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Abstract
of
RC AIRPLANE TO AUTONOMOUS UAV CONVERSION:
OPTIMAL CONTROL AND INDUSTRY STANDARD METHODS
by
Richard Anthony Koontz
A generic remote control airplane is converted into an autonomous UAV. The aircraft’s dynamic
behavior is represented in state space form, with a series of 1st order differential equations.
Stability and control derivatives are estimated using software based on theory and empirical data.
These estimates are checked using computational fluid dynamics (CFD). A SolidWorks® model
of the remote control plane is obtained with the assistance of a 3D scanner. This model is used to
estimate mass properties of the airplane, and to export geometric data to ANSYS for CFD. A
mathematical model of the aircraft is created in Matlab, and Simulink is used to design the
autonomous UAV’s control systems. A control system for the inner loop or plant is designed
using a linear quadratic regulator. A guidance, navigation, and control (GNC) system is designed
for the outer loop. The performance of the UAV is analyzed in Simulink and results are
discussed. Recommendations for continuation of the project are made.

_______________________, Committee Chair
Ilhan Tuzcu

_______________________
Date
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CHAPTER 1
INTRODUCTION
1.1 Overview and Objectives
This thesis shows how a generic, inexpensive radio-controlled aircraft (RC aircraft) can be
converted into an autonomous UAV capable of following a predetermined set of waypoints. The
aircraft used in this study is the ReadyMadeRC Lunar Eclipse, a generic acrobatic RC aircraft
with a wingspan of 1240 mm and a flying mass of approximately 1kg.

Converting the RC aircraft into an autonomous UAV involves the following steps. First, the
aircraft must be modeled mathematically in state space form to acquire an understanding of the
aircraft’s dynamic behavior. Once dynamic behavior is understood, a control system, which sends
commands to the aircraft, can be developed and evaluated. To determine the precise commands
that must be transmitted to the aircraft, a guidance navigation and control (GNC) system must be
developed. Computer simulations are used to assess and refine both the overall control system
and the GNC.
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Figure 1.1 RMRC Lunar Eclipse Aircraft

1.2 Literature Review
Literature exploring various aspects of UAV development is extensive. Several studies compare
different types of control systems. Work by Nair et al. compares a linear-quadratic regulator
(LQR) and a Fuzzy Logic controller for aircraft yaw control [1]. Work by Yit et al. compares
four different controllers: an LQR, an LQR combined with a proportional controller, an LQR
combined with a proportional and derivative controller, and a traditional proportional-integralderivative (PID) controller [2]. A study by Nair et al. compares a PID, LQR, and linearquadratic-Gaussian (LQG) controller applied to longitudinal UAV motion [3]. Several studies
involve flying wings, which are structurally simpler but can be difficult to control [4, 5, 6].

A study by Bagheri involves a comprehensive development of a UAV flight control, which
covers system identification, modeling and control [5]. A study by Hoffer involves a detailed
study of system identification from flight-testing using lower end sensors [7]. A study by Liu et
al. also involves system identification from flight-testing [6].
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Several papers use Kalman filters and or other state estimators [3, 4, 8, 9]. Work by Santoso et al.
describes the combination of a LQR with a Kalman filter to create an LQG controller [4]. Beard
and McLain provide a general overview of UAVs, covering topics including flight dynamics,
sensors, controls, and guidance navigation and control (GNC) systems [10]. Roskam [11] and
Nelson [12] discuss flight dynamics.

1.3 Thesis Contribution
This thesis contributes to the development of inexpensive, lower-end fixed wing UAV’s. Prior
work on fixed-wing aircraft has focused on high-end commercial and military systems costing
tens of thousands of dollars. The lower-end consumer aircraft that are the subject of this thesis
cost only hundreds of dollars and are thus available to a much wider spectrum of the market, but
have received comparatively little research attention. In addition, much of the existing research
focuses on rotary wing aircraft such as quad copters, not fixed-wing aircraft. This thesis also
provides details of the designed solution. Many papers show results but lack detail into how their
control systems were designed.
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CHAPTER 2
SYSTEM DYNAMICS
2.1 Overview
An accurate mathematical model describing the aircraft’s dynamic behavior was created. Like
many engineering systems, this model is expressed in state space form with 1st order linear
differential equations. The aircraft’s specific behavior must be understood for the model to have
accuracy.

2.2 SolidWorks® Model
Before the mathematical model could be created, it was necessary to create a 3D model of the
aircraft using SolidWorks® in order to gain an understanding of the aircraft’s basic
characteristics. The SolidWorks® model allows accurate calculation of the aircraft’s mass
properties, and provides a blueprint for future research, such as geometric and airfoil
measurements, a computational fluid dynamics study, and the creation of a wind tunnel model.

