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ABSTRACT

In aviation industry, our country all along comprises a group of airlines; operating and
maintaining their fleet, residing in the consumer end of the technological flow. Sometimes
for a minor off-the-manual modification or repair, we have to remain contained for solution
from the concerned foreign manufacturer and hence flights get delayed, even cancelled. So
its about time we should initiate designing our own aircrafts, beginning from the modeling in
control aspect.

Flight control design is a bit concealed and fairly complex. It depends largely on the
type of airplane, it’s operating condition, it’s airframe, the actuation system, the signal
processing system and the sensors that are associated with it. This thesis work confines the
subject matter only on pitch control system of short range civil airplane. At first, a prototype
of a very basic configuration was built. And then an autopilot was developed for that
prototype. Simply in-flight stability was considered here, discarding route planning
capability and take-off/landing scenarios. A model describing the dynamics of that prototype
was derived using semi empirical method. Based on this model, a Proportional Integral
Differential (PID) controller for longitudinal stability was developed. Though practical
implementation of this controller did not take place, but it rendered a satisfactory result in
real time simulation environment. Finally, cost assessment was done to estimate the

feasibility of this design, extending an approximation for a carrier airplane.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

A hundred years after the first controlled flight of a manned, heavier-than-air vehicle
[1]; we can look back with admiration at the phenomenal progress that has been made in
aviation industry [2-3]. In early age, flight control system was a purely mechanical, which
connected the control wheel of the pilot directly to the control surfaces of the aircraft by
rods, levers, cables and pulleys [3]. The aerodynamic forces on the control surfaces were
limited by the physical capabilities of the pilot. Eventually, it phased out with progress in
control laws, especially in the area of automation of flight, led to the development of the fly-
by-wire system [4-5], power-by-wire system [6] and fly-by-optics system [6-7]. Lately
implementation of intelligent, adaptive and reconfigurable flight control systems [8-10] in
modern era has ensured more reliable, robust, efficient aircraft operation.

Flight control development research requires flight testing, both for validation of
results obtained on the ground, and to guide the research [11]. In general, the more complex
the research issues, the more flight testing must be done to get reliable answers. In some
cases, such as flight testing involving spins or other out-of-control motion, or developing
reconfigurable controls under failure conditions, it is impractical to use manned aircraft for
flight research, because of the high cost and safety risks. Since sub-scale flying models, also
known as Unmanned Air Vehicle (UAV) are used, as they are less expensive and risks can
be taken in research and development that could never be tolerated in a piloted flight test
[12]. A UAV can provide increased confidence in the methods and developments before
risking the large investment ultimately necessary for a full-scale flight test demonstration
[13-14].

Therefore, in this research, to extend the scope of flight control design, up to the

1



execution level of short range civil aircraft, a UAV, named ENA-01 was constructed. To
develop a pitch controller for this ENA-01, a model based approach was embraced. It started
from configuring the geometry of the UAV in Datcom+ Pro, which is a program that
computes static and dynamic stability and control characteristics of fixed wing aircrafts. The
output of this program was fed to Simulink, with the help of which, the desired controller
was designed and optimized. Alongside, FlightGear, an open source simulation software
was utilized to visualize the simulation in real time environment. Short descriptions of these

tools are presented in the later sections.

1.1.1 Datcom+ Pro

The Datcom+ Pro program is the outcome of a series of work done in different era. It
started as the name Datcom [15], which is the United States Air Force Data Compendium, a
3100-page collection of equations used in designing airplanes. This manual dates back to the
1930's-1950's, before computer, when designs and calculations were done by hand and with
slide rules.

Digital Datcom [16] is the computer program written in the 1960's-1970's to
incorporate many of these techniques into a computer program, to speed the process of
analyzing a new or existing aircraft design. The original one is a batch program, written in
60,000+ lines of Fortran IV code, and hence very user-abusive.

Datcom+ [17] was an extension of the Digital Datcom program, which incorporated
some tools to make it easier to use the base program.

Datcom+ Pro [17] is the next generation of this program, which has been made much
more user-friendly. Visualization tools allow us to see the aircraft immediately, and
coefficient data generated by the program is plotted on graphs for ease of interpretation and
inclusion into reports.

