 21. VSPAero Aircraft 𝐶𝐿 versus 𝐶𝐷𝑡𝑜𝑡𝑎𝑙
 for 𝐴𝑂𝐴 range of 0° – 15.5°  

The cruise conditions defined in section 3.2.2 set the cruise 𝐴𝑂𝐴 at 5 degrees. But the stall 

conditions are not yet defined. The challenge is to find the exact stall 𝐴𝑂𝐴 for this aircraft. The 

maximum airfoil 𝐶𝑙𝑚𝑎𝑥
 that was earlier determined to be 1.00 (in Table 11) is used to narrow down 

the process of finding the exact stall 𝐴𝑂𝐴. Based on the data obtained from this VSP run, as shown 

in Figure 22, the lift coefficient of 1.00 corresponds to an 𝐴𝑂𝐴 of about 14 degrees. To pinpoint 

the stall angle, VSPAERO is run once more but this time with an 𝐴𝑂𝐴 range of 13 – 15 degrees 

and then a second time with an 𝐴𝑂𝐴 range of 14.61 – 14.63 degrees. The second run yields a stall 

angle of 14.612 degrees with a maximum airfoil 𝐶𝑙 of 1.00 as shown in Figure 23. The total aircraft 

𝐶𝐿 at this 𝐴𝑂𝐴 is 0.90962.  

y = 0.409ln(x) + 1.8679
R² = 0.9943
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Figure 22. Determination of Stall 𝐴𝑂𝐴 

 

Figure 23. Local Lift Coefficient of the Aircraft Components at Stall 𝐴𝑂𝐴 
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With the stall 𝐴𝑂𝐴 determined, VSPAERO is run for cruise and stall and the stability 

derivatives are obtained and summarized in Table 13 and Table 14 using the stability axis defined 

in section 3.2.1. To verify these values, another software called AVL is run for both cases using 

the model in Figure 24. AVL uses vortex lattice method on lifting surfaces and slender body model 

for fuselages to analyze the aerodynamics and the flight dynamics of an aircraft [24].  

For cruise the 𝐴𝑂𝐴 is set to 5° and sideslip to 0°, the run is executed and the stability 

derivatives are summarized in Table 15 using the same axis nomenclature defined in section 3.2.1. 

Except for a few, most of the values are close to the ones obtained from VSP in Table 13. The 

plane is spirally stable, and the static margin is ~16% which matches the one obtained from VSP. 

For stall, 𝐶𝐿 is set to 0.90962 and the run is executed to obtain the values in Table 16 using the 

stability axes nomenclature defined in section 3.2.1. The values match closely to the ones from 

VSP in Table 14. The plane is spirally unstable as it is at stall and the static margin is ~16% which 

matches VSP.  

TABLE 13 

VSP STABILITY DERIVATIVES AT CRUISE 

Parameter Total WRT  WRT  WRT 𝑝 WRT 𝑞 WRT 𝑟 WRT 𝑀 

𝐶𝐿 0.311 3.572 -0.005 0.022 5.945 -0.018 0.013 

𝐶𝐷 0.009 0.239 0.000 -0.082 0.158 -0.052 0.001 

𝐶𝑌 0.000 0.000 -0.224 -0.025 0.000 0.303 0.000 

𝐶𝑙 0.000 0.000 -0.022 -0.329 0.000 0.062 0.000 

𝐶𝑚 -0.052 -0.636 0.000 -0.023 -4.726 0.037 0.000 

𝐶𝑛 0.000 0.000 0.143 -0.033 0.000 -0.182 0.000 

Note: Unit is 𝑟𝑎𝑑−1 except for the “Total” column which is unitless. 
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TABLE 14 

VSP STABILITY DERIVATIVES AT STALL 

Parameter Total WRT  WRT  WRT 𝑝 WRT 𝑞 WRT 𝑟 WRT 𝑀 

𝐶𝐿 0.910 3.560 -0.015 0.040 6.108 -0.009 0.069 

𝐶𝐷 0.082 0.678 -0.002 -0.070 0.846 -0.053 0.008 

𝐶𝑌 0.000 0.000 -0.154 -0.119 0.000 0.313 0.000 

𝐶𝑙 0.000 0.000 -0.047 -0.341 0.000 0.150 0.000 

𝐶𝑚 -0.166 -0.735 0.002 -0.012 -4.874 0.037 0.001 

𝐶𝑛 0.000 0.000 0.166 -0.072 0.000 -0.190 0.000 

Note: Unit is 𝑟𝑎𝑑−1 except for the “Total” column which is unitless. 

 

Figure 24. The AVL Model 
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TABLE 15 

AVL STABILITY DERIVATIVES AT CRUISE 

Parameter Total WRT  WRT  WRT 𝑝 WRT 𝑞 WRT 𝑟 WRT 𝑀 

𝐶𝐿 0.333 3.782 0.000 0.025 6.186 -0.004 N/A 

𝐶𝐷 0.009 N/A N/A N/A N/A N/A N/A 

𝐶𝑌 0.000 0.000 -0.174 0.156 0.000 0.223 N/A 

𝐶𝑙 -0.001 -0.012 -0.070 -0.319 -0.020 0.087 N/A 

𝐶𝑚 -0.055 -0.622 0.000 -0.004 -5.179 0.001 N/A 

𝐶𝑛 0.000 0.001 0.112 -0.044 0.001 -0.146 N/A 

Note: Unit is 𝑟𝑎𝑑−1 except for the “Total” column which is unitless. 

TABLE 16 

AVL STABILITY DERIVATIVES AT STALL 

Parameter Total WRT  WRT  WRT 𝑝 WRT 𝑞 WRT 𝑟 WRT 𝑀 

𝐶𝐿 0.910 3.499 0.000 0.023 6.031 -0.012 N/A 

𝐶𝐷 0.071 N/A N/A N/A N/A N/A N/A 

𝐶𝑌 0.000 0.000 -0.174 0.421 0.000 0.137 N/A 

𝐶𝑙 -0.003 -0.012 -0.168 -0.301 -0.020 0.209 N/A 

𝐶𝑚 -0.148 -0.558 0.000 -0.004 -5.044 0.002 N/A 

𝐶𝑛 -0.001 0.002 0.151 -0.122 0.002 -0.155 N/A 

Note: Unit is 𝑟𝑎𝑑−1 except for the “Total” column which is unitless. 

AVL is also used to obtain the cruise and stall eigenvalues and the root locus plots. The 

eigenvalues are summarized in Table 17 and Table 18 and the root locus plots are shown in Figure 

25 and Figure 26. Although all eigenvalues are stable, both cases have an extra root that is 
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unidentifiable, the phugoid mode only has one real pole in cruise and does not show up in stall. 

These values will be verified in Chapter 7 by another software program.  

TABLE 17 

CRUISE EIGENVALUES AND RESPECTIVE MODES 

Eigenvalue Mode 

-20.44 ± 12.81i Short Period 

-3.67 ± 11.62i Dutch Roll 

-19.86 Roll 

-0.24 Phugoid 

-0.06 Spiral 

-0.0012 Unidentifiable 

 

 

Figure 25. The Cruise Root Locus Plot 
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TABLE 18 

STALL EIGENVALUES AND RESPECTIVE MODES 

Eigenvalue Mode 

-8.00 ± 4.86i Short Period 

-1.35 ± 6.99i Dutch Roll 

-8.02 Roll 

-0.37 Spiral 

-0.21 Spiral 

-0.0054 Unidentifiable 

 

 

Figure 26. The Stall Root Locus Plot  
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3.2.4    Subsystem Analysis – Propulsion  

Figure 27 shows a three-cell, lithium polymer (LiPo), 11.1 𝑉, 3200 𝑚𝐴ℎ battery and Figure 

28 shows the RimFire 0.10 brushless motor and the APC 10 x 7 propeller that are used for the 

aircraft. To better understand the capabilities of the propulsion system, the 𝐾𝑉 value, also known 

as the RPM-per-volts of the motor is multiplied by the advertised voltage of the battery to obtain 

an RPM value, as shown in Table 19. With a motor efficiency factor of 0.8, a maximum (full 

throttle) RPM value of 11,100 is obtained.  

