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1.0 Problem or Need

The flight dynamics of aoventional aircraft are compleand involve highly coupled, nonlinear equations of motion.
These equations describe many of the intricacies of flight, and from-aigdysis are obtained the common natural modes of
conventional aircraft, namely the phugoid, Dutch roll, spiral, shatbgeand roll modes. The complexity of these equations
makes them difficult to conceptualize, and their physical implications on the mofitirecaircraft are not intuitiveMoreover,
the natural flight modes of an aircraft can be difficult to obseritagrebecause they are brief, subtle, or both. In the
undergraduateurriculum for Aerospace Engineering Scien€ASEN) at the University of Colorado at Bould&cU), the
dynamics of flight are introduced in a junior level cour&SEN 3128: Aircraft Dynmics It currently uses software
simulations as a teaching tool for students being exposed to the material for the first time. The software used pghides insi
to the dynamics of an aircraft; however, an image on a screen is not always the best dermoostra of an ,@andr cr af t 6
abstract concepts have the potential to be misunderstood without a physical model of these modes.

The ModeDemonstrating Flying Laboratory: Instruction and Experiment in ftew (MODEFLIER) shall be a
small, lowcost, flying laboratory systerthat demonstrates the phugoid, Dutch roll, and spiral modes for an afcer#ie
ASEN 3128 course. It will be controlled by a remote ground station, which will also displaymedlight data specified by
the aircraft statarray to resolutions ofL° for Euler angles, 1 m for position, and 0.5 m/s for air velocities. It will allow for the
ground controller to switch the phugoid mode, the Dutch r
ground controller wilalso have the capability to input a gain on a desired control surface of the aircraft via remote control to
show how various perturbations in control surfaces affect these flight modes. The natural mode behavior of the aitmaft shall
noticeable whenlzserved by groups of students, up to 10 at a time, who at the same time will be watching a data stream of the
aircraft state array at the ground statiBg.visual observations from the groyretudents will be able to estimate Euler angle
perturbations within 5° whileach angle is within 20° of trinThe aircraft will record and store video-board to provide an
onboard perspective of the various flight modes. The entire system (testartiagound station equipment) will be compact,
so as to fit in a conventional SUV for easy transportation.

The ultimate goal of this project is to benefit future students of the ASEN 3128 course by providing them with a
physical system in a course thathighly dependent on a physical understanding of aircraft motion. It will help students to
visually seenircraftmotions that are difficult to describe with words and still pictures alone.

2.0 Previous Work

The natural modes for the dynamics of a coneeral aircraft are well known. The longitudinal modes include the
phugoid and shomperiod modes, while the lateral modes include the spiral, roll, and Dutch roll modes. These modes arise
from a linearization of the equations of motion for an aircraftsdsh, these modes represent a theoretical approximation of
the behavior of an actual aircraft near a trim Stater educational purposes, various methods have been employed to visually
display these theoretical modes in physical system.

One approach isotusea wind tunnel to simulate aircraft dynamics. This method was utilized by Nehdl
constructed an aircraft that was inserted into a wind tunnel with a gimbal mount that allowed for three degrees of éteedom: r
pitch, and yaw. Merrill found thahe longitudinal test data agreed with the theoretical results which confirmed the usefulness
of a wind tunnel; however, Merrill encountered difficulties in replicating the lateral motion of an aircraft. In addigion, th
friction of the gimbal caused ttmeodel to not replicate flight conditions perfeétly

Another approach used by the University of Southanfptas the use of a passenger Jetstream flying laboratory
with which students experience a emeek flighttesting course. The students experieneentitural modes of the aircraft in
flight®. While this method provides an excellent learning experience, the purchase of a passenger aircraft is quite expensive.

Computer flight simulators have also been adopted to demonstrate the natural modes aifanTaigse simulators
often only provide visuals of how the aircraft behaves yet lack educational content. Simulations can be a cheapertalternative
actual flight, but might notéthe best way to understand thehaviorof an aircraft. Similarly, in Clb s A S E Nourdel 2 8
the students have been exposed to the natural modes of a conventional aircraft through a software package capable of
providing graphical results. Unfortunately, no representation of a physical aircraft was provided, which hampered the
understanding process.

This project appears to be the first attempt at using a small, unmanned aircraft to demonstrate the natural modes of an
aircraft in an educational setting. The use of an unmanned aircraft capable of flight allows for greater ffeetmiational
motion than a windunnel model, while requiring significantly fewer expenses than a passenger aircraft. The flight

" The aircraft state array includes tweklementsx, y, andz positions;u, v, andw velocities: , d, andy Euler anglesandp, g, andr
angular rates



characteristics of the aircraft will allow the natural modes of the aircraft to be visible and distinguishable to an abseeve
ground, allowing for the physical system to visually demonstrate the theoretical dynamical modes of the aircraft.