First the aircraft foam parts were scanned. Each part was spray-painted white, to make it
completely opaque for the scanner. Parts were then mounted and scanned using the Next Engine
3D Laser Scanner. Large parts were marked, cut, and scanned in sections. Scan data was
converted to surfaces using the scanner software. The conversion reduced resolution but was
necessary to facilitate importation into SolidWorks®. Other aircraft components such as the
battery and the motor were modeled as simple solids and given mass data, then positioned
properly in the model assembly. Moments of inertia, and the center of gravity were then
calculated.
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Figure 2.1 SolidWorks® Model
2.3 Flight Dynamics
Mathematical models of aircraft dynamics and the derivation of these models are available in a
number of engineering textbooks, papers, and in engineering literature [10, 11, 12]. The
derivation of these models starts with Newton’s laws of motion, and uses Euler’s angles to
change between different frames of reference, i.e. earth axis, body axis, and stability axis. The
various forces and moments are nondimensionalized and re-arranged into state space form. This
thesis relied on the following equations derived by Roskam [11]. What follows is a simplification
of Roskam’s derivation. Table 2.1 shows the initial variables. Table 2.2 shows the basic
equation of motion, derived from Newton’s laws of motion. Note that the axes are shown in
Figure 2.1.
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Aircraft Axes
Aircraft Angular Velocity about x,y,z
Aircraft Velocities along x,y,z
Pitch Angle
Bank Angle
Heading Angle
Aerodynamic Force Components along x,y,z
Thrust Force Components along x,y,z
Aerodynamic Moment Components about x,y,z
Trust Moment Components about x,y,z
Aircraft Mass
Gravitational Acceleration
Aircraft Mass Moments of Inertia

x,y,z
P,Q,R
U,V,W
Θ
Φ
Ψ
X,Y,Z
, ,
, ,
,
,
m
g
, , ,

Table 2.1 Variables [11]

Force along X

sin Θ

Force along Y

sin Φ cos Θ

Force along Z

cos Φ cos Θ

Rolling moment about X
Rolling moment about Y
Rolling moment about Z
Roll rate about X

Φ

Ψ sin Θ

Pitch rate about Y

Θ cos Φ

Yaw rate about Z

Ψ cos Θ cos Φ

Ψ cos Θ sin Φ
Θ sin Φ

Table 2.2 Basic Dynamic Equations [11]

The base equations of motion undergo a series of modifications to put them in a suitable form.
Initially each variable is replaced with a steady-state value plus a perturbed value. Table 2.3
shows four examples. This substitution is done for all variables.
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Θ

Θ
Δ
Δ

Table 2.3 Perturbed Variables [11]
Then simplifications are performed to eliminate non-linear terms. Eventually a set of linearized
equations are produced. These linearized equations have assumptions that limit their accuracy,
but they are sufficiently accurate for the basic flight maneuvers examined in this thesis.

cos Θ

Force along X

Δ

cos Θ

Force along Y

sin Θ

Force along Z

Δ
Δ

Δ

Δ
Δ

Rolling moment about X
Rolling moment about Y
Rolling moment about Z
Roll rate about X

ϕ

Pitch rate about Y

θ

Yaw rate about Z

ψ

Table 2.4 Linearized Flight Equations [11]

The linearized flight equations still require further modification to be in a usable form. Flight
dynamics uses stability and control derivatives to help describe aircraft motion.

2.4 Aircraft Stability and Control Derivatives
The stability and control derivatives are nondimensionalized terms that describe a series of causeand-effect relationships. For instance,

describes the change in

(coefficient of lift) versus a
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change in alpha (angle of attack).

describes the change in

(side force coefficient) versus

the change in beta. Using this standard method for describing aircraft dynamics, there are a large
number of derivatives that need to be determined to create the mathematical model of the aircraft.
Tables 2.5 and 2.6 show the derivatives in basic form, while Table 2.7 shows the final form of the
derivatives that will be inserted into the linearized flight equations.

Lateral Directional Forces and Moments
Yawing Moment
Rolling Moment
Derivatives
Derivatives
0.094
-0.24
0.059
-0.43
-0.121
0.14
-0.012
0.176
-0.114
0.018
0

Side Force
Derivatives
-0.414
-0.061
0.26
0
0.24

Table 2.5 Lateral Directional Derivatives [11]

Longitudinal Forces and Moments
Lift Force
Drag Force
Derivatives
Derivatives
4.76
0.243
0.0007
0
0.375
0.0298
0.367
0.013
6.31
1.47

Pitching Moment
Derivatives
-0.69
0.0001
0
-1.1
-11.78
-4.38
0
0
0

Table 2.6 Longitudinal Derivatives [11]
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Longitudinal Stability Derivatives

Lateral Directional Stability Derivatives
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Table 2.7 Stability Derivatives [11]
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The terms in the linearized flight equations are mathematically manipulated to include the
stability derivatives shown in Table 2.7. The equations then take the following form shown in
Table 2.8. The equations in Table 2.8 are then expressed in state space form (See Appendix A).

cos θ
sin θ

cos θ

ϕ
θ
ψ

Table 2.8 Equations with Stability Derivatives [11]

2.5 Determining Aircraft Stability and Control Derivatives
The aircraft’s stability and control derivatives were estimated by inputting geometric data into
Advanced Aircraft Analysis, a software package informed by Jan Roskam’s work on aircraft
design that is produced by Design Research and Analysis (DAR) Corporation. Estimates derived
from Advanced Aircraft Analysis were verified through a computational fluid dynamics (CFD)
study. Verification using wind tunnel and flight-testing was briefly considered, but these
methods were dropped due to time and cost constraints.
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2.5.1 Advanced Aircraft Analysis
The aircraft’s stability and control derivatives were estimated using the Aerodynamics,
Geometry, and Stability & Control features of Advanced Aircraft Analysis. Figures 2.2-2.5 show
excerpts of this process.