 

Figure 27. The Battery [25]  

 

Figure 28. RimFire 0.10 and 10 x 7 Propeller 
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TABLE 19 

RPM CALCULATION 

Parameter Value 

𝐾𝑉 1250 

𝑉 11.1 𝑉 

RPM 13,875 

𝑒 0.8 

Max. RPM 11,100 

Using propeller data at this RPM [26], the airspeed, power, and thrust for every advance 

ratio, 𝐽, is calculated and plots of power-versus-airspeed and thrust-versus-airspeed are configured. 

Using Figure 29, the power at cruise speed of 50 𝑓𝑡/𝑠 is obtained and the current is calculated to 

be 35.4 𝐴 using the battery’s advertised voltage. With this current and the advertised battery 

capacity, the endurance at full throttle at this airspeed is about 5 minutes, as shown in Table 20. 

TABLE 20 

11,100 RPM, FULL THROTTLE BATTERY LIFE TIME 

Parameter Value 

Airspeed 50 𝑓𝑡/𝑠 

Battery Voltage 11.1 𝑉 

Capacity 3200 𝑚𝐴ℎ 

Power 393.31 𝑊𝑎𝑡𝑡𝑠 

Current 35.43 𝐴 

Endurance 5 𝑀𝑖𝑛. 
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Figure 29. Power vs. Airspeed at 11,100 RPM 

 

Figure 30. Thrust vs. Airspeed at 11,100 RPM 
However, the battery will not be in use at this airspeed at full throttle for the entire flight. 

So, to obtain a more accurate measurement of the battery’s life time, an iterative approach is used 
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wherein the RPM is changed until the thrust produced at 50 𝑓𝑡/𝑠 matches the drag produced by 

the aircraft at 50 𝑓𝑡/𝑠. This process uses Figure 21 to find the total drag coefficient at cruise 𝐶𝐿 

taken from either VSP or AVL. Once 𝐶𝐷𝑡𝑜𝑡𝑎𝑙
 is found from Figure 21, total drag, 𝐷𝑡𝑜𝑡𝑎𝑙, is 

calculated and with the iterative process, RPM is changed until thrust equals drag. This process 

yields a new RPM value of about 6,500 and the plots of power-versus- airspeed and thrust-versus-

airspeed for this new RPM are shown in Figure 31 and Figure 32.  

Figure 31 is used to find the power that corresponds to the cruise speed of 50 𝑓𝑡/𝑠. This 

power is then converted to Watts and the current is calculated using the battery’s advertised 

voltage. Using this current and the advertised battery capacity of 3200 𝑚𝐴ℎ, the time the battery 

would last at this airspeed is ~33 minutes, as shown in Table 21. Between the full throttle, cruise 

speed, battery life time of 5 minutes and the non-full throttle, cruise speed, time of 33 minutes, 

there is plenty of time to fly the aircraft with this battery. Additionally, a second battery is 

purchased and will be fully charged, ready to use as back-up during day of the flight. 

TABLE 21 

6,500 RPM, NON-FULL THROTTLE BATTERY LIFE TIME 

Parameter Value 

Airspeed 50 𝑓𝑡/𝑠 

Battery Voltage 11.1 𝑉 

Capacity 3200 𝑚𝐴ℎ 

Power 64.11 𝑊𝑎𝑡𝑡𝑠 

Current 5.78 𝐴 

Endurance 33 𝑀𝑖𝑛. 
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Figure 31. Power vs. Airspeed at 6,500 RPM 

 

Figure 32. Thrust vs. Airspeed at 6,500 RPM 
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3.3       Manufactured Aircraft and Its Features 

 The manufactured plane, shown in Figure 33, weighs 1.9 𝑙𝑏. The difference between the 

actual weight and the estimated weight is mainly due to use of adhesives and linkages. The plane 

is manufactured as closely as possible to the Inventor model in Figure 18. For that reason and to 

ensure geometry precision and accuracy, a laser cutter is used to cut the balsa ribs and a foam 

cutter for the foam pieces; the spruce spars and the arrow shaft are purchased and used as is. The 

top and the bottom nose pieces are held together by a rubber band. In order to access the main 

electronic hub, the rubber band is taken off, the top nose piece which is attached to the lid comes 

off as one piece as shown in Figure 34. 

 

Figure 33. The Manufactured Plane 
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The electronics are placed as far away from each other as possible to reduce noise (keep in mind 

that the linkages are short and are a limiting factor). The nose contains the battery, ESC, power 

module, switch, motor and propeller. GPS module is in the right wing while the airspeed module 

and the radio telemetry are in the left wing. The Pixhawk mini, eight channel servo board, and the 

I2C board are placed in the main electronic hub. The radio receiver is placed away from most 

electronics in the rear of the hub as seen in Figure 33.  

 

Figure 34. The Manufactured Aircraft’s Main Electronic Hub 
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CHAPTER 4 
 

QGROUNDCONTROL 
 
 

 The software used to configure the vehicle and to set up the autopilot is QGroundControl 

(QGC). This is an easy-to-use ground control station application, can be used on any platform such 

as Windows, OS-X, Linux, iOS, and Android, and supports any autopilot that uses PX4, ArduPilot, 

or MAVLink protocol to communicate. There are several versions of the software due to frequent 

updates and bug fixes. The features discussed in this chapter may vary from one version to another.  

4.1 QGC Basic Configuration and Setup 

 As mentioned in section 2.2.1, part of the autopilot’s role is to configure the vehicle and 

relay vehicle status to the ground control station. The autopilot with the help of QGC configures 

the vehicle, tunes sensors, and streams the data it configures. QGC is used to control flight, set up 

way points, plan missions, track flight on a map, obtain flight data, and perform simulation. The 

software is downloaded and installed on a computer, and then the computer is connected to the 

Pixhawk Mini via a mini USB cable [27]. There are different functions that are displayed in the 

toolbar in QGC. This toolbar is divided in two sections, as shown in Figure 35. The first section 

has the icons used for setup and for view, and the second section has the status icons. Each of these 

icons have a specific role as outlined in Figure 36 and Figure 37.  

,  

Figure 35. Top Toolbar in QGC 
Setup and View Icons Status Icons 
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Figure 36. Description of the Setup and The View Icons [28] 
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Figure 37. Description of the Status Icons [28] 
The toolbar is an easy way to switch between different icons. In settings, shown in Figure 

38, QGC application is configured to one’s desire without the need for a vehicle connection. This 

is where units are changed, offline maps are loaded for when internet access is not available, 

communication links are manually created (although QGC links to the connected vehicle 

automatically), MAVLink settings for the connected vehicle can be changed, and the application 

logs can be accessed if one encounters any problem(s) running the QGC application.  
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Figure 38. Application Settings in QGC 
4.2 QGC Vehicle Configuration 

Under setup, shown in Figure 39, is where the vehicle is configured and tuned. Each of the 

icons on the left allow the user to change various settings. This is where firmware is uploaded to 

the board, the correct airframe is selected, sensors and radio are calibrated, flight modes are 

assigned to switches on the radio, battery and ESC are calibrated, failsafe settings (such as low 

battery, RC loss) are configured, different flight characteristics are tuned, camera settings are 

adjusted, and different parameters are changed or updated. Some changes require vehicle reboot 

and QGC will give the user a warning if the change or the update requires a vehicle reboot. Once 

the vehicle is configured, the summary tab shows a summary of all the vehicle settings and its 

status.  



50 

 

Figure 39. Vehicle Setup Summary in QGC 

For this project, the setup consists of the following: 

1. Firmware. The latest firmware is loaded on the Pixhawk Mini. If a different firmware 

version is desired, the specific version can be downloaded from the website [29] and then 

selected through “Advanced Settings”.  

