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Symbol  Definition  Dimension  
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3
 

AR Aspect radio ------ 
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c  Mean Geometric Chord ft  
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My External Moment in the x direction lb·ft 



Spring Final Report ï HARRV AES 4028, Senior Projects Design,2, Spring 2008 

xiii  

 

Symbol  Definition  Dimension  

Mz External Moment in the x direction lb·ft 

N Yaw Moment  lb·ft 

p Roll rate  rad/s  

p  Roll acceleration   rad/s
2
  

q Pitch rate  rad/s 

q  Pitch acceleration   rad/s
2
  

Q Free-stream dynamic pressure  lb·ft
2 

r Yaw Rate  rad/s 

r  Yaw acceleration   rad/s
2
  

Sw  Parafoil Platform Area ft
2
 

t Parafoil thickness  ft  

u  Velocity acting in the positive x direction  ft/s 

v  Velocity acting in the positive y direction  ft/s 

V Total Linear Velocity   ft/s 

w Velocity acting in the positive z direction  ft/s 

Xe Apparent mass external for in the x direction  lb 

Z Normal Force  lb 

Ze Apparent mass external for in the z direction  lb 

 

  



Spring Final Report ï HARRV AES 4028, Senior Projects Design,2, Spring 2008 

xiv 

 

Longitudinal Stability Coefficients
Symbol  Definition  Dimension  
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µµ
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Symbol  Definition  Dimension  
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Greek Symbols 

Symbol Definition  Dimension 

Ŭ Angle of attack  rad  

a Rate of change of angle of attack  rad/s 
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1.0 Project Objectives and Requirements 
Author: Kenneth Harczstark  Co-Authors: Chris Sprague 

In 2003 the Colorado Space Grant Consortium and the Aerospace Engineering Department at the 

University of Colorado began Gateway to Space (GTS), a class which helps students build and launch 

miniature satellites called BalloonSats.  The BalloonSats are cubes measuring 6 inches in length with 
individual maximum weight of 1.5 pounds that perform scientific experiments as designed by the 

students. Each semester 10 BalloonSats are launched via weather balloon in cooperation with Edge of 

Space Sciences, to an altitude of 100,000 feet.  At this altitude the weather balloon bursts and the 

BalloonSats begin drifting uncontrollably while attached to a dome parachute.  Occasionally, the 
BalloonSats drift 50 miles from the launch site into inconvenient or even inaccessible locations. 

During the 2006-2007 school year, the Peregrine Return Vehicle (PRV) team attempted to 
provide a solution to the drifting problem.  Their initial goal was to develop a blended-wing-body-glider 

capable of autonomously delivering the BalloonSats to the launch site; however, because of weight 

restrictions they focused on delivering the BalloonSats to a location that was within a quarter mile of an 
accessible road. The PRV team successfully developed an autonomous-flight vehicle that was tested on 

several hot-air balloon flights, but it was unable to carry any payloads because of its inherent instability.  

In addition, during the final flight up to 100,000 feet, the separation device failed to release the vehicle 

from the weather balloon which resulted in inconclusive test results. 

This academic year, HARRV attempted to solve the mentioned problem using a parafoil vehicle. 

However, because the flight dynamics of a parafoil were complicated, the main goal of autonomously 
delivering BalloonSats to a specified location was refined into a goal of developing an aerodynamic 

model that verified flight characteristics and dynamics of the system.   

 Initially, the objectives of the project were broken down into two different phases: System 

Identification and Gateway to Space Mission.  In order to focus on developing an aerodynamic model, the 

second phase objectives were eliminated from the project.  The minimum requirements for project 

success were to complete phase 1. 

1.1 System Identification 

 Phase 1 objectives were to model the vehicle flight characteristics, verify the functionality of all 

subsystems, and verify the 6-DOF assumption. The 6-DOF assumption assumed that the system was 
constrained to translational and rotational motion in a 3-axis system for a single rigid body.   