Figure 2.2 Data Input for Fuselage
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Figure 2.3 Data Input for Drag on Wing

Figure 2.4 Wing Properties
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Figure 2.5 Fuselage Geometry

2.5.2 Computational Fluid Dynamics (CFD)
Computational Fluid Dynamics (CFD) was performed to check the accuracy of some of the
derivatives calculated by Advanced Aircraft Analysis. The initial calculation of derivatives
involved the estimating of unknown quantities. CFD analysis allowed a better understanding of
the aircraft’s basic characteristics. The calculated derivatives all relate to the aircraft’s
longitudinal motion. The aircraft coefficients of lift, drag, and pitching moment were analyzed.

California State University Sacramento’s ANSYS Fluent academic license is limited to 512,000
cells in any given mesh. This low number made detailed 3D analysis more difficult, but did
allow basic evaluation of the aircraft’s lift, drag, and moment properties. Calculations were
performed using a simplified model of the aircraft with no control surfaces and less complex tail
geometry. The aircraft was cut along the x-z plane and a symmetry boundary was used to reduce
the size of the fluid volume needed. The aircraft was tested at an angle of attack range from -6 to
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8 degrees in two degree increments. Lift, drag and moment forces were nondimensionalized so
that they could be compared to data from Advanced Aircraft Analysis.

Figures 2.8 and 2.9 show the coefficients of lift and drag, plotted against the angle of attack, for
both the Advanced Aircraft Analysis and Ansys Fluent CFD studies. As both studies relied upon
simplifying assumptions that limit accuracy, some variation in the results is to be expected;
however, the variation observed here was significant enough to warrant further future research.
1.2

CL = 5.907α + 0.3464
R² = 0.9967

1

0.8

CL = 4.7648α + 0.3533

Coefficient of Lift

0.6

0.4

Advanced Aircraft Analysis
Ansys Fluent
Linear (Advanced Aircraft Analysis)
Linear (Ansys Fluent)

0.2

0
-0.12

-0.08

-0.04

0

0.04

0.08

-0.2

-0.4

Alpha (rad)
Figure 2.6 Coefficient of Lift vs. Angle of Attack

0.12

0.16

15
0.12

CD = 1.7032α2 + 0.1632α + 0.0544
R² = 0.9998

0.10

0.08

0.06

CD = 1.0789α2 + 0.1527α + 0.0325
0.04

Ansys Fluent
Advanced Aircraft Analysis
Poly. (Ansys Fluent)
Poly. (Advanced Aircraft Analysis)

0.02

0.00
-0.12

-0.08

-0.04

0.00

0.04

0.08

0.12

0.16

Figure 2.7 Coefficient of Drag vs. Angle of Attack

As discussed, licensing restrictions on the software package used to conduct the CFD analysis
made it impossible to conduct the CFD study using the proper mesh density. This may explain the
discrepancy between the results of the CFD study and the results of the Advanced Aircraft
Analysis study. To check for solution convergence, a CFD study should be conducted using mesh
densities of 1, 2, and 4 million cells; however, the software packaged used here was restricted to a
mesh density of 512,000 cells.

Because of their size, small UAV’s operate at a low Reynolds number. The aircraft in this study
has a Reynolds number of about 160,000, depending on flight condition. The low Reynolds
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number makes evaluation of turbulent vs. laminar flow more difficult. In addition to greater
mesh density, detailed evaluation of the different types of turbulence models should be
conducted.

Because of these limitations on the CFD study, the present study relies upon the more accurate
data produced by the Advanced Aircraft Analysis simulation.

Derivative

Advanced
Aircraft Analysis
0.375
4.76
0.3533
0.0335
0.0325
0.1796
0.26

ANSYS
Fluent (CFD)
0.375
5.91
0.3464
0.0552
0.0544
0.163
0.28

Percent Difference

22
2
49
50
9.7
7.4

Table 2.9 Derivatives Analysis

2.6 Matlab Model
With the value of the derivatives determined, a model of the aircraft can be created in Matlab.
The A, B, and H matrices, the aircraft’s stability and control derivatives, and the state space
equations in matrix form are created in Matlab scripts. These files along with files for the control
system are listed in Table 2.7 (See Appendices B and C for more details).
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File
Aircraftdata5
Data_Export_r5
Gui_r14
Gui_r15
GNC_r14
GNC_r15
Master_r1
PIController_r9
Statespace_r9
UAV_final3

Description
Matlab file contains derivatives and
Mass Properties
Matlab file exports data to Excel for
SolidWorks® animation
Matlab files containing the
Graphical User Interface
Matlab files that set up data for GNC
Matlab file that executes other files
in specific order
Matlab file contains LQR Controller
Matlab file contains State Space
Model
Simulink file
Table 2.10 Matlab/Simulink Files
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CHAPTER 3
CONTROL THEORY
Classical control theory is developed around single input – single output systems. Modern control
theory uses multi input – multi output systems. Because the aircraft has multiple control surfaces,
ie. ailerons, rudder and elevator, this thesis relies upon modern control theory. Modern control
theory allows the aircraft to use a single controller, instead of separate controllers for each control
surface.