2. Airframe. This is where the appropriate airframe is selected and loaded to the board. 

“Standard Plane” is the airframe used for this project, as shown in Figure 40.  

3. Sensors. This is where the sensors are calibrated. Since this project is an airplane, there are 

four sensors that require calibration: compass, gyroscope, accelerometer, and airspeed.  

4. Radio/Transmitter. The radio is calibrated under Mode 2. This step is self-explanatory as 

QGC provides step-by-step instructions. 
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Figure 40. The Selected Airframe in QGC  
5. Flight Modes. This is where flight modes are assigned to the RC radio channels. The 

selection depends on the pilot’s preference and the RC radio being used.  

6. Power. QGC displays amount of battery left as a percentage. It is critical for the power 

module to be calibrated for the correct battery information to be displaced. The three-cell 

lithium polymer (LiPo), 11.1 𝑉, 3200 𝑚𝐴ℎ battery that is used for this project has a 

nominal voltage of 11.1 𝑉, fully charged voltage of 12.6 𝑉 and a fully discharged voltage 

of 9.00 𝑉. Charging above 4.2 𝑉 per cell and discharging below 3.00 𝑉 per cell can damage 

the battery. Shown in Figure 43 is where the battery information is saved in QGC. This is 

a three-cell battery, 4.2 𝑉 is used as the full voltage and 3.2 𝑉 is used as the empty voltage. 

The “voltage divider” and the “amps-per-volt” are used to calibrate the power module to 

ensure its accuracy in reading the voltage and the current. As shown in Figure 41, an 

external power analyzer is connected in series to the battery to verify the battery voltage. 

To verify the current readings, the battery is discharged at 10 𝐴 using a battery analyzer as 

shown in Figure 42.  
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Figure 41. Voltage Reading for Power Module Calibration 

 

Figure 42. Current Reading for Power Module Calibration 
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Figure 43. Power Settings in QGC 
These six steps are for the basic setup of the aircraft. There are other and more advanced 

settings that can be modified for a vehicle. For example, a joystick can be calibrated and used 

instead of an RC radio and a camera can be added if one is interested in in-flight videos. A full 

parameter list for the vehicle is available and the values can be modified if needed or desired. 

There are many guidelines available to students [30] and QGC provides step-by-step instructions 

and parameter definitions during most part of the process. 

4.3 QGC Mission Planning 

Once the vehicle is configured and the settings are captured, autonomous missions can be 

created in the Plan view. Figure 44 shows the Plan view and its different functions. The “Main 
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Figure 44. Plan View in QGC [31] 

Toolbar” (boxed in light blue) displays various data related to one waypoint and to the overall 

mission. For total mission, it displays the total distance, the time it takes to fly the entire mission 

and the maximum distance from the home point to the furthest waypoint. The “Plan Tools”, located 

on the left-hand side (boxed in red), allow the user to add waypoints, add complex patterns (survey, 

corridor scan, fixed wing landing), sync (for uploading and downloading data and missions 

between the vehicle and QGC), center the map, and zoom in and out. Survey pattern is a polygon 

pattern that is created over an area for survey purposes. Corridor scan, a simpler version of the 

survey pattern, is used to survey a corridor area where the pattern is specified by a simple polygon. 

Fixed wing landing, as the name suggests, is a landing feature for a fixed wing vehicle. In this 
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pattern, as shown in Figure 45 the vehicle loiters to the specified altitude, then it flies down to the 

specified landing location [32].  

 

Figure 45. The Fixed Wing Landing Feature in QGC [32] 
Referring to Figure 44, bottom left (boxed in purple) is the “Terrain Altitude” which is a 

graphical presentation of the relative altitude between the waypoints. In the top right corner (boxed 

in yellow) is the “Mission Command List” where information for each waypoint can be accessed. 

This is where the command for the waypoint (land, hold, loiter, etc.), the altitude and velocity of 

the vehicle at the waypoint, commands for the camera (if any) can be modified. Once all changes 

are final, an upload is required to save everything to the board. Two other features in the “Mission 

Command List” are fence and rally located at top of the yellow box. Fence (sometimes referred to 

as geofence), creates a virtual fence around the flight area [33]. The type of fence is either a 
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polygon or a circle and can be modified in shape and in size. The other feature is rally where points 

are added to the map as alternate landing or loiter locations [34].  

4.4 QGC Flight View 

Once the mission is loaded to the board and the plane is ready for takeoff, the Fly View is 

used to arm the vehicle. This view allows the user to stream in-flight videos, change flight modes, 

and view current information on the vehicle-in-flight. The type of information displayed about the 

vehicle can be changed as shown in Figure 46. 

 

Figure 46. Fly View, Vehicle Information 
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CHAPTER 5 
 

HARDWARE-IN-THE-LOOP SIMULATION 
 
 

 Once the basic vehicle setup in QGC is complete, an advanced setting that needs to be 

adjusted is the vehicle gains. The default gains may be sufficient to safely fly an aircraft, however, 

to get the best performance tuning the gains is necessary. This means finding and setting the gains 

for the aircraft so an ideal response from the control system is achieved.  

The gains can be tuned in real time using an iterative approach which involves flying the 

plane, evaluating the plane’s performance with the default gains, adjusting the gains, flying again, 

and repeating this process until the gains provide an optimal flight performance. A safer and a 

more cost- and time-effective method is simulation and Hardware-In-The-Loop (HITL) is the 

simulation technique used to tune the airplane gains. This process requires the autopilot (i.e. the 

Pixhawk mini), a flight stimulator, and QGC. There are several flight simulators that can be used 

for HITL. The one used for this project is X-Plane because it is readily available at WSU and 

students use it prior to the senior design class.   

5.1       X-Plane Model 

   Being able to use X-Plane for HITL simulation requires a model. The model, shown in 

Figure 47, is designed in Plane Maker and transported to X-Plane 10. Although the manufactured 

airplane is hand launched and does not have landing gears, in X-Plane the model needs to have 

landing gears for takeoff and landing purposes. Besides the basic geometry description of the 

airplane, the overall aircraft weight, center of gravity location, radii of gyration (calculated from 

the mass moments of inertia) shown in Table 22, are also described for this vehicle in Plane Maker.  
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TABLE 22 

X-PLANE MODEL RADII OF GYRATION 

Parameter Value 

𝑅𝑥𝑥 6.76 𝑖𝑛 

𝑅𝑦𝑦 157.28 𝑖𝑛 

𝑅𝑧𝑧 80.73 𝑖𝑛 
 

 

Figure 47. The X-Plane Model 

5.2       HITL Simulation Setup 

The latest stable version of QGC can be used for HITL simulation but it does not give the 

user the option to instantly view the results after tuning each gain. The results can only be viewed 

from the SD card which requires the removal of the SD card from the Pixhawk and reading it on a 
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computer. This means logging will have to be paused. In order to avoid having to stop recording 

data, a daily build version of QGC is used for the tuning process because it provides an easy way 

to record, and instantly view the changes in the gains and the effects those changes have on the 

flight performance. This can be done in flight during the simulation without having to access the 

SD card for viewing the results.  

For a proper HITL simulation the user will need two computers (can be done on one 

computer if desired), Pixhawk Mini and a mini USB cable, radio and its receiver, X-Plane, and a 

daily build version of QGC. The Pixhawk Mini is connected to the first computer using the mini 

USB cable while X-Plane 10 is run on the second computer. The demo version of X-Plane is free 

of charge and can be used if the full version is not available, however flight time is limited to 15 

minutes. The physical setup is shown in Figure 48.  

 

Figure 48. HITL Simulation Physical Setup 

Computer 
1 

Computer 
2 
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To set up a communication route between the two computers, the IP address of the first 

computer is saved in X-Plane as shown in Figure 49. This ensures that X-Plane is sending data to 

the correct data receiver. X-Plane, being the simulator, can display simulated data about the plane. 