 Verification began with vehicle drop-tests from the Folsom Field balconies (see Figure 1 for 
exemplar flight profile) to determine the vehicleôs stability, ability to deploy, and controllability.  During 

these tests the parafoil reliably deployed/inflated and was remarkably stable, but, because flight duration 

was only four seconds, it wasnôt possible to control the vehicle.   
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Figure 1: Testing of Deployment Mechanism 

 

After the initial drop-tests were completed, higher altitude balloon tests were conducted at roughly 5,000 

feet in order to begin acquiring data using HARRV-designed embedded electronics (see Figure 2 for 

exemplar flight profile).  It was during these tests that controllability and data logging were successful.  
Details are provided later in this document. 

 
Figure 2: Testing of Flight Dynamics 

In order to prove the success of this project, the requirements listed in Table 1 must be completed, 
with the top priority being the two minimum requirements, as these are the main requirements for Phase 

1.   

Table 1: Project Requirements 

Type   Requirements 
Motivation/Parent 
Requirement 

PROJECT 
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Functional 0.PRJ.1 
Develop a physical model of a parafoil vehicle based on 

empirical data and aerodynamic theory. 
Team 

Performance 0.PRJ.2 
Aerodynamic model shall be able to predict future states 
of the system. 

Team 

Functional 0.PRJ.3 System shall be passively stable. Team 

SYSTEM 

Functional 0.SYS.1 
Electronics and software shall be able to measure and 
record position in 3 axes, translational acceleration in 3 

axes, and angular velocity about 3 axes. 

0.PRJ.1,0.PRJ.2 

Performance 0.SYS.2 
Vehicle shall be controllable; if an input is given, an 

expected output is realized. 
0.PRJ.1 

Performance 0.SYS.3 
System shall be able to log all sensor data to an 

accuracy of at least 10%. 
0.PRJ.2 

Performance 0.SYS.4 
Vehicle shall be reusable; when the vehicle lands, it can 

be used again after maintenance. 
0.PRJ.1 

MINIMUM  

Functional 0.MIN.1 
Develop a physical model of a parafoil vehicle based on 

empirical evidence and aerodynamic theory. 
0.PRJ.1 

Performance 0.MIN.2 
Aerodynamics model shall be able to predict future 

states of the system. 
0.PRJ.2 

SUBSYSTEMS 

PARAFOIL / AIRFRAME 

Functional 0.PAR.1 The parafoil shall fully inflate upon deployment  0.PRJ.2 

Functional 0.PAR.2 
The parafoil shall remain inflated for the duration of the 

flight. 
0.PRJ.2 

DATA ACQUISITION 

Functional 0.DA.1 
System shall be able to log data into a removable 

storage device. 
0.SYS.3 

Performance 0.DA.2 
Sensors used shall be able to measure displacement, 

velocity and acceleration in all 6 degrees of freedom. 
0.SYS.3 

Performance 0.DA.3 
Sensors shall measure data in at least one milli-gee or 

0.1 deg/s resolution. 
0.SYS.3 

Performance 0.DA.4 
Sensors shall measure data in 100 samples per second 

per channel. 
0.SYS.3 

RELEASE MECHANISM  

Functional 0.RM.1 
Release mechanism shall completely separate vehicle 

from balloon. 
0.PRJ.2 

Performance 0.RM.2 
Release mechanism shall separate vehicle from balloon 
with 95% reliability. 

0.PRJ.2 

BACKUP PARACHUTE 

Functional 0.EP.1 
If the parafoil does not successfully deploy, the backup 
parachute shall be remotely deployable. 

0.SYS.4 

Performance 0.EP.2 
The backup parachute shall be deployable regardless of 

the state of the parafoil. 
0.SYS.4 

Performance 0.EP.3 The backup parachute descend at no more than 10 ft/s.  
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2.0 Systems Architecture 
Author: Mark Schwartz  Co-Author: Thanh Nguyen 