All these versions, generally known as Datcom, have incorporated a great deal in cost



reduction and speeding up the aircraft designing process by eliminating Computational Fluid
Dynamics (CFD) analysis and wind tunnel test [18-21] . More detail of this program, it’s

input, output, routine and limitation are described in Appendix L.

1.1.2 Simulink

Simulink [22] is an interactive tool for modeling, simulating, and analyzing dynamic
systems. It is integrated with MatLab, and developed by the same MathWorks. Its primary
interface is a graphical block diagramming tool and a customizable set of block libraries.
Simulink is widely used in control theory for multi-domain simulation and model based
design [23]. There are different toolboxes defined in the library which can be used readily to
design any control system of any vehicle.

Aerospace Blockset [24] software extends Simulink with blocks for modeling and
simulating aircraft, spacecraft, rocket, and propulsion systems, as well as UAV. It also
includes blocks that implement mathematical representations from aerospace standards,
common references, and first principles. Blocks for modeling equations of motion and for
navigation, gain scheduling, visualization, unit conversion, and other key operations are also

provided. It also has code generation support.

1.1.3 FlightGear

FlightGear [25] flight simulator is a free, open source multi-platform flight simulator.
It has specific builds for a variety of operating systems including Microsoft Windows, Mac
OS X, Linux, IRIX, and Solaris. FlightGear code is released under the terms of the GNU
General Public License; hence it is a free software [26].

FlightGear has hundreds of aircraft and Flight Dynamics Model (FDM), which uses
one of these three main data models - JSBSim, YAsim, or UIUC. OpenGL is used for its
integrated 3D graphics routines and have several networking option to support multiplayer

protocol [25].



Aecrospace Blockset has a sub-library named Animation to interface a Simulink model
directly to FlightGear. This enables us to directly see the changes in aircraft attitude when
there is a change in model, control or input parameter. Therefore now-a-days, it has become

a common practice to use this kind of simulator before actual flight testing [27-28].

1.2 Literature Review

For being an Engineering Instructor in the Avionics Faculty of Bangladesh Airlines
Training Center, I have gathered a lot of knowledge about aircraft maintenance. The hands-
on experience in line and base maintenance of the fleet helped me to get a better
understanding of the operations of different aircraft systems. In basic Aircraft Maintenance
Engineering (AME) training, the universal books that are used as reference are Federal
Aviation Administration (FAA) publications [29] and European Aviation Safety Agency
(EASA) publications [30]. Other supporting material for building up knowledge on
dynamics of flight, aircraft electrical system, instrument system and communication and
navigation system are from [31-37]. Another important contribution is from the manuals that
were provided by manufacturers with the aircrafts such as Aircraft Maintenance Manual
(AMM), Wiring Diagram Manual (WDM), Troubleshooting Manual (TSM), Fault Isolation
Manual (FIM) etc.

In Chapter 2, some of the definitions and figures on aircraft and basic aerodynamics
are taken from [38-39]. This chapter gives a general idea of the terminologies used in
aviation sector without any complex formula. In the subsequent chapter, a detail derivation
of the airplane dynamics is placed, which is mostly taken from [40]. This is perhaps the most
apprehensible of all the aeronautical engineering books and widely used in all around the
world. Some concepts are also extracted from National Aeronautics and Space

Administration (NASA) reference publications [41-42]. To understand about automatic



flight control, a great help was [43]. For the theoretical background in control engineering,
help was taken from [44-46].

Journals and conference proceedings of the American Institute of Aeronautics and
Astronautics (AIAA) and Institute of Electrical and Electronics Engineers (IEEE) were
extremely accommodating in constituting the Simulink model. A few of them are listed in
the Bibliography section.

Moreover, a great assistance to follow through the whole design process were blogs,
groups and discussions boards about Datcom, MathWorks, Simulink, FlightGear. Different
web stores and their representatives were helpful to buy and look through the devices that
have been recommended for the intended pitch controller.

Nonetheless, this research work would not have been possible without the help of
MathWorks technical publications, articles, webinars and constant support from MatLab

documentations.