Modern control systems use a cost function to generate a set of gains from two weighting
matrices Q and R. System performance is controlled with weighting matrices. Each state is
penalized by the weighting matrix. The cost function in the LQR used by this thesis minimizes
control input. The 12x12 Q matrix has proportional weights for each of the 9 states and 3 weights
for the integrator, corresponding to the following three controlled states: (1) hdot (climb rate), (2)
phi (bank), and (3) psi (heading). The R matrix penalizes control inputs; adjustments to this
matrix change the response to the ailerons, rudder, and elevator.

The control system used for this thesis is a linear quadratic regulator—specifically, a proportional
integral non-zero set point problem. Two other types of Linear Quadratic Regulators were
considered: a proportional system without an integrator and a proportional integral filter, or PIF.
The basic proportional system is simpler but less accurate because it lacks the integrator, and the
PIF, while being significantly more accurate, requires measurements of the servo input rates. The
proportional integral controller provides a balance between performance and complexity. A
schematic of the proportional integral system used in this thesis is shown in Figure 3.1. Table 3.1
shows the mathematical derivation of the proportional integral non-zero set point problem.
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Table 3.2 shows the values used in the weighting matrices. Matlab’s LQR command is used to
implement the control system.

Figure 3.1 Proportional Integral Non-Zero Set Point Schematic [13]
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System Equation:
=

Optimal Control
= −
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Output Equation:

Control Implementation
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Command Equation:
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0
0

−
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Integral Equation
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∗

+

∗

+

=

−

Rewriting the Equation

Introduce New Variables
∗

= −
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−
−

∗

∗

Solution for Trim
∗
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−

∗

Integral of Command Error:

∗

0
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Cost Function
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∗

=

∗
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Table 3.1 Proportional Integral Non-Zero Set Point Derivation [13]

Q Proportional
U
100
hdot
10
q
100
beta
4000000
p
100
r
400000
theta
100
phi
1
psi
1

Q Integral
hdot
100
bank
10
heading 4000000
R Matrix
Elevator 20000
Aileron 18000
Rudder 200000

Table 3.2 Q and R Matrices

≡

0
0
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CHAPTER 4
CONTROL SYSTEM DESIGN
4.1 Overview
Figure 4.1 shows a general overview of the control system. The position block exports data about
the aircraft’s current position to the guidance navigation and control (GNC) block. Using the
aircraft’s current position and waypoints, the GNC calculates the aircraft’s current position and
outputs the correct heading and climb commands. The autopilot uses the heading and climb
commands to generate servo movements for the UAV. The UAV’s states are fed back to both the
autopilot and the position block.

Figure 4.1 Schematic Overview

4.2 Graphical User Interface
The Graphical User Interface (GUI) allows the user to input waypoints, using either Cartesian or
GPS coordinates. The user may also input the desired turn rate and information regarding current
wind conditions. User inputs are transmitted from the GUI to the GNC. Figure 4.2 shows the
GUI.
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Figure 4.2 Graphical User Interface
4.3 Position Block
The position block uses velocity and heading to produce the aircraft’s position in Cartesian
coordinates. In simulation, the position block takes speed and heading information and converts
it into x and y coordinates. In both hardware-in-the-loop and flight testing, the position block will
use GPS coordinates. The GPS coordinates will be converted into Cartesian coordinates for the
GNC’s internal calculations.

4.4 Aircraft Flight Modes
The UAV is designed with two flight modes: straight-line following flight and turning flight.
For straight-line following flight, the aircraft has a heading it has to follow, and it has to stay on
or close to a straight line between respective waypoints. For turning flight, the aircraft needs to
perform a coordinated turn. A coordinated turn involves the correct coordination of roll and yaw.
The GNC switches between modes depending on the UAV’s relative position. The GNC
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measures two distances: the forward distance to the next waypoint, and the parallel or cross track
distance from the line segment it is supposed to be following.

Figure 4.3 Relative Position

=

∗
=

+

∗
−

+

⁄

+

+

−

∗ ±1

Table 4.1 Distance Equations

Figure 4.4 shows the aircraft in a banked turn. Figure 4.5 taken from Kraige et al. [14] shows a
diagram of circular motion. Table 4.2 shows the relevant equations for circular motion and
banked turns. These equations show that in a coordinated turn the bank angle, turning radius, and
the turn rate in degrees per second are all mathematically proportional for a given speed. These
equations are used to evaluate the aircraft’s turning performance in chapter 5.
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Figure 4.4 Aircraft in Banked Turn

Figure 4.5 Circular Motion [14]

=
=

⁄ =
=
=
=

=
=
tan

tan

Table 4.2 Circular Motion Equations [14]
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4.5 GNC
The GNC uses the relative position of the aircraft to generate commands for heading and climb
rate, which are then sent to the autopilot. Figure 4.6 shows the GNC’s inner workings.

Figure 4.6 GNC Block

Input variables for the GNC are X, Y, Z position, data (a matrix with course information from the
GUI), target altitude, and turn rate. Outputs are hdot (climb rate), phi (bank), and psi (heading)
commands. The design for longitudinal motion of the aircraft is the simplest--the difference
between the current altitude (Z position) and the target altitude is multiplied by a fixed gain to
create the climb rate command. This simple proportional system includes a rate limiter to prevent
the aircraft from climbing too quickly.