2.1 System Layout 

Six main components constitute the vehicle: the parafoil (including harness and rigging lines), the release 

mechanism, the backup parachute, the containment structure, the electronics package, and the controls 
(see Figure 3).  The parafoil was the aerodynamic device which delivered the vehicle to the ground.  The 

containment structure hung below the parafoil via risers and a harness.  The electronics package was 

mounted in the bottom of the containment structure while the backup parachute was located in the top.  
The control servos were mounted on the back panel and connected directly to the control-lines which 

were wound around the control servo drums.  The location of the electronics package was selected 

because the AGL sensor needed a wide angle view of the ground.  The location of the backup parachute 

was selected in order to center the vehicle CG and minimize the torque produced upon parachute 
deployment.  The vehicle was approximately 7.5 feet tall when the parafoil was deployed.  The 

containment structure was roughly 18 inches wide, 8 inches deep, 2 feet tall, and weighed a little over 20 

lbs.  Each component is discussed in detail in later sections.  

 

Figure 3: Complete System 

 

2.2 Design-to Specifications 

The main focus of the project was to develop a model that accurately predicted the in-flight 

behavior of the parafoil vehicle.  The secondary focus was to develop a navigation system that used this 

model to autonomously guide the vehicle to a designated location.  To accomplish the main goal, a 
release mechanism was developed that reliably deployed the parafoil, and a stable control system was 

developed for autonomous navigation.  In addition, the system was capable of recording kinematic data 

sufficient to describe the vehicleôs six degrees of freedom.  Designing a control system required a 
thorough understanding of the physical system dynamics.  The following is a breakdown of each sub-

team and their main requirements that will allow the system to perform above said tasks. 
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2.2.1 Aerodynamics 

The aerodynamic modeling of the parafoil became a driving factor for the project.  This was to 

compensate for the limited amount of comprehensive knowledge in comparison to fixed wing aircraft.  
This led to the primary job of the aerodynamics team which was to develop a 6-DOF model that can be 

utilized by undergraduate students to develop a control system.  To do this, several simplifying 

assumptions were made. The primary assumption was that the attachment between the parafoil and the 

support structure was rigid.  This assumption and several others will be discussed in depth in the 
Aerodynamics section below.  The other major task was to derive the aerodynamic properties of the 

vehicle.  The results from this were then compared to a physical reaction and the differences between the 

two are discussed below. 

2.2.2 Electronics 

The main purpose of the electronics system was to support the aerodynamic modeling objectives, 

with an extended purpose of being a robust enough system to support autonomous GNC for future 

missions.  The electronics system was thus responsible for all data acquisition as well as driving all servos 
to control the vehicle.  The hardware connections between subsystem components were assembled by the 

team and tested extensively prior to drop testing.  The overall layout of the electronics consisted of a 

microcontroller along with several sensory devices. 

2.2.3 Software 

The software system complemented the electronics system and provided support for verifying the 
aerodynamic model.  This was achieved by correctly outputting signals to the control surfaces and 

recording the vehicleôs responses to a removable multimedia card.  This allowed for real world modeling 

of the system response and allowed for a comparison to the previously mentioned simulated model.   

2.2.4 Structures 

The structure of the vehicle housed the parafoil and all electronics components, and could also 

hold five BalloonSats for the possible Gateway to Space mission-even though the objectives removed the 

requirement to carry payloads.  This main structure was supplemented during testing with a simple six 
sided wooden box in order to simplify electronics integration and to reduce cost in case of structural 

failure.  An additional constraint was that the vehicle weight could not exceed 20 pounds.  The overall 

shape was determined due to simplicity during manufacturing.  Aluminum was selected for the primary 

vehicle due to its low density and wood was selected for the prototype vehicle because of its low cost, 
ease during manufacturing, and because it was easy to purchase. 

3.0 Development and Assessment of Systems Design Alternatives 
Author: John Lee 

In order to select the best design for carrying out the initial mission of returning Space Grant 

payloads to a designated location from a high altitude, an assessment of various vehicle design options 
was conducted.  The conceived vehicle platforms were the parafoil, the powered UAV, the hang glider, 

the unpowered glider, and the guided free fall device.  To select a final platform, a feasibility analysis was 

conducted in the following categories: weight, range, accuracy, and payload integration. These categories 

were deemed relevant after reviewing the initial mission requirements. 