1.3 Motivation

As an individual related to aircraft maintenance, I always have been curious about the
design excellence of airplane control. Autopilot and automatic flight control system in
modern airplanes have reduced the workload of the pilot in a great extent and it is quite
amazing how many flight configuration and operational phenomena are considered for that
kind of design. In my classes, often there were questions about the background of autopilot
operation and that motivated me to explore the engineering side of it. Moreover, I always
wanted to make my own airplane. My supervisor gave me a lot of inspiration to take this
challenge. There are some other factors that motivated me. In aviation manufacturing
industry, our country has no contribution; not even in the field of UAV research. Our

operators often have faced numerous problems to maintain their fleet as we do not have



enough knowledge about the design philosophy and all available options to dispatch an
unscheduled maintenance work. Sometimes because of an emergency, like when an aircraft
is declared on ground (AOG), we often have to buy components in far higher prices than
usual, especially when it is in outstation. And sooner or later, to catch up with the
technological advancement in aviation, I felt that this sort of research should commence in

our country and I wished to be a part of it.

1.4 Objective of the Thesis
As the title of this thesis indicates, the main objective of this research is to develop a
controller for an aircraft in pitch plane. This can be segregated in the following manner
i.  Construct a UAV as an airplane prototype.
ii.  Analyze the characteristics of that UAV.
iii.  Create the longitudinal dynamics model of the UAV in Simulink.
iv.  Develop a controller for that dynamics model.

v.  Assess economic feasibility of the design.

1.5 Thesis Outline
The organization of this thesis is placed below in accordance with the chapter follow

through.

Chapter 1: In this chapter, an overview of the thesis is placed with literature review,

motivation and objective.

Chapter 2: This chapter presents a general idea about airplane terminologies and basic

aerodynamics. It covers the identification and function of different airplane parts, it’s attitude



changing mechanism using flight control surfaces, the forces acting on an airplane and how

these forces can be controlled.

Chapter 3: In this chapter, dynamics equations for decoupled longitudinal motion of an
airplane are derived. It deals with setting up the reference frames and defining motion
vectors, then axis transformation producing kinematics and dynamics equation and finally

linearization of these equations about steady state conditions.

Chapter 4: This chapter gives a description of the UAV into which the pitch controller would

be implemented.

Chapter 5: In this chapter, the development process of the pitch controller is explained. At
first, Datcom is used to calculate stability and control derivatives of the UAV. Then these
derivatives are fed to a Simulink model where PID controllers are set and tuned considering
the effect of environment, gravity, turbulence. The chapter ends with FlightGear

visualization and microcontroller code generation process.

Chapter 6: This chapter includes with the economic evaluation of the controller that has been

developed for the UAV and cost approximation for a carrier airplane.

Chapter 7: The last chapter draws a conclusion of the thesis and gives suggestion for future

scope.



CHAPTER 2

AIRCRAFT AND BASIC AERODYNAMICS

2.1 Introduction

An aircraft is a device that is used for flight in the air. Major categories of aircraft are
fixed wing aircraft, rotorcraft, glider, and lighter-than-air vehicles. Fixed wing aircraft is the
one that is extensively used for passenger carrying civil operation and generally known as
airplane. A general description of the structure of an airplane is provided in the following

section. Most of the topics of this chapter are taken from [38] and [39].

Figure 2.1: Principal airframe units of Cessna 172 [38]
2.2 Airplane Components
As the name implies, the wings of fixed wing aircrafts are attached to the fuselage and
are not intended to move independently in a fashion that results in the creation of lift. The
airframe of a fixed-wing aircraft consists of these principal units: fuselage, powerplant,
wing, stabilizers, landing gear and flight control surfaces, as shown in Figure 2.1.

The fuselage is the central body and designed to accommodate the crew, passengers,

8



and cargo. It also provides the structural connection for the wings and tail assembly.

An aircraft powerplant or engine produces thrust to propel an aircraft. Reciprocating
engines and turboprop engines work in combination with a propeller to produce thrust.
Turbojet and turbofan engines produce thrust by increasing the velocity of air flowing
through the engine. All of these powerplants also drive the various systems that support the
operation of an aircraft.