The aircraft’s lateral directional control is more complicated. In the current design, phi (bank) is
permanently set to zero but can be adjusted in future designs. The aircraft’s lateral directional

26
maneuvering is accomplished solely through the use of the psi (heading) command. The input
variable data contains 8 sub variables used by the GNC. It has the X and Y coordinates of each
waypoint, the A, B, and C coefficients for the equation of each leg line, the headings for each leg,
the lead distances for all the turns, and a variable called sign that is a positive or negative 1 to
give direction to the calculation of parallel distance. This information is fed into the current
waypoint block, which outputs the data for the current leg, and changes from the current leg to
the next leg based on a counter block. The counter block uses the measured forward distance and
the lead distance for each turn to determine when to switch to the next leg. When the aircraft is
the correct distance from the next waypoint, the counter will move up. This will switch the value
of each of the 8 variables to their values for the next leg. The heading value will change and the
aircraft will begin to turn. A rate-limiting block, set by the user in the GUI, insures a uniform rate
of heading change in degrees per second.

Course during straight-line following flight is maintained by GNC measurements of parallel
distance. Once measured, the parallel distance is multiplied by a fixed gain and added (or
subtracted) from the current heading, causing the aircraft to turn slightly towards the leg line
whenever course corrections are necessary (see Figure 4.7). This course-maintenance feature is
automatically deactivated by the cross-track control block if a derivative block, which reports
flight mode, indicates that the aircraft has entered a coordinated turn between legs. The crosstrack control’s rate limiter prevents the aircraft from making dangerously sharp course
corrections.
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Figure 4.7 Cross-Track Correction
4.5 Plant
Figure 4.8 shows the plant. As explained in chapter 3, applying mathematical theory, the
challenge of autonomous flight can be described as a proportional integral non-zero set point
problem. Conceiving of the problem using this framework, the plant shown in Figure 4.8 is the
physical instantiation of the theoretical mathematical model set forth in Figure 3.1.

The plant contains the autopilot and the UAV. The plant accepts heading and vertical climb
commands and makes control surface movements. In the flying UAV, the plant will be replaced
by the actual aircraft. The aircraft will have sensors to produce measurements of the states (See
Chapter 6.3 Instruments). The autopilot’s gains are set via the Q and R matrices to ensure that the
UAV responds to the heading commands from the GNC with the correct bank angle, turn rate,
and turn radius. These are supposed to match what is calculated from kinematics (For more
information, see Chapter 5.6 Turning Performance).
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Figure 4.8 Simulink Plant
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CHAPTER 5
SYSTEM PERFORMANCE
5.1 Overview
The overall design was evaluated by testing the aircraft’s performance in a variety of flight
scenarios. The GUI graphs the aircraft’s ground track, allowing basic evaluation of the aircraft’s
ability to maintain course. Scopes allow each of the states to be evaluated to ensure that
performance is reasonable. A wind (and GPS block) can be used to provide evaluation of the
aircraft’s ability to respond to disturbances. Flight data is formatted using Microsoft Excel and
then imported to SolidWorks® for use in a motion study. The aircraft can be seen flying and
turning. This provides an additional source for evaluating the aircraft’s flight.

5.2 Basic Course Following
The aircraft shows very good course following without disturbances. Figure 5.1 shows the
aircraft flying a course with a turn rate of 30, 25, 20, 15, and 10 degrees per second. The grid in
this figure and all subsequent figures is in feet. The aircraft’s heading for the course shown in
Figure 5.1 (at a turn rate of 20 degrees per second) is shown in Figure 5.2.

30

Figure 5.1 Basic Course Following

Figure 5.2 Heading Angle vs Time
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5.3 Course Following with Simulated Wind
A uniform random number generator was used to create wind speed and heading. The simulation
has been run with a variety of courses and wind profiles. As shown by Figure 5.3, the aircraft
maintains course even in a strong wind of ± 20 ft/s.

Figure 5.3 Course Following with Simulated Wind

5.4 Course Following with Simulated GPS Error
A uniform random number generator is used to simulate GPS error. The error is inserted between
the position block and the GNC. This error makes the GNC see the aircraft position incorrectly,
while the simulation continues to plot the true position of the aircraft.
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Figure 5.4 Course Following with Simulated GPS Error

5.5 Course Following with Simulated State Error
Beard and McLain have demonstrated that aircraft sensors do not always accurately report
aircraft state information [10]. Specifically, inertial measurement units (IMUs) sometimes do not
accurately report bank angle. Since bank angle is critical, an error is introduced in the plant to
ensure that the GNC and autopilot can still function with disturbances to bank. The simulated
error is generated using a uniform random number generator. Figure 5.5 shows the bank angle
for the course flown in Figure 5.1 with a turn rate of 20 degrees per second and simulated state
error.
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Figure 5.5 Bank Angle with Simulated State Error

5.6 Turning Performance
The Q and R matrices are tuned to ensure good turning performance. The turn rate (in
degrees/second) can be adjusted within GUI. The aircraft’s turning performance closely matches
an ideal coordinated turn (Refer to chapter 4 for a discussion of the equations and theory used to
generate the coordinated turn). Table 5.1 shows data for theoretical and simulated turn
performance. Figure 5.6 shows a close up of a 90 degree turn from the course shown in Figure
5.1.