Once analysis was completed for each platform, it was decided that the parafoil and the powered 

UAV were both feasible options that presented the best solutions. The unpowered glider was deemed to 
be a feasible but weak solution. And finally, the hang glider and guided free fall device were found to be 

unfeasible options. 
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Between the parafoil and the powered UAV, the parafoil was chosen for several reasons. First, a 

parafoil vehicle allows for more flexibility in the science mission of the Space Grant payloads. Secondly, 
the parafoil had a very large weight savings compared to the powered UAV. Although the powered UAV 

was a good choice in terms of range and accuracy, however the weight requirement was a paramount 

concern.  Finally, the parafoil was a more novel idea that had never been successfully carried out as a 

return vehicle at CU. 

3.1 Parafoil 

The parafoil was not as favorable for range and accuracy as other options, but vastly 

outperformed the other vehicles in payload integration and weight, which were deemed more important 
by the customer. Unlike the other vehicles, the payload would be allowed to hang freely apart from the 

lifting body. This allows the payload bay to be designed with very few restrictions. In addition, the 

payload would have more access to the environment, which is highly desirable. In terms of weight, the 
parafoil was the lightest design by several pounds. This is mainly attributed from the fact that the parafoil 

does not have a fuselage or any rigid components other than the payload structure.  The parafoil became 

the best option and was selected to be the vehicle of choice to carry out the Space Grant mission. 

3.2 Powered UAV 

The powered UAV was decided to be a feasible design that met the weight restriction and had an 

acceptable payload integration system. Furthermore, it had the best range and accuracy out of all the 
design options. However, the critical nature of the weight requirement for the EOSS launch eliminated the 

powered UAV as a viable option. Therefore, the parafoil was ultimately chosen over the powered UAV. 

3.3 Hang Glider 

The hang glider did not turn out to be a feasible option because of its weight. The weight was 

analyzed with two different BOTE calculations, both of which indicated that the hang glider would have 

to be overweight. The first method of weight determination was finding the pilot to hang glider weight 

ratio followed by scaling it down for a new payload to hang glider ratio. The second method of weight 
determination involved researching what is required to make a hang glider and how much material would 

be needed. Once it became clear that a hang glider was not feasible because of weight problems, further 

analysis into this vehicle design was halted. 

3.4 Unpowered Glider 

The unpowered glider was already known to be a feasible design concept based on the 2006-2007 

PRV team, which had the same general mission as HARRV. However, the weight of the vehicle did not 
leave room for any future improvement or modification add-ons because it was so close to the maximum 

allowable weight. In addition, the payload integration for this vehicle proved to provide quite a challenge. 

The glider was suffering from problems dealing with the payloadôs influence on the center of gravity 
(CG) location, which was making it more longitudinally unstable. 

3.5 Guided Free Fall Device 

Although the guided free fall device was determined to have acceptable range capabilities, the 
weight and payload integration remained largely unknown, and the guided free fall device had 

unacceptable issues with accuracy. In order for the guided free fall device to remain intact for future use, 

and to preserve its payload, the vehicle would be forced to deploy multiple special parachutes in a specific 

order starting from a very high altitude. Any normal parachute would simply be torn into shreds due to 
the high velocity of the guided free fall device. Because of this high altitude parachute deployment, the 

vehicleôs final landing point would be more a function of drift rather than controlled navigation. 
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4.0 Project Feasibility and Risk 
Author: Aaron Okken  Co-Author: Matt Fetig 

The HARRV vehicle is a complex system with numerous subsystems that could be potential 

technical failure points that must be addressed in order for the system to perform its mission safely and 
successfully.  This chapter discusses the identified system level risks and how risks will be mitigated in 

order to insure a successful project.  The project is separated into two distinct phases, the system 

identification phase and the EOSS high altitude mission phase, with each phase having unique risks and 

mitigation strategies due to their disparate operational scenarios.  In order for the EOSS mission to be 
attempted, the system identification of HARRV must be successfully demonstrated.  The feasibility 

assessment of the project will be discussed critically from the risk assessment and evaluation of previous 

parafoil systems performance results.  