The wings are airfoils attached to each side of the fuselage and are the main lifting
surfaces that support the airplane in flight. At the trailing edge, there are flaps, which are the
main lift augmentation device of the airplane. There are numerous wing designs, sizes, and
shapes used by the various manufacturers. Each fulfills a certain need with respect to the
expected performance for the particular airplane.

The stabilizers (both horizontal and vertical) are located in the tail assembly or
empennage and assist the airplane to maintain desired stability and control. They
accommodate some flight control surfaces.

The landing gear is the principal support of the airplane when parked, taxiing, taking
off, or landing. The most common type of landing gear consists of wheels, but airplanes can

also be equipped with floats for water operations, or skis for landing on snow.

2.3 Flight Control

The control of a fixed-wing aircraft takes place around the lateral, longitudinal, and
vertical axes by means of flight control surfaces designed to create movement about these
axes. These control devices are hinged or movable surfaces through which the attitude of an
aircraft is controlled during takeoff, flight, and landing. They are usually divided into:
primary or main flight control surfaces and secondary or auxiliary control surfaces.

The primary flight control surfaces on an airplane include: ailerons, elevators, and



rudder. The ailerons are attached to the trailing edge of both wings and when moved, rotate
the aircraft around the longitudinal axis. The elevator is attached to the trailing edge of the
horizontal stabilizer. When it is moved, it alters aircraft pitch, which is the attitude about the
horizontal or lateral axis. The rudder is hinged to the trailing edge of the vertical stabilizer.
When the rudder changes position, the aircraft rotates about the vertical axis (yaw). Figure
2.2 shows the movement they create relative to the three axes of flight.

The pilot’s command to maneuver the airplane by the control wheel and control stick
is transmitted from the cockpit to the actual control surface in a variety of ways depending
on the aircraft. A system of control cables and pulleys, push-pull tubes, hydraulics, electric,

or a combination of these can be employed.

Figure 2.2: Control surfaces movement around three axes of flight [38]
Ailerons control roll about the longitudinal axis. The ailerons are attached to the
outboard trailing edge of each wing and move in the opposite direction from each other.

Moving the control wheel in the cockpit to the right causes the right aileron to deflect
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upward and the left aileron to deflect downward, as shown in Figure 2.3. The upward
deflection of the right aileron decreases the camber resulting in decreased lift on the right
wing. The corresponding downward deflection of the left aileron increases the camber
resulting in increased lift on the left wing. Thus, the increased lift on the left wing and the

decreased lift on the right wing causes the airplane to roll to the right.

Figure 2.3: Aileron working principle (looking from aft) [39]
The elevator is the primary flight control surface that moves the aircraft around the
horizontal or lateral axis. This causes the nose of the aircraft to pitch up or down. The
elevator is hinged to the trailing edge of the horizontal stabilizer and typically spans most or

all of its width. It is controlled by pushing or pulling the control yoke forward or aft.

Figure 2.4: Elevator working principle [39]

Aft movement of the control column deflects the trailing edge of the elevator surface
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up. This is usually referred to as ‘up’ elevator. The up-elevator position decreases the camber
of the elevator and creates a downward aerodynamic force, which is greater than the normal
tail-down force that exists in straight-and-level flight. The overall effect causes the tail of the
aircraft to move down and the nose to pitch up (Figure 2.4). The pitching moment occurs
about the center of gravity (CG). And it’s strength is determined by the distance between the
CG and the horizontal tail surface, as well as by the aerodynamic effectiveness of the
horizontal tail surface. Moving the control column forward has the opposite effect. In this
case, elevator camber increases, creating more lift (less tail-down force) on the horizontal

stabilizer/elevator. This moves the tail upward and pitches the nose down.

Figure 2.5: Rudder working principle [39]

The rudder causes an aircraft to yaw or move about the vertical axis. This provides
directional control and thus points the nose of the aircraft in the direction desired. Most
aircraft have a single rudder hinged to the trailing edge of the vertical stabilizer. It is
controlled by a pair of foot-operated rudder pedals in the cockpit. When the left pedal is
pushed forward, the rudder is deflected left into the airflow. Therefore, a horizontal force is
exerted in the opposite direction, as shown in Figure 2.5. This alters the airflow around the
vertical stabilizer/rudder, and creates a sideward lift that moves the tail to the right and yaws
the nose of the airplane to