Turn Rate
(deg/s)

Turn Radius (ft)
Theoretical

Bank Angle
Theoretical

Bank Angle
Simulation

Bank Angle
Overshoot
Simulation

Bank Angle
Percent
Overshoot

Turn Radius
Simulation

10
15
20
25
30

287.1
191.4
143.5
114.8
95.7

15.2
22.2
28.5
34.2
39.2

15.3
23.0
30.6
38.3
46.0

18.8
28.2
37.5
46.9
56.3

22.9
22.6
22.6
22.5
22.4

260.0
170
125
100
85

Table 5.1 Theoretical and Actual Turn Performance
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Figure 5.6 Aircraft Turn Simulation

Figure 5.7 shows the aircraft’s bank angle for the course shown in Figure 5.1, with a turn rate of
20 degrees per second. The aircraft demonstrates consistent turning behavior. Figure 5.8 shows
aileron, rudder, sideslip angle, yaw rate, and bank angle for a single turn. Figure 5.9 shows
sideslip angle, yaw rate, and bank angle for a single turn.
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Figure 5.7 Bank Angle

Figure 5.8 Turning Performance 1
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Figure 5.9 Turning Performance 2

5.7 SolidWorks® Animation
The SolidWorks® model that was created is used to make an animation of the aircraft’s flight.
Data on position, bank angle, heading angle, and control surface movements is exported to
Microsoft Excel files that are read by SolidWorks® to control the model aircraft’s movements.
The animation allows the aircraft’s behavior to be more clearly visualized.
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Figure 5.10 SolidWorks® Animation
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CHAPTER 6
CONCLUSION AND FUTURE WORK
6.1 Conclusion
The developed solution is simple and elegant. More complex designs understandably have better
performance, but this design’s minimalist approach is sufficient for basic flight maneuvers and
can serve as a platform for future development. The established design relies on a single flight
condition, but through its unique design approximates two types of flight—straight-line flight and
coordinated turning flight. Beard and McLain discuss using these two flight types to achieve
course following, but their design involves linearizing the aircraft equations of motion around
both flight types, and switching between the two. The design in this thesis uses rate limiting
blocks and the tuning of the Q and R matrices to make the aircraft perform coordinated turns.

Other designs often split longitudinal and lateral directional motion. These designs develop
separate controllers for each type of motion. The design in this thesis achieves longitudinal and
lateral directional motion with a single controller. This thesis presents a unique design that
contributes to a growing library of work on small unmanned aircraft.

6.2 Future Work
The project should proceed with hardware-in-the-loop (HIL) testing. The IMU and GPS sensors
will need a basic check performed on the ground to verify that they are in working order. The
aircraft should be placed on a test cart, and moved around while its performance is analyzed. The
aircraft should also be flown with the IMU and GPS onboard while under RC control. Recorded
data can then be checked to ensure basic function.
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The research on the aircraft’s dynamic properties can be expanded significantly. CFD analysis
can be expanded significantly. Control surface effects and sideslip and roll angle effects can be
studied. Further evaluation of the states can be conducted to improve accuracy. Additional
studies can use open source tools available at USU Aerolab. These tools are designed specifically
for UAV’s and can be used to check results from Advanced Aircraft Analysis. Evaluation of the
aircraft’s airfoil can be conducted and this will improve the accuracy of the Advanced Aircraft
Analysis. Wind tunnel testing can be reevaluated—it is expensive, but produces very good
results.

6.3 Instruments
Depending on initial HIL testing, a Kalman filter may be required for certain states. As discussed
in Section 5.5, the measuring instruments included in the present design are not always error-free.
HIL and flight testing will establish whether more robust instrumentation needs to be included in
the final design to correct against errors.

Another consideration is whether to include an airspeed indicator. The IMU and GPS can be
used to determine ground track, but a dedicated airspeed sensor may be needed for conditions
with moderate or high wind.

The UAV has two main sensors: an inertial measurement unit (IMU) and a GPS sensor. The
IMU has an accelerometer, a rate gyro, and a magnetic compass. The IMU will be used to
measure all the aircraft’s states. The accelerometer and rate gyro will be used to measure the
aircraft’s bank angle, roll and yaw rates. Of all the instruments included in the present design, the
magnetic compass is the least reliable. A low-end compass was used to contain costs; HIL and
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flight testing will determine whether a more precise (and more expensive) compass is needed to
generate sufficiently accurate data.

The UAV will use a Raspberry Pi™ computer for running the autopilot. Costing only $35 but
containing more than sufficient computing power, the Raspberry Pi™ was the ideal choice given
this project’s objectives of building a low-cost UAV. All sensors will be connected to the
Raspberry Pi.™ Code will be executed on the Raspberry Pi™ using Matlab’s Simulink® Support
Package for Raspberry Pi (Simulink®). Simulink® programs can be converted into real-time
executable code. A switch will be installed, allowing control of the aircraft to be transferred from
the computer back to the human pilot. Figure 6.1 shows the Raspberry Pi,™ the Raspberry Pi™
Sense Hat (IMU), the MPU 9250 (Alternate IMU), and the Adafruit Ultimate GPS Breakout v3.