4.1 Risk Assessment and Mitigation 

4.1.1 System Identification Phase 

The system identification phase consisted of building the HARRV vehicle, validating its 

functionality, and tuning the 6-DOF model so an autonomous control system could be 

implemented.  During this phase all testing was done with the vehicle in the teamôs line of sight 

so any worries of autonomous performance were mitigated. 

A principle risk involved in this phase was potential failures that couldôve resulted in loss 

of the vehicle.    This risk was mitigated by using a testing schedule that test critical aspects of 

the system individually insuring their reliability before moving on.  For instance, to insure the 

parafoil deployed reliably, the parafoil was attached to dead weight to test just the deployment 

system until its reliability was deemed satisfactory.  Similar reliability testing occured with the 

other subsystems.  The structure and electronics of the HARRV vehicle will be designed to take 

at least 10 gees of shock so that the craft can survive landing impacts. 

The full system will only be tested with the backup parachute system installed and 

operational.  This is considered critical so if any malfunctions occur, the vehicle has a high 

likelihood of surviving with the subsystems intact.  The backup parachute system will serve the 

purpose of an aerodynamic decelerator in the case of a parafoil malfunction, and if control of the 

parafoil is lost from power failure or any other system malfunction the backup parachute will be 

fired to stop the parafoil from gliding outside its intended test area.  Since the parafoil will be 

able to glide a significant distance firing the backup parachute will reduce the area of 

endangerment to persons or property effectively reducing safety risk.   Furthermore, during 

testing no personnel will be in the landing area to minimize the risk of any accidents from the 

craft injuring anyone.   

The backup parachute system will be deployed with a one gram charge of grade 4F black 

powder.  Black powder is classified as a division 1.1 explosive by the BATFE.  Fire and Life-

Safety Group (FLS) reviewed the request for storage and has approved the request.  Less than 

one pound of the material will be stored in accordance with all requirements and 

recommendations from the (FLS) review for the request for storage of the hazardous material 

and the material will be stored with the Material Safety Data Sheet (MSDS) present.  Before 

storage, a detailed plan will be submitted to Environmental Health and Safety with FLS 

summery.   
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The major objective in the system identification phase is to validate the 6-DOF model for 

the parafoil.  The camera system will be used to quantify this assumption and it will provide the 

necessary data to make this determination.   If the payload shows an unacceptable amount of 

movement under the parafoil the interface design will need to be modified to in order to see if the 

movement can be mitigated through harness design.  If no design options are found to minimize 

payload, parafoil motion, the dynamic model will be modified to account for relative motion 

between the payload and the parafoil.  There is a significant literature base that is available if this 

option needs to be exercised (Wise).   

4.1.2 High Altitude Mission Phase 

The high altitude mission has special risks as well as all the risk involved with the system 

identification.   The HARRV vehicle will be designed with the intent of performing the full mission so the 
actual sub-systems will have had extensive testing before the high altitude flight.  The project plan 

allocates a month so the autonomous control system and thermal protection system can be designed and 

evaluated for the high altitude test.      

The high altitude mission will not be considered until all of HARRVôs systems are proven 

reliable during system identification process.  System identification will increase confidence in the 

design, allow for problems in the design to be uncovered and solved, and facilitate the development of an 
accurate model for an autonomous control system to be implemented seamlessly.  The technical risk of 

the high altitude mission will be greatly mitigated by requiring that the HARRV vehicle is performing 

reliably and a test database is developed before the mission is attempted.    

The HARRV vehicle will carry a beacon built by EOSS to satisfy FAA requirements for tracking 

the vehicle.  A waver is has been submitted by EOSS and the projectôs customer for flight high altitude 
flight waver for the HARRV flight.  The operational scenario of the high altitude mission calls for the 

vehicle to detach from the EOSS balloon after passing through 18,000 feet MSL to avoid Class-A 

airspace.  A phone call will be made to Denver Center Air Traffic Control for clearance before the vehicle 

detaches form the EOSS balloon to ensure flight safety for other airspace users and the HARRV vehicle.  
HARRV will carry a radio modem with a 40 knot range so system status can be monitored throughout 

flight.     