The type of data that the user wants to view can be selected under “Data Input and Output” as 

shown in Figure 50. During flight, these selected data are displayed in the top left corner as shown 

in Figure 51. 

 

Figure 49. X-Plane Net Connections 
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Figure 50. X-Plane Data Input and Output 

 

Figure 51. Data Displayed During Flight 
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The latest version of the PX4 firmware that works for HITL simulation is firmware version 

1.5.5, v3. This version is downloaded from the PX4 website [35] and loaded to the board. HITL is 

initiated and the IP address of the second computer (where X-Plane 10 is running) is saved in the 

HITL widget in QGC shown in Figure 52. Once connection is established, QGC will indicate that 

it is receiving data from X-Plane. At this point the vehicle is armed and the pilot takes off in manual 

mode, the plane is put in level flight and the throttle is set to achieve a cruise speed of 50 𝑓𝑡/𝑠. At 

this point, the flight mode is switched from manual to stabilized to start tuning the gains. 

 

Figure 52. HITL Widget in QGC 
5.3       Tuning the Vehicle Gains 

PX4 uses the PI (proportional-plus-integral) controller for a fixed-wing aircraft. The P 

stands for proportional and contributes to the bulk of the output response. It is directly multiplied 

by the system error – the error being the difference between the commanded value and the system 

response. If the P gain is increased, the system will display a faster response with an overshoot. 

Increasing it even further can make the system unstable as it will oscillate out of control [36]. If 
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the P gain is too low, the system will be sluggish and will react slowly to input changes. The I gain 

accelerates the system response to reach the commanded value but usually with an overshoot. 

Tuning these two parameters should give an ideal system response. Two additional gains used with 

the PX4 autopilot system are FF and TC. Feed Forward predicts disturbances and command(s) 

required to achieve zero error and injects them into the system [37]. Time Constant, which for a 

fixed wing design should not require any change from its default value, is the overall 

hardness/softness of the control loop or the pitch/roll/yaw response [38]. 

The approach to tuning is simple: the appropriate control surface stick on the radio is 

moved to maximum allowable limit and let go. This will deflect the control surface to its maximum 

deflection and then back to its trim setting. While this takes place, QGC captures and plots the 

vehicle response. From these plots, the gains are adjusted one at a time to achieve an ideal system 

response. Table 23 shows the default gains for all three axes.  

TABLE 23 

DEFAULT VEHICLE GAINS FOR ALL THREE AXES 

Gain Roll Axis Pitch Axis Yaw Axis 

P 0.30 0.20 0.05 

I 0.10 0.10 0.00 

FF 0.60 0.35 0.40 

TC 0.30 0.30 N/A 
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Figure 53. Roll Axis Vehicle Response with Default P, I, FF, TC 

Keeping all gains (P, I, FF, TC) at default, the roll axis system response is observed and 

shown in Figure 53. The system response is very oscillatory, is unstable and will oscillate out of 

control if the gains are not adjusted. To reduce this oscillatory behavior and make the system 

stable, the P gain is changed from its default value of 0.3 to 0.1. The new response is shown in 

Figure 54 and it follows the commanded input with some overshoot and a settling time of roughly 

1.5 seconds. Decreasing the P gain to 0.08 shows a larger settling time of roughly 1.7 seconds, the 

system response follows the command input much better and it has less oscillations compared to 

P of 0.1. This is an ideal response but before finalizing it, the gain is decreased even further to 

0.06. As shown in Figure 56, this is not a good response because it starts before the commanded 

input, it is more oscillatory and has more overshoot compared to Figure 55. The roll P is therefore 

set to 0.08. 

 

Figure 54. Tuning Plot for Roll, P Changed from Default to 0.1, Other Gains Unchanged 
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Figure 55. Tuning Plot for Roll, P Changed from 0.1 to 0.08, Other Gains Unchanged 

 
Figure 56. Tuning Plot for Roll, P Changed from 0.08 to 0.06, Other Gains Unchanged 

A similar approach is used to tune the remainder of gains (I, FF, TC) in the roll axis. It is 

important to change the gains one at a time while keeping the remaining gains unchanged. This 

ensures that only the effect of the gain being changed is captured in the corresponding tuning plot. 

The result from tuning the roll axis individual gains are presented in Figure 57 and Figure 58. The 

TC gain does not require any tuning because the vehicle response with the finalized P, I, and FF 

is ideal. The same technique is used to tune the gains in the pitch and yaw axes.  The result for all 

three axes is summarized in Table 24. 
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Figure 57. Tuning Plot for Roll, P = 0.08, I Changed from Default to 0.01, Other Gains Unchanged 

 

Figure 58. Final Tuning Plot for Roll, P = 0.08, I = 0.01, FF = 0.35, TC = 0.3 

TABLE 24 

FINAL VEHICLE GAINS FOR ALL THREE AXES BASED ON HITL SIMULATION IN 
STABILIZED MODE 

 

Gain Roll Axis Pitch Axis Yaw Axis 

P 0.08 0.25 0.05 

I 0.01 0.30 0.00 

FF 0.35 0.40 0.40 

TC 0.30 0.30 N/A 
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5.4       Verifying the Final Vehicle Gains 

 Once all vehicle gains are finalized, a simple mission as shown in Figure 59 is designed 

and loaded to the board. The plane is flown in X-Plane on stabilized mode to check the credibility 

of all gains in all three axes. From observation during flight and the plots obtained from the log, 

all gains produce optimal response to various disturbances introduced in flight. Shown in Figure 

60 to Figure 65, are the roll, pitch, yaw angles in radians and angular rates in radians per second 

for this mission with the 𝑥-axis being the time stamp in HH:MM:SS format. The other parts of 

these plots refer to a different mission, manual takeoff and landing. The mission part of the flight 

is labeled as “Mission” where red represents the system response and green the command input.  

 

Figure 59. Simulation Mission to Check the Final Gains 
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Figure 60. Roll Angle During the Simulated Mission 

 

Figure 61. Roll Rate During the Simulated Mission 
  

Mission 

Mission 
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Figure 62. Pitch Angle During the Simulated Mission 

 

Figure 63. Pitch Rate During the Simulated Mission 
 

Mission 

Mission 
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Figure 64. Yaw Angle During the Simulated Mission 

 

Figure 65. Yaw Rate During the Simulated Mission 

  

Mission 

Mission 
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CHAPTER 6 
 

FLIGHT TESTING 
 
 

The next step is to fly the aircraft and validate the gains. The gains obtained in the simulated 

environment may not be exactly appropriate for the plane in real flight. The simulated 

environments are not entirely realistic and in the real world, flight characteristics vary depending 

on wind, gust, weather, sensor imperfection, manufacturing defects, etc. For the first part of flight 

testing, the plane is flown in manual mode to give the pilot an opportunity to become familiar with 

the aircraft and its flight characteristics. None of the gains are changed during this flight. For the 

second part of flight testing, the plane is taken off in manual mode, put in level flight, throttle is 

set to achieve a cruise speed of 50 𝑓𝑡/𝑠 and the mode is then switched to one of two options: 

stabilized or mission. For stabilized, the flight mode is switched from manual to stabilized to 

validate the gains. If tuning is required, the same approach as simulation is used: the appropriate 

control surface stick on the radio is moved to maximum allowable limit and let go to deflect the 

control surface to its maximum deflection and then back to its trim setting. The system response 

is evaluated in each axis and if adjustments are required, the gains are changed one at a time. When 

in mission mode, the plane flies a simple mission (at cruise speed of 50 𝑓𝑡/𝑠) to evaluate the 

overall aircraft response with the new gains. 

6.1  Flight Testing in Stabilized Mode 

Some changes are made to the gains to better represent the airplane and its performance in 

real flight. These changes are as follows and are based primarily on system response in QGC and 

secondary on pilot feedback:  

1. Pitch axis P is too high and is changed from 0.25 to 0.15. 

2. Yaw axis P is too high and is changed from 0.05 to 0.03. 
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3. Yaw axis P is still too high and is changed from 0.05 to 0.01. 