Variable

Name

GPS

IMU

U

Airspeed

x

hdot

Rate of Climb

q

Pitch Rate

beta

Side Slip

p

Roll Rate

r

Yaw Rate

theta

Pitch Angle

phi

Bank Angle

psi

Heading Angle

x
x
x
x
x
x
x
x
x

x

X position

y

Y position

z

Altitude

x
x
x

Kalman Filter
Extra Sensors
Needed?

x

x
x
x
x

Table 6.1 Instruments and Measured Variables
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Figure 6.1 Hardware
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Appendix A
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Appendix B
aircraftdata5.m
%---------------------------------------------------%Aircraft Data
%----------------------------------------------------W = 2.1;
%lbs
g = 32.2;
%ft/s^2
m = W/g;
%slug
theta1 = 2*pi/180; %rad
alpha1 = 2*pi/180; %rad
%--------------------------------------q1bar = 2.97;
%lbs/ft^2
S = 1.87;
%ft^2
b = 4.07;
%ft
U1 = 50.1;
%ft/s
cbar = 0.53;
%ft
%--------------------------------------CDu = 0;%
CD1 = 0.0298;
CDa = 0.243;%
CDde = 0.013;%
CL1 = 0.375;%
CLq = 6.31;%
CLa = 4.76;%
CLad = 1.47;%
CLde = 0.367;%
CLu = 0.0007;%
Cmu = 0.0001;%
Cmq = -11.78;%
Cm1 = 0;
CmTu = 0;
CmT1 = 0;
Cma = -0.69;%
Cmad = -4.38;%
CmTa = 0;
Cmde = -1.1;%
CTxu = -0.1;%estimate
CTx1 = 0.05;%estimate
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%-------------------------------------Ixxb = 0.00946;
% slug*ft^2
Iyyb = 0.0195;
% slug*ft^2
Izzb = 0.0281;
% slug*ft^2
Ixzb = 0.0000097;
% slug*ft^2
%-------------------------------------Iyy=Iyyb;
I=[cos(alpha1)^2, sin(alpha1)^2, -sin(2*alpha1);
sin(alpha1)^2, cos(alpha1)^2, sin(2*alpha1);
.5*sin(2*alpha1),-.5*sin(2*alpha1),
cos(2*alpha1)]*[Ixxb;Izzb;Ixzb];
Ixx=I(1,1);
Izz=I(2,1);
Ixz=I(3,1);
%----------------------------------------------------Cyb = -0.414;%
Cyp = -0.061;%
Cyr = 0.26;%
Cyda = 0;%
Cydr = 0.24;%
Clb = -0.24;%
Clp = -0.43;%
Clr = 0.14;%
Clda = 0.176;%
Cldr = 0.018;%
Cnb = 0.094;%
CnTb = 0;
Cnp = 0.059;%
Cnr = -0.121;%
Cnda = -0.012;%
Cndr = -0.114;%
%----------------------------------------------------% Longitudinal Dimensional Stability Derivatives
%----------------------------------------------------Xu = (-q1bar*S*(CDu+2*CD1))/(m*U1);
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XTu = (q1bar*S*(CTxu+2*CTx1))/(m*U1);
Xa = (-q1bar*S*(CDa-CL1))/m;
Xde=(-q1bar*S*CDde)/m;
Zu = (-q1bar*S*(CLu+2*CL1)/(m*U1));
Za = (-q1bar*S*(CLa+CD1))/m;
Zad = (-q1bar*S*cbar*CLad)/(2*m*U1);
Zq = (-q1bar*S*cbar*CLq)/(2*m*U1);
Zde = (-q1bar*S*CLde)/m;
Mu = (q1bar*S*cbar*(Cmu+2*Cm1))/(Iyy*U1);
MTu = (q1bar*S*cbar*(CmTu+2*CmT1))/(Iyy*U1);
Ma = (q1bar*S*cbar*Cma)/Iyy;
MTa = (q1bar*S*cbar*CmTa)/Iyy;
Mad = (q1bar*S*(cbar^2)*Cmad)/(2*Iyy*U1);
Mq = (q1bar*S*(cbar^2)*Cmq)/(2*Iyy*U1);
Mde = (q1bar*S*cbar*Cmde)/Iyy;
%---------------------------------------------------% Lateral Directional Dimensional Stability Derivatives
%----------------------------------------------------Yb = (q1bar*S*Cyb)/m;
Yp = (q1bar*S*b*Cyp)/(2*m*U1);
Yr = (q1bar*S*b*Cyr)/(2*m*U1);
Yda = (q1bar*S*Cyda)/m;
Ydr = (q1bar*S*Cydr)/m;
Lb = (q1bar*S*b*Clb)/Ixx;
Lp = (q1bar*S*b^2*Clp)/(2*Ixx*U1);
Lr = (q1bar*S*b^2*Clr)/(2*Ixx*U1);
Lda = q1bar*S*b*Clda/Ixx;
Ldr = q1bar*S*b*Cldr/Ixx;
Nb = q1bar*S*b*Cnb/Izz;
NTb = q1bar*S*b*CnTb/Izz;
Np = (q1bar*S*b^2*Cnp)/(2*Izz*U1);
Nr = (q1bar*S*b^2*Cnr)/(2*Izz*U1);
Nda = q1bar*S*b*Cnda/Izz;
Ndr = q1bar*S*b*Cndr/Izz;
A1bar=Ixz/Ixx;
B1bar=Ixz/Izz;
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statespace_r9.m
%-------------------------------------------------%
State space representation of Aircraft
%-------------------------------------------------%xdot=Ax+Bu
%y=Hx
%A matrix