4.2 Prototyping 

In order to determine if a vehicle of the size and shape of HARRV will be stable and exhibit the 

expected behaviors a prototype of the system was built.  Although an actual flight test of the system has 

not yet been made, due to the time it took to determine the desired line trim angle, the electrical system 
for the prototype has been a learning experience as well as providing some off-ramps for the project down 

the road.  One of the major components in the prototype electrical system is a SD data logger produced by 

SparkFun Electronics called the Logomatic Serial SD Datalogger.  This data logger takes serial data and 
writes it to an SD card in FAT16 format.  The chip also allows the user to log up to 10 analog signals.  If 

FAT16 drivers prove to be a more difficult task then expected for our system, then the Logomatic can be 

used to log all serial data and the software data log mode will just output all of the data over UART rather 

than writing it straight to an SD card.  Also, the performance of standard household batteries for lower 
altitude flight tests has been examined and has been proven to be sufficient.  Standard household AA 

batteries are being used to power the GPS, Logomatics, servos, RC receiver and potentiometers.  When 

complete the system will be deployed and will prove that the HARRV system can be stably deployed at 
low altitudes and controlled using simple RC control.  By simulating the expected position using the 

recorded control deflections and comparing it to the recorded position, the aerodynamic coefficients can 

be modified as necessary until the model fits the data.  Also, a camera will be placed in the payload in 

order to determine if the assumptions made in the 6-DOF model are valid.    If it is determined that the 
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assumptions are not valid, the team will either have to develop a new harness that will fix the relative 

motion problem, or develop an 8-DOF model before the final system has been completed.   Figure 
4 shows a basic overview of the interconnectivity of the prototype hardware design. 

 

 Figure 4: Prototype Hardware Overview  

4.3 Project Feasibility 

The project is determined feasible by analyzing previous parafoil systems that have been built.  

There have been many university projects that have built parafoil systems with success.  Some of these 

successful projects and documentation include: A major modeling endeavor at Texas A&M that 
successfully built and modeled a parafoil system with an 8-DOF model for a doctorate thesis (Hur); Two 

German parafoil modeling and testing projects, ALEX and ALEX II, at the Institute of Flight Research 

that were successful and very well documented (Jann, Aerodynamic Model Identification and GNC 

Design for the Parafoil-Load System ALEX); A Oregon State University project and series of parafoil 
modeling papers by Slegers and Costello outlines the modeling and testing of a small parafoil vehicle 

(Slegers and Costello); the NASA X-38 parafoil program has a wealth of development data for large 

parafoil system (Madsen and Cerimele).  Source databases have been compiled that outline these 
programs and allow the HARRV team to expand on the lessons learned from previous projects to insure 

success.   

In addition to the successful projects of unmanned parafoil systems, there is an abundance of 

theoretical modeling information that has been heavily expanded on in the past seven years that was 

motivated by unanswered questions after the X-38 program (Mortaloni, Yakimenko and Dobrokhodov).    

Many resources from this time period have been compiled and studied to develop the HARRV flight 
models. 

By designing the HARRV system around previous successful parafoil systems, and analyzing the 
growing parafoil knowledge base, it determined that a parafoil system can be successfully developed and 

tested by the HARRV team. 
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4.4 Project Risk and Mitigation 

4.4.1 Detachment Mechanism Failure 

Failure of the detachment mechanism is a risk that could cause the vehicle to fail. The mitigation 

strategy is the use of a backup parachute in combination with a software program monitoring the vehicle 
that will deploy the backup parachute in the event of free fall. 

4.4.2 Power Failure 

Power failure is a possibility that is mitigated by having a ówatch dogô circuit that has its own 

power source and monitors the power from the system and in the case of power failure deploys the 

backup parachute.  

4.4.3 Parachute Deployment Failure 

Failure of the parafoil deployment will be monitored by the same software that will be used to 

prevent freefall in the event of detachment mechanism failure again deploying the backup parachute. 

However, should the backup parachute fail to deploy there is no mitigation to this problem, however, the 
possibility of collateral damage will be minimized by doing all testing in locations that are not populated 

so that the vehicle will only land on grass land. 