4. Yaw axis FF is too high and is changed from 0.4 to 0.3. 

The final gains are summarized in Table 25 with the updated parameters in bold. Figure 66 to 

Figure 76 show the roll, pitch, yaw angles in degrees and the angular rates in degrees per second 

with the 𝑥-axis being the time stamp in MM:SS format. The sensor data is noisy and for that reason 

a close-up plot is shown immediately after. These plots include the stabilized mode part of the 

flight where tuning is done, the takeoff and landing which are done in manual mode are excluded 

from these plots. All plots show the vehicle response in red and setpoint in green. The setpoint is 

what the autopilot system is trying to achieve and for the angles it is zero unless the pilot commands 

an input. In all plots, the vehicle response matches the setpoint well which is an indication of 

optimal tuning. Note, in stabilized mode, the yaw angle setpoint is always zero but the autopilot 

system does not actually try to follow that.  

TABLE 25 

FINAL VEHICLE GAINS FOR ALL THREE AXIS BASED ON REAL FLIGHT IN 
STABILIZED MODE 

 

Gain Roll Axis Pitch Axis Yaw Axis 

P 0.08 0.15 0.01 

I 0.01 0.30 0.00 

FF 0.35 0.40 0.30 

TC 0.30 0.30 N/A 
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Figure 66. Roll Angle for Tuning Done During Actual Flight in Stabilized Mode 
 

 

Figure 67. A Close-up of Figure 66 
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Figure 68. Roll Angular Rate for Tuning Done During Actual Flight in Stabilized Mode 
 

 

Figure 69. A Close-up of Figure 68 
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Figure 70. Pitch Angle for Tuning Done During Actual Flight in Stabilized Mode 
 

 

Figure 71. A Close-up of Figure 70 
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Figure 72. Pitch Angular Rate for Tuning Done During Actual Flight in Stabilized Mode 
 

 

Figure 73. A Close-up of Figure 72 
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Figure 74. Yaw Angle for Tuning Done During Actual Flight in Stabilized Mode 
 

 

Figure 75. Yaw Angular Rate for Tuning Done During Actual Flight in Stabilized Mode 
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Figure 76. A Close-up of Figure 75 
 

6.2  Flight Testing in Mission Mode 

A simple mission as shown in Figure 77 is designed and loaded to the board. The plane is 

taken off in manual mode and once the cruise condition is achieved, the mode is switched to 

mission. Once the mission is complete, the mode is switched back to manual for landing. The 

purpose of flying a mission is to evaluate the system response with the gains previously adjusted 

in stabilized mode in Table 25. The roll, pitch, yaw angles (in degrees) and angular rates in (degrees 

per second) are shown below and the results indicate optimal gains. A close-up is shown 

immediately after for the plots where the sensor data is noisy.  
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Figure 77. Mission for Actual Flight Testing 

 

Figure 78. Roll Angle for Actual Flight in Mission Mode   
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Figure 79. Roll Angular Rate for Actual Flight in Mission Mode 

 

Figure 80. A Close-up of Figure 79 
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Figure 81. Pitch Angle for Actual Flight in Mission Mode 

 

Figure 82. Pitch Angular Rate for Actual Flight in Mission Mode 
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Figure 83. A Close-up of Figure 82 

 

Figure 84. Yaw Angle for Actual Flight in Mission Mode 
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Figure 85. Yaw Angular Rate for Actual Flight in Mission Mode 

 

Figure 86. A Close-up of Figure 85 
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CHAPTER 7 
 

AIRCRAFT SYSTEM IDENTIFICATION 
 
 

 System identification, in general terms, is modeling a system from observation of its 

behavior under certain conditions and/or from experimental data gathered during an experiment. 

More specifically, “aircraft system identification is a highly versatile procedure for rapidly and 

efficiently extracting accurate dynamic models of the aircraft from the measured response to 

specific control inputs” [39, pp. xli]. The aircraft dynamics are excited by control inputs through 

frequency sweeps or doublets, the aircraft response to the excitations is captured by the autopilot 

system, and the obtained data is analyzed by CIFER student version to configure a dynamic model 

for the aircraft. CIFER, Comprehensive Identification from FrEquency Responses, is a software 

package developed by the U.S. Army Aviation Development Directorate at Ames Research Center 

[40] and has six programs and multiple utilities, as shown in Figure 87, to carry out a frequency-

response system-identification analysis.  

 

Figure 87. CIFER Programs and Utilities [40] 
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Figure 88. Simulation vs. System Identification [39, pp. 9] 
 It is important to note the difference between simulation and system-identification 

modeling. In simulation modeling, the aircraft is defined using a physics-based approach wherein 

the aerodynamic, structural, and stability and control characteristics of the aircraft are predicted 

and modeled using wind tunnel data and software programs such as OpenVSP, AVL, CAD, etc. 

The modeled aircraft is then placed in a simulated environment such as X-Plane and put through 

several flight-tests to obtain simulated data for CIFER. In system-identification modeling, the 

aircraft is manufactured, flown in real life, and the extracted flight data is used in CIFER to model 

the aircraft dynamics, and a physical understanding of the plane, its handling qualities, and more 

importantly validation of the physics-based model is obtained. Although different, these two 

approaches, shown in Figure 88, are complimentary. For this reason, this thesis has focused on 

building a model based on the physics-based approach and is now going to define a dynamic model 

using CIFER. System-identification not only models the aircraft, but it also helps validate the 

physics-based model and the parameters defined in early stages of design.   

Figure 89 shows an aircraft as an input-output system with inputs being aileron for roll 

control, elevator for pitch control, rudder for yaw control, and throttle for speed control, and 

outputs being translational velocities, angular velocities, attitude angles, linear accelerations, and 

aerodynamic angles [39, pp. 2]. Longitudinal motion is (only) analyzed because of its simplicity 

compared to lateral-directional motion by looking at the effects of elevator perturbations on 
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airspeed, angle of attack, pitch angle, and pitch angular rate. Elevator perturbations are internal 

disturbances imposed on the aircraft by oscillating the control surface with increasing frequency.  

 

Figure 89. An Aircraft as an Input-Output System [39, pp. 2] 

The longitudinal motion consists of two distinct oscillations, namely short-period and 

phugoid with the former having high frequency and the latter low frequency. The short-period 

motion takes place at approximately constant speed with varying angle of attack and pitch angle 

and the phugoid occurs at approximately constant angle of attack, with varying airspeed and pitch 

angle [41, pp. 337]. Knowing that the short-period occurs at a higher frequency, the cruise short-

period eigenvalue from AVL is used to calculate the maximum elevator oscillation range. This 

value is found to be approximately 24 𝑟𝑎𝑑/𝑠.  

Equation (9) and equation (10) are used to determine the flight time needed to record data 

[42]. Since the phugoid mode does not have a proper eigenvalue from AVL, the short-period 

frequency is used as 𝜔𝑚𝑖𝑛 to find 𝑇𝑟𝑒𝑐. This yields a desired record length of 1.3 seconds, but to 

ensure the phugoid mode is captured in the data, the record length is extended to 30 seconds. 

             𝑇𝑚𝑎𝑥  =  
2𝜋

𝜔𝑚𝑖𝑛
  (9) 
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      𝑇𝑟𝑒𝑐  =  (4 𝑜𝑟 5) × 𝑇𝑚𝑎𝑥                                                    (10) 

7.1  CIFER Analysis with Simulated Data   

Simulation provides a chance to become familiar with CIFER and its many different 

functions in a safe, inexpensive, easy-to-repeat environment. The airplane model, shown in Figure 

47, is used in X-Plane for collecting data. Using the cruise AVL cruise short-period eigenvalue 

(Table 17), the frequency range for the elevator oscillations is determined to be 0-3.82 𝐻𝑧. The 

frequency sweep starts with low frequency inputs and progresses smoothly to mid and then higher 

frequencies with a 2-second trim hold before and after the frequency sweep [42]. Once the plane 

is taken off and the cruise condition is achieved, the pilot starts the elevator oscillations with zero 

Hertz and increases to 3.82 𝐻𝑧 in 0.83-𝐻𝑧 increments with the oscillations held constant for a few 

seconds at every increment for a total flight time of 30 seconds.  