3.0 Specific Objectives

In order to meet the customerés requirements for succ
reliable take off, steady flight, and landing without modifying the environment. This aircraft will display three natuadl air
dynamical modesthe phugoid mode, spiral mode, and the Dutch roll mode; the aircraft will then return to steady flight. An
onboard autopilot will command the aircraft, but the aircraft will also receive input from a ground station. An opehétor at t
ground station wilbe able to switch on and off thexhibition of the dynamic modeand a pilot willhave the option to
directly pilot the aircraft via remote contr@C).

The aircraft will also download flight data the ground station for storage and visual displashefdata. These
flight data will include roll, pitch, yaw, and flight angles, altitude and horizontal positions, and airspeed. A video camera
mounted on the aircraft will provide additional visual information on the flight of the aircraft, and thiswiltlbe available
for download after the aircraft lands.

To validate the product desigmd verify its performancehe aircraft and ground station will be put through a testing
gauntlet. All of the subsystems, both manufactured and-btrght, will be tested for functionality and performance prior to
the first flight test. These ground tests will include testinghef communications system, data recording system, propulsion
system, and others. Airframe tests will ensure that the airframe is structurally stable and possesses the physicaticharacteri
used in simulations of the modal responses.

Following successil ground testing, the aircraft will go through flight testing. This will include takeoff and landing,
steady autonomous flight, medlemonstration, and manual RC overridehe autopilotoy the pilot. The team will evaluate
the performanceof the aircraf by comparing the recorded data to computer simulations. To validate that the modes have been
successfully demonstrated, the flight data wil!/| be fcompar e
visible modal performance.

3.1 Success Levels

1 Level 17 The aircraft shall demonstrate two of the three modes in flight (based on later trade studies) one time each so
that an observer with 20/30 vision will be able to identify the roll, pitch, and yaw angles of the aircraft to within 5° when
each angle is within 20° of its trim value for level flight at both the operational altitude and a slant angle abdke 30°.
phugoidmode will displayseveralperiods(exact numbepf oscillationsTBD), each withpitch angleamplitude greater
than approximately 5 (exact amplitudeTBD). The Dutch rollmode will display several periodexact number of
oscillationsTBD), each withroll angleamplitude greater thaapproximately 5 (exact amplituddBD). The spiral mode
will display several360° yaw angle turns (exact numberof turns TBD), or until an unrecoverable roll angle (the
magnitude of which will be determined by the airframe dynamics) is reatthedall becontrolled remotelyand the
modes will be initiated by the pilot with a sudden chaof#he control surfaces. The aircraft will store the flight data on
board, as well as record and store flight video, and both will be accessible after landing. The aircraft shall be feplicable
a cost below $1,000 and the ground station shall be remidar a cost below $2,000. Both the ground station and
airplane shall fit in the backf a standard SUV with approrately a 15x100x90 cm cargo space. Additionally, the
aircraft will be capable of takeoff and landing without modification to the test environment.

1 Level 27 All three modes will be demonstrated while meeting visibility requirements, and flight data will be downlinked
from theaircraft to the ground station and displayed at a rata ¢dast 10 HzThese data will include roll, pitch, yaw,
and flight angles at a resolution of 1°; altitude and horizontal position at a resolution of 1 m, and airspeed at a resolutio
of 0.5 m/s. Tie ground station shall accommodate up to 10 students to view data, while the aircraft and ground station
shall be able to perform 10 demonstrations in 8 hours. Level 1 shall also be met.

1 Level 31 The autopilot shall be capable of maintaining the aitéragteady flight, initiating the three modes, changing
the gains during flight, and shall turn the behavior i o
tethered flight or with Ederal Aviation Administration(FAA) approval in tle form of a Certificate of Authorization
(COAY’, and an RC pilowill be present in case of anomalye\els 1 and 2 shall also be met.

4.0 Functional Requirements

In the course of this design project, an Unmanned Air System (UAS) will oged for theASEN 3128 classor
use as a physical laboratory. The three main components of the system are the airframe, the autopilot, and the ground station
all of which will communicate and interface with each other to accomplish the functional requirements.
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Figure 4.1: Concept of Operations (CONOPS) Diagram
The CONOPS diagram shown in Figure 4.1 above, details the operation of the MODEFLIER aircraft and its ground
station to demonstrate the 3 natural aircraft modes, the phugoid, spiral and Dutch roll Simdkaneously, the
MODEFLIER system will measure and display réale data and also record video during flight for later use.

Figure 4.2: Functional Block Diagram (FBD).
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