4.4.4 Parachute Collapse 

Should the parafoil collapse during flight the same software that detects freefall and deploys the 

backup parachute will deploy the backup parachute. If both the parafoil and backup parachute collapse the 
only precaution taken will again be testing away from locations that a total failure will cause no collateral 

damage. 

4.4.5 Six Degree of Freedom Model Not Valid 

If the six degree of freedom model is proven to not be valid there are two possibilities to 

correct this issue, changing to an eight degree of freedom model and creating an error correction 

for the six degree of freedom model. The addition of an error correction to the six degree of 

freedom model is preferable to changing to eight degrees of freedom due to the fact that the 

model will have to be entirely recreated. However, it is a possibility that the change will be made 

to eight degrees of freedom and will be a time consuming mitigation strategy. 

4.5 Safety Considerations 

Due to the nature of this project some aspects of the testing of the vehicle as well as some 

systems on board will have to be treated with upmost respect to avoid not only personal injury but also 

property damage, most of these safety hazards are discussed in chapter 8 Risks and Mitigation as well as 
11.3 Project Risk and Mitigation. The use of black powder in the backup parachute deployment will 

require special attention through the schools EH&S faculty, however, as described in the handling of 

hazardous materials the HARRV team will be under section 3103 exception 4 stating that the storage of 
less than one pound on commercially available black power is allowed. 

5.0 Aerodynamic Modeling 
Author: Mitchell Harris  Co-Author: Aaron Okken 

A non-linear model is developed for a 6-DOF vehicle.  Creating a model that will accurately 

predict the flight dynamics of the vehicle is the first phase in developing a control system.  This model is 
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intended to demonstrate that 6-DOF is sufficient to predict the longitudinal and lateral-directional flight of 

a vehicle.  The 6-DOF assumes that the fully inflated parafoil, support lines, and control lines are rigid. In 
addition, the parafoil, payload, and connection point are assumed to be coupled allowing the system only 

three degrees of translation and three degrees of rotation.  The vehicle is controlled by left and right 

trailing edge control surfaces (known as brakes) that effectively increase the drag on their respective sides 

of the system; deflecting one control surface creates a yaw and rolling moment, while deflecting both 
control surfaces creates a pitch moment.  

5.1 Assumptions 

In order to model the vehicle with a simple 6-DOF model several major assumptions had 

to be made.  First, the parafoil is considered to be a rigid structure that has no flexure during flight.  The 

6-DOF assumes that the fully inflated parafoil, support lines, and control lines are rigid and fixed around 

the system CG.  In addition, the parafoil, payload, and connection point are assumed to be coupled as seen 

in Figure 5. 

 
Figure 5: Motion of Coupled System 

The control surfaces of the parafoil are to be modeled as simple flaps that only have positive deflections 

(positive flap deflections are defined downward deflection, refer to Figure 6).  

 

Figure 6: Parafoil Flap Deflection 

All aerodynamic forces and moments are assumed to be taken around the total system CG.  Also, the lift 

and drag on the parafoil are assumed to act around the quarter chord line. A free body diagram (FBD) of 

the parafoil is shown in Figure 7.  The model and the assumptions it takes into account will be validated 

through testing.   
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Figure 7: Free Body Diagram of Parafoil 

5.2 Analytic Modeling 

This paper describes the predictive control model, based on Costello and Slegers
1 

model predictive 
control strategy, developed from a 6 degree of freedom (DOF) model for a parafoil and payload system.  

A non-linear 6-DOF model that accurately predicts the flight dynamics of the parafoil and payload system 

is used for the basis for a reduced order linear model. This reduced order model requires five aerodynamic 
coefficients: Clű, Clp, Clŭa, Cnr, Cnŭa, and a constant bias term ŭbias that are identified by system 

identification. Using the method developed by Costello and Slegers, recursive weighted least squares 

estimation is used to identify the five aerodynamic terms and the bias term. Through flight tests of the 
parafoil and payload system the reduced order linear model and the identified terms will be verified by 

demonstrating that the reduced model can accurately model the parafoil and payload system.  Once 

verified, a directional control system that can track points in the x-y plane will be implemented.    