When the flight testing is complete, the obtained data is reduced to only the values needed 

to run a longitudinal case in CIFER: timestamp, elevator deflection (as input), aileron deflection, 

airspeed, angle of attack, pitch angle, and pitch angular rate. Programs FRESPID, MISOSA, and 

COMPOSITE are run sequentially to produce a frequency database based on the windows defined 

in FRESPID and then NAVFIT is used to obtain bode plots and a transfer function whose poles 

are compared with the ones from AVL. FRESPID converts the time-history data to frequency 

domain by using a chirp-z transform. MISOSA removes the effects of secondary inputs from the 

data set. That is the reason for having included the aileron deflections in the original dataset. 

Rudder deflections should have been included as well but the CIFER student version is limited to 

one secondary input. COMPOSITE combines the results of multiple windows into one window 

and lastly NAVFIT is then used to identify a transfer function model for a selected window. The 

plots produced from NAVFIT should have good coherence (equal or greater than 0.6) [39, pp. 5] 
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and low cost (100 and below) [39, pp. 391] for the defined model to be a good fit of the aircraft. 

Cost refers to the amount of error or the difference between the identified model and the flight 

data.  

This process is done two different times, once for short-period and a second time for 

phugoid. Figure 90 represents the short-period transfer function model for the angle of attack with 

respect to elevator deflection. The solid lines represent the data and the dashed lines represent the 

identified model. As shown, the coherence is close to one for the frequency range of 1 – 40 𝑟𝑎𝑑/𝑠 

and the cost is low which both indicate a good fit. The poles of the transfer function are close to 

the ones from AVL and show a stable aircraft. 

Figure 91 represents the short-period transfer function model for pitch angular rate with 

respect to elevator deflection. The poles obtained in Figure 90 are used in this analysis because of 

their close similarity to the ones from AVL. The cost function is a bit higher than desired but good 

coherence at the frequency of 24 𝑟𝑎𝑑/𝑠 indicates a good model for the short-period.  

Figure 92 represents the phugoid transfer function model for the airspeed with respect to 

elevator deflection. The plot has good coherence and low cost which indicate a good fit. The poles 

obtained from this analysis are complex conjugates and a better representation of the phugoid 

mode as compared to the one real pole obtained from AVL. The fit on the magnitude plot is not 

obvious and for this reason a close-up is shown in Figure 93. Figure 94 shows the phugoid transfer 

function model for pitch angle with respect to elevator deflection. The plot uses the same poles as 

Figure 92. Similarly, this analysis has low cost and good coherence.  
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Figure 90. Short-Period Transfer-Function Model Based on X-Plane Data, 𝛼

𝛿𝑒
 

 

Figure 91. Short-Period Transfer-Function Model Based on X-Plane Data, 𝑞

𝛿𝑒
 



90 

 

Figure 92. Phugoid Transfer-Function Model Based on X-Plane Data, 𝑉∞

𝛿𝑒
 

 

Figure 93. Phugoid Transfer-Function Model Based on X-Plane Data, 𝜃

𝛿𝑒
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7.2  CIFER Analysis with Actual Flight Data 

 A similar approach is used during real life flight-testing: the pilot takes off, puts the plane 

in cruise, and starts the elevator oscillations, progressing as smoothly as possible from low to high 

frequency. The data is obtained the Pixhawk and reduced to only the values required to run a 

longitudinal case in CIFER: timestamp, elevator deflection (as input), aileron deflection, airspeed, 

angle of attack, pitch angle, and pitch angular rate. It is important to note that neither the aircraft 

nor the Pixhawk Mini are equipped with an angle of attack sensor. The 𝐴𝑂𝐴 values are calculated 

from equation (11) where 𝑊1 is the component of steady-state body airspeed along the 𝑧-axis and 

𝑉∞ is the airspeed [41, pp. 66]. This is a crude estimation and after having run CIFER with these 

values, the results turn out to have extremely low coherence. A different method is used in 

obtaining the short-period transfer function for the angle of attack with respect to elevator 

deflections [42]. Equation (12) is in the frequency domain and in order to obtain the 𝐴𝑂𝐴 values, 

it is divided by 𝑠 and then by airspeed as shown in equation (13) and equation (14) respectively. 

All required values for equation (14) should have already been obtained from the autopilot, the 

only one that needs to be acquired and added to the dataset in order to run CIFER is the body 

acceleration in the z-axis, 𝐴𝑧.  

             𝛼 ≈  
𝑊1

𝑉∞
                                                                       (11) 

       �̇�
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In Figure 94 and Figure 95 the short period poles are close to ones obtained from 

simulation. They have a frequency of 14.8 𝑟𝑎𝑑/𝑠 and the high coherence at this frequency 

indicates a good fit for the model. In Figure 96 and Figure 97, the phugoid poles are complex 

conjugates and are close to the ones obtained from simulation. The plots have low coherence at 

the pole frequency of 0.98 𝑟𝑎𝑑/𝑠. Based on the elevator oscillations, not enough low frequency 

was inputted during the flight which caused the phugoid to not be captured in dataset; thus, causing 

low coherence for the phugoid mode. All longitudinal eigenvalues obtained from AVL, CIFER 

analysis based on simulated data, and based on actual flight data are summarized in Table 26. 

Comparing all three short-period eigenvalues indicates that the AVL estimate for the short-period 

was a good start, however for phugoid the AVL pole is not accurate as the two complex conjugates 

from CIFER match well. Overall the results from CIFER align quite well with the model and as a 

result CIFER is a reliable software package for validating the physics-based aircraft model.  

 

Figure 94. Short-Period Transfer-Function Model Based on Actual Flight Data, 𝛼

𝛿𝑒
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Figure 95. Short-Period Transfer-Function Model Based on Actual Flight Data, 𝑞

𝛿𝑒
 

 

Figure 96. Phugoid Transfer-Function Model Based on Actual Flight Data, 𝜃

𝛿𝑒
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Figure 97. Phugoid Transfer-Function Model Based on Actual Flight Data, 𝑉∞

𝛿𝑒
 

TABLE 26 

COMPARISON OF LONGITUDINAL EIGENVALUES OBTAINED FROM AVL, CIFER 
SIMULATION, AND CIFER ACTUAL FLIGHT 

 
 AVL CIFER Simulation CIFER Actual Flight 

Short-Period -20.44 ± 12.81𝑖 -12.94 ± 7.82𝑖 -11.35 ± 9.58𝑖 

Phugoid -0.24 -0.40 ± 0.95𝑖 -0.47 ± 0.87𝑖 
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CHAPTER 8 

CONCLUSION AND RECOMMENDATIONS 
 
 

Design is an iterative process. It starts with conceptual design where designers browse 

several designs and select the best one based on its potential ability to meet the mission and its 

requirements. In preliminary design, the selected design goes through a system analysis in four 

main functional areas: aerodynamics, structures, stability and controls, and propulsion. This gives 

the designers more confident about their design and its success in accomplishing the mission and 

meeting the requirements. In detailed design, the original idea drawn on a piece of paper comes to 

life in detailed 3D CAD drawings and is manufactured. 

During this year-long process, the aerospace engineering senior design students at WSU 

design, test, and validate an RC aircraft. Because design is an already-intricate process by itself, it 

would be beneficial to understand the aircraft's flight performance in the four main areas using a 

flight controller. The chosen autopilot system should be lightweight, inexpensive, simple, 

versatile, open source, and accessible to students. The Pixhawk Mini, as small as it is, is capable 

of obtaining sensor data during a manual, an autonomous, or a mission flight. This data can be 

used to confirm the early design estimates in the same four functional areas for any design, 

specially a fixed-wing. This tool is not only useful to the students for understanding their aircraft’s 

performance but also to the instructor for grading purposes.  