States Matrix

9x9

%B matrix

Input Matrix

9x3

%H matrix

Output Matrix

3x9

%---------------------------------------------------%---------------------------------------------------%States
% u
% hdot
% q
% beta
% p
% r
% theta
% phi
% psi

forward speed
vertical speed
pitch rate
sideslip
roll rate
yaw rate
pitch
bank
heading

%Inputs
%---------------------------------% de
elevator
% da
aileron
% dr
rudder
%--------------------------------%Outputs
%---------------------------------% hdot
% phi
% psi
%--------------------------------den=1-A1bar*B1bar;
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%
%

1
u

2
hdot

3
q

4
beta

5
p

6
r

7
8
theta phi

9
psi

A=[(Xu+XTu) -Xa/U1 0 0 0 0 (Xa-g*cos(theta1)) 0 0;
((-Zu*U1)/(U1-Zad)) (Za/(U1-Zad)) (U1-((Zq+U1)/(U1Zad))) 0 0 0 ((g*U1*sin(theta1)-U1*Za)/(U1-Zad)) 0 0;
(Mu+MTu+(Mad*Zu)/(U1-Zad)) (-Ma/U1-MTa/U1(Mad*Za)/(U1*(U1-Zad))) (Mq+(Mad*(Zq+U1))/(U1-Zad)) 0 0 0
Ma+MTa+(Mad*Za)/(U1-Zad)+(-Mad*g*sin(theta1))/(U1-Zad) 0 0;
0 0 0 Yb/U1 Yp/U1 (Yr-U1)/U1 0 (g*cos(theta1))/U1 0;
0 0 0 (Lb + A1bar*Nb + A1bar*NTb)/den (Lp +
A1bar*Np)/den (Lr + A1bar*Nr)/den 0 0 0;
0 0 0 (Nb + NTb + B1bar*Lb)/den (Np + B1bar*Lp)/den (Nr
+ B1bar*Lr)/den 0 0 0;
0 0 1 0 0 0 0 0 0;
0 0 0 0 1 0 0 0 0;
0 0 0 0 0 1 0 0 0];
%
%

1
de

2
da

3
dr

B=[Xde 0 0;
(Zde/(U1-Zad)) 0 0;
(Mde+(Mad*Zde)/(U1-Zad)) 0 0;
0 Yda/U1 Ydr/U1;
0 (Lda + A1bar*Nda)/den (Ldr + A1bar*Ndr)/den;
0 (Nda + B1bar*Lda)/den (Ndr + B1bar*Ldr)/den;
0 0 0;
0 0 0;
0 0 0];
H=[0 1 0 0 0 0 0 0 0;
0 0 0 1 0 0 0 0 0;
0 0 0 0 0 0 0 0 1];
%---------------------------------------------------
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PIController_r9.m
% ------------------------------------%
Proportional Integral Controler
%
LQR
%-------------------------------------%-------------------------------------%get A,B,C,D from state space model
qp=[A B;C D];
qpi=inv(qp);
X12=qpi(1:9,10:12);
X22=qpi(10:12,10:12);
%----------------------------------------------------%Q Proportional
Q1=100;
Q2=10;
Q3=100;
Q4=4000000;
Q5=100;
Q6=400000;
Q7=100;
Q8=1;
Q9=1;

%u
%hdot
%q
%beta
%p
%r
%theta
%phi
%psi

vertical speed
pitch rate
roll rate
yaw rate
pitch
bank
heading

ft/s
ft/s2
rad/s
rad
rad/s
rad/s
rad
rad
rad

Qp=[Q1 0 0 0 0 0 0 0 0;
0 Q2 0 0 0 0 0 0 0
0 0 Q3 0 0 0 0 0 0
0 0 0 Q4 0 0 0 0 0
0 0 0 0 Q5 0 0 0 0
0 0 0 0 0 Q6 0 0 0
0 0 0 0 0 0 Q7 0 0
0 0 0 0 0 0 0 Q8 0
0 0 0 0 0 0 0 0 Q9];
%----------------------------------------------------%Q Integral
Q10=100;
Q11=10;
Q12=4000000;

%
%
%

Hdot
Bank
Heading

ft/s2
rad
rad

49
Qi=[Q10 0 0;
0 Q11 0;
0 0 Q12];
%-----------------------------------------------------%------ R -------R1=20000;
R2=18000;
R3=200000;

%
%
%

elevator
aileron
rudder

rad
rad
rad

Rpi=[R1 0 0;
0 R2 0;
0 0 R3];
%----------------------------------------------------Q=[Qp zeros(9,3);zeros(3,9) Qi];
%Q is 12x12
A1=[A zeros(9,3);H zeros(3,3)];
%A1 is 12x12
B1=[B;zeros(3,3)];
%B1 is 12x3
[Kpi,SSpi,Epi]=lqr(A1,B1,Q,Rpi);
K1=Kpi(1:3,1:9);
K2=Kpi(1:3,10:12);

%K1 is 3x9
%K2 is 3x3

E=X22+K1*X12;

%E

is 3x3
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