 

The parafoil and payload bay is modeled dynamically using a 6 DOF model composed of three Euler 
orientation angles and three inertial position components.  The 6 DOF assumes that the fully inflated 

parafoil, support lines, and control lines are rigid.  In addition, the parafoil, payload, and connection point 

are assumed to be coupled allowing the system only three degrees of translation and three degrees of 
rotation.  The parafoil and payload system is controlled by left and right trailing edge control surfaces 

(known as brakes) that effectively increase the drag on their respective sides of the system; deflecting one 

control surface creates a yaw and rolling moment, while deflecting both control surfaces creates a pitch 

moment. This is accomplished using two wench servos that shorten the brakes lines thereby deflecting the 
brakes. The kinematic equations for the motion of the parafoil and payload system are given by Equations 

1 and 2.  
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The matrix S is the transformation matrix from the inertial reference frame to the parafoil body-axis frame 

and is given Equation 3. 
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In Equation 3, c and s are shorthand notation for the trigonometric functions cosine and sine, respectfully.  

The dynamic equations of motion, which include the aerodynamic forces and aerodynamic moments 

acting around the system center of mass, are given by Equations 4 and 5.  These equations are derived 
from the momentum conservation laws and external forces and moments acting on the vehicle.  
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In order to utilize predictive control the non-linear model given by Equations 1 through 5 must be 

linearized. We can see in Equation 1 that the yaw angle is related to the inertial velocities, and simply 
linearizing would constrain the yaw to small angles.  From observing typical parafoil flight, it is 

concluded a small yaw angle constraint is not acceptable to model the expected turn dynamics.  However, 

by assuming a constant velocity VA and steady state conditions, a reduced-order lineaerized model is 

formed using the rolling and pitching equations,

 

[ ]Trp ####yf ,  given by Equations 2 and 5. The 

reduced state linear model is given in Equations 6 and 7.  
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(7) 

5.2.1 Model Predictive Control Strategy 

Using model predictive control, a control law can be developed from the reduced-order, linearized state 
space system.  Predictive control offers a robust method to deal with uncertainties or disturbances in the 

system.  The formulation of the state space system is shown in Equation 8. 

 

�ž�G+ 1 = �m�ž�G+  �n�Q�G+ �p 

�U�G=  �o�ž�G 
(8) 

 

The theory for model predictive control can be found in its entirety in Ikonen and Najim.
3
  Predictive 

control functions by calculating the estimated future control sequence across a finite set of future time 

instances called the prediction horizon, �*�L.  The state space equations can be reformulated to calculate 

the predicted states across �*�L as shown in Equation 9. 

 

�…
á�G+ 1 = �w�%�#�ž�G+ �w�%�#�$�› �G+ �w�%�#�& (9) 

where 

�w�%�# = 
e
�o�m
�­

�o�m�*�L 

i (10) 

�w�%�#�$ = 
e
�o�n �® 0
�­ �° �­

�o�m�*�L
F1�n �® �o�n

i (11) 

�w�%�#�& =

�Ï
�Î
�Î
�Î
�Í

�o�p
�o�m�p + �o�p

�o�m2�p + �o�m�p + �o�p
�­

�o�m�*�L
F1�p + �o�m�*�L
F2 + �®+ �o�p�Ò
�Ñ
�Ñ
�Ñ
�Ð

 (12) 

 

From the predicted model and assuming a desired trajectory, �ƒ , is known, an estimated error from 

desired trajectory can be found by Equation 6. By using the estimated error over the entire time set of �*�L, 

a quadratic cost function can be formed as shown in Equation 14.   
 

�A�G= �S�G
F�U�G (13) 

�, = 
k�ƒ 
F�…
á
o
�6

k�ƒ 
F�…
á
o+ �• �6�~�•  (14) 

where �~ = �N�u. 
 

Minimizing the cost function yields the optimal predictive controller input �• .  The solution to minimizing 

the cost function is shown in Equation 15. 