Similar to the senior design class, a simple aircraft is designed, analyzed, manufactured, 

and flown. The Pixhawk Mini aids in obtaining flight data without having to put together and 

program an autopilot system from scratch. In conclusion, the data obtained from flight testing is 

used in CIFER for system identification and for validating the design and proves to be a reliable 

software package. Future research will entail: 
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1. Including an 𝛼 sensor on the aircraft to obtain accurate angle measurements during the 

flight for a better longitudinal analysis in CIFER. 

2. The use of a sensor to obtain 𝛽 angle during flight in order to perform a lateral-directional 

analysis in CIFER. 

3. The use of a better airspeed sensor to eliminate the excessive noise present in the data. 

4. In addition to using AVL and OpenVSP, testing the aircraft in a wind tunnel would be 

beneficial in obtaining more accurate aerodynamics and stability and controls parameters. 

5. The use of the CIFER full version instead of the student version in order to remove more 

than one secondary input from the dataset when running the MISOSA program. 

6. Using an alternate method for obtaining eigenvalues since AVL’s phugoid eigenvalue was 

not accurate. 

7. In flight testing and for the frequency sweeps, it would be best to fly for longer periods and 

at lower frequencies to better capture the phugoid mode.  

  



97 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

REFERENCES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



98 

REFERENCES 
 
 

[1]  Raymer, D. P., Aircraft Design: A Conceptual Approach, 5th Ed., AIAA Education 
Series, AIAA, Reston, Virginia, 2012, pp. 3, 13-14, 15, 21, 126, 127, 607. 

 
[2]  Kimberlin, R. D., Flight Testing of Fixed-Wing Aircraft, AIAA Education Series, AIAA, 

Reston, Virginia, 2003, pp. 3, 4. 
 
[3]  Ward, D. T., Introduction to Flight Test Engineering, Elsevier, Amsterdam, The 

Netherlands, 1993, pp. 1. 
 
[4]  Kissack, B. J., “Exploration of a Low-Cost Autopilot System for Use in Academe”, 

Master’s Thesis, Aerospace Engineering Department, Wichita State University, Wichita, 
KS, 2012. 

 
[5]  Anderson, C., “A Little Bit of History”, DIY DRONES: The Leading Community for 

Personal UAVs [online], https://diydrones.com/profiles/blogs/a-little-bit-of-history 
[retrieved 31 March 2018]. 

 
[6]  Kelly, M., “Pixhawk Advanced Features for Beginners: Learning Pixhawk & Mission 

Planner - Part1”, RCGroup.com [online], 
https://www.rcgroups.com/forums/showthread.php?2854733-Pixhawk-Advanced-
Features-for-beginners-Learning-Pixhawk-Mission-Planner-Part1 [retrieved 31 March 
2018]. 

 
[7]  Gervais, “Pixracer Autopilot, The New PIXHAWK Generation is Available”, 

RCGroups.com [online], https://www.rcgroups.com/forums/showthread.php?2576614-
Pixracer-Autopilot-the-new-PIXHAWK-generation-is-available [retrieved 31 March 
2018]. 

 
[8]  Meier, L., “The Pixhawk”, Pixhawk [online], https://pixhawk.org/start [retrieved 31 

March 2018]. 
 
[9]  “Basic Concepts”, Dronecode [online], 

https://docs.px4.io/en/getting_started/px4_basic_concepts.html [retrieved 31 March 
2018]. 

 
[10]  “PX4 Autopilot”, Dronecode [online], http://px4.io/ [retrieved 31 March 2018]. 
 
[11]  “Software”, ARDUPILOT [online], http://ardupilot.org/about [retrieved 19 November 

2018]. 
 
[12]  Meier, L., “PX4FMU”, Pixhawk [online], https://pixhawk.org/modules/px4fmu [retrieved 

31 March 2018]. 
 

https://diydrones.com/profiles/blogs/a-little-bit-of-history
https://www.rcgroups.com/forums/showthread.php?2854733-Pixhawk-Advanced-Features-for-beginners-Learning-Pixhawk-Mission-Planner-Part1
https://www.rcgroups.com/forums/showthread.php?2854733-Pixhawk-Advanced-Features-for-beginners-Learning-Pixhawk-Mission-Planner-Part1
https://www.rcgroups.com/forums/showthread.php?2576614-Pixracer-Autopilot-the-new-PIXHAWK-generation-is-available
https://www.rcgroups.com/forums/showthread.php?2576614-Pixracer-Autopilot-the-new-PIXHAWK-generation-is-available
https://pixhawk.org/start
https://docs.px4.io/en/getting_started/px4_basic_concepts.html
http://px4.io/
https://pixhawk.org/modules/px4fmu


99 

REFERENCES (continued) 
 
 

[13]  Meier, L., “PX4IO”, Pixhawk [online], https://pixhawk.org/modules/px4io [retrieved 31 
March 2018]. 

 
[14]  Meier, L., “What is Pixhawk”, Pixhawk [online], http://pixhawk.org/ [retrieved 14 

November 2018]. 
 
[15]  “RC Pixhawk”, ROS COMPONENTS [online], 

https://www.roscomponents.com/en/imus/146-rc-pixhawk.html [retrieved 14 November 
2018]. 

 
[16]  “Pixhawk Mini (Discontinued)”, Dronecode [online], 

https://docs.px4.io/en/flight_controller/pixhawk_mini.html [retrieved 14 November 
2018]. 

 
[17]  Anderson, C., “New 3DR Autopilot: Pixhawk Mini”, DIY DRONES: The Leading 

Community for Personal UAVs [online], https://diydrones.com/profiles/blogs/new-3dr-
autopilot-pixhawk-mini-2 [retrieved 31 March 2018]. 

 
[18]  “3DR Wifi Telemetry Radio”, Amazon [online], https://www.amazon.com/Robotics-

3DR-WiFi-Telemetry-Radio/dp/B071YDWBHN [retrieved 31 March 2018]. 
 
[19]  “SiK Radio”, Dronecode [online], https://docs.px4.io/en/telemetry/sik_radio.html  

[retrieved 31 March 2018]. 
 
[20]  “Holybro APM Power Module 10S”, getfpv.com [online], 

https://www.getfpv.com/holybro-apm-power-module-
10s.html?utm_source=google&utm_medium=cpc&adpos=1o1&scid=scplp4427&sc_inti
d=4427&gclid=EAIaIQobChMIm-
uUo42X2gIVD7jACh22pAz1EAYYASABEgIWSfD_BwE [retrieved 14 November 
2018]. 

 
[21]  “mRo I2C Digital Airspeed Sensor MS4525DO”, 3DXR [online], 

https://www.3dxr.co.uk/product/mro-i2c-digital-airspeed-sensor-ms4525do/ [retrieved 14 
November 2018]. 

 
[22] Jacobs, E. S., Sherman A., “Airfoil Section Characteristics as Affected by Variations of 

the Reynolds Number”, NACA Report No. 586, Langley Field, Virginia, January 1937. 
 
[23]  Gary, A., Gloudemans, J. R., Hahn, A., Fredericks, B., McDonald R., Moore, M., 

“OpenVSP” [Software Package], Version 3.12.1, http://openvsp.org/ [retrieved June 
2017]. 

 
 

https://pixhawk.org/modules/px4io
http://pixhawk.org/
https://www.roscomponents.com/en/imus/146-rc-pixhawk.html
https://docs.px4.io/en/flight_controller/pixhawk_mini.html
https://diydrones.com/profiles/blogs/new-3dr-autopilot-pixhawk-mini-2
https://diydrones.com/profiles/blogs/new-3dr-autopilot-pixhawk-mini-2
https://www.amazon.com/Robotics-3DR-WiFi-Telemetry-Radio/dp/B071YDWBHN
https://www.amazon.com/Robotics-3DR-WiFi-Telemetry-Radio/dp/B071YDWBHN
https://docs.px4.io/en/telemetry/sik_radio.html
https://www.getfpv.com/holybro-apm-power-module-10s.html?utm_source=google&utm_medium=cpc&adpos=1o1&scid=scplp4427&sc_intid=4427&gclid=EAIaIQobChMIm-uUo42X2gIVD7jACh22pAz1EAYYASABEgIWSfD_BwE
https://www.getfpv.com/holybro-apm-power-module-10s.html?utm_source=google&utm_medium=cpc&adpos=1o1&scid=scplp4427&sc_intid=4427&gclid=EAIaIQobChMIm-uUo42X2gIVD7jACh22pAz1EAYYASABEgIWSfD_BwE
https://www.getfpv.com/holybro-apm-power-module-10s.html?utm_source=google&utm_medium=cpc&adpos=1o1&scid=scplp4427&sc_intid=4427&gclid=EAIaIQobChMIm-uUo42X2gIVD7jACh22pAz1EAYYASABEgIWSfD_BwE
https://www.getfpv.com/holybro-apm-power-module-10s.html?utm_source=google&utm_medium=cpc&adpos=1o1&scid=scplp4427&sc_intid=4427&gclid=EAIaIQobChMIm-uUo42X2gIVD7jACh22pAz1EAYYASABEgIWSfD_BwE
https://www.3dxr.co.uk/product/mro-i2c-digital-airspeed-sensor-ms4525do/
http://openvsp.org/


100 

REFERENCES (continued) 
 
 

[24]  Drela M., Youngren H., “AVL” [Software Package], Version 3.35, 
http://web.mit.edu/drela/Public/web/avl/ [retrieved September 2017]. 

 
[25]  “3200mAh 3S 11.1V 20C LiPo, 13AWG: EC3 (EFLB32003S)”, 

HORRIZONHOBBY.COM [online], 
https://www.horizonhobby.com/product/airplanes/airplane-
accessories/batteries/3200mah-3s-111v-20c-lipo--13awg-ec3-eflb32003s [retrieved 23 
April 2018]. 

 
[26]  Miller, L. S., Merchant M. P., “Propeller Performance Measurement for Low Reynold’s 

Number UAV Applications”, AIAA Paper 2006-1127, January 2006. 
  
[27]  “Download and Install”, Dronecode [online], 

https://docs.qgroundcontrol.com/en/getting_started/download_and_install.html [retrieved 
28 May 2018]. 

 
[28]  “Main Toolbar”, Dronecode [online], 

https://docs.qgroundcontrol.com/en/toolbar/toolbar.html [retrieved 03 July 2018]. 
 
[29]  “PX4/Firmware”, Github.com [online], https://github.com/PX4/Firmware/releases 

[retrieved 28 May 2018]. 
 
[30]  “QGroundControl User Guide”, Dronecode [online], https://docs.qgroundcontrol.com/en/   

[retrieved 28 May 2018]. 
 
[31]  “PlanView”, Dronecode [online], 

https://docs.qgroundcontrol.com/en/PlanView/PlanView.html [retrieved 03 July 2018]. 
 
[32]  “Fixed Wing Landing Pattern (Plan Pattern)”, Dronecode [online], 

https://docs.qgroundcontrol.com/en/PlanView/pattern_fixed_wing_landing.html 
[retrieved 09 July 2018]. 

 
[33]  “Plan View – GeoFence”, Dronecode [online], 

https://docs.qgroundcontrol.com/en/PlanView/PlanGeoFence.html [retrieved 09 July 
2018]. 

 
 [34]  “Plan View – Rally Points”, Dronecode [online], 

https://docs.qgroundcontrol.com/en/PlanView/PlanRallyPoints.html [retrieved 19 
November 2018]. 

 
 [35]  Meier, L., “v1.5.5 Stable Release”, Github.com [online], 

https://github.com/PX4/Firmware/releases/tag/v1.5.5 [retrieved 02 August 2018]. 
 

http://web.mit.edu/drela/Public/web/avl/
https://www.horizonhobby.com/product/airplanes/airplane-accessories/batteries/3200mah-3s-111v-20c-lipo--13awg-ec3-eflb32003s
https://www.horizonhobby.com/product/airplanes/airplane-accessories/batteries/3200mah-3s-111v-20c-lipo--13awg-ec3-eflb32003s
https://docs.qgroundcontrol.com/en/toolbar/toolbar.html
https://github.com/PX4/Firmware/releases
https://docs.qgroundcontrol.com/en/
https://docs.qgroundcontrol.com/en/PlanView/PlanView.html
https://docs.qgroundcontrol.com/en/PlanView/pattern_fixed_wing_landing.html
https://docs.qgroundcontrol.com/en/PlanView/PlanGeoFence.html
https://github.com/PX4/Firmware/releases/tag/v1.5.5


101 

REFERENCES (continued) 
 
 

 [36]  “PID Theory Explained”, NATIONAL INSTRUMENTS [online], 
http://www.ni.com/white-paper/3782/en/ [retrieved 03 August 2018]. 

 
[37]  “FAQ: What are PID gains and feed-forward gains?”, MOTION CONTROL TIPS: A 

Design World Resource [online], https://www.motioncontroltips.com/faq-what-are-pid-
gains-and-feed-forward-gains/ [retrieved 29 October 2018]. 

 
[38]  “Fixedwing PID Tuning Guide”, Dronecode [online], 

https://docs.px4.io/en/config_fw/pid_tuning_guide_fixedwing.html [retrieved 29 October 
2018]. 

 
[39]  Remple, R. K., Tischler, M. B., Aircraft and Rotorcraft System Identification, 

Engineering Methods with Flight Test Examples, 2nd Ed., AIAA Education Series, AIAA, 
Reston, Virginia, 2012, pp. xli, 2, 5, 9, 391. 

 
[40]  “CIFER: Comprehensive Identification from FrEquency Responses”, CIFER User’s 

Guide Version 7.0.00 (Student), U.S. Army Aviation Development Directorate – Ames, 
Universities Space Research Association, Ames Research Center, M/S T12B-2, Moffett 
Field, CA, June 2018. 

 
[41]  Roskam, J., Airplane Flight Dynamics and Automatic Flight Controls Part I, 6th Ed., 

Design, Analysis, and Research Corporation (DARcorporation), Lawrence, Kansas, 2011, 
pp. 66, 337.  

 
[42]   Hagerott, S. G., Hunter, J. M., Mendoza, G. E., Tischler, M. B., Woodrow, P. M., “Low 

Cost Flight-Test Platform to Demonstrate Flight Dynamics Concepts using Frequency-
Domain System Identification Methods”, AIAA Paper 2013-4739, August 2013. 

 
[43]  “LED Meanings (Pixhawk Series)”, Dronecode [online], 

https://docs.px4.io/en/flying/led_meanings.html [retrieved 19 November 2018]. 
 
  

http://www.ni.com/white-paper/3782/en/
https://www.motioncontroltips.com/faq-what-are-pid-gains-and-feed-forward-gains/
https://www.motioncontroltips.com/faq-what-are-pid-gains-and-feed-forward-gains/
https://docs.px4.io/en/config_fw/pid_tuning_guide_fixedwing.html


102 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



103 

APPENDIX A 
 

PIXHAWK MINI LED COLORS AND THEIR MEANINGS [43] 
 
 

1. Solid blue: The vehicle is armed but does not have a GPS lock. 

2. Flashing blue: The vehicle is disarmed and does not have a GPS lock. 

3. Solid green: The vehicle is armed and has a GPS lock. 

4. Flashing green: The vehicle is disarmed and has a GPS lock. 

5. Solid magenta/purple: The vehicle will return to its home/takeoff position, due to an error. 

6. Solid orange: The battery is low. vehicle will go into failsafe mode.  

7. Flashing red: Vehicle setup is required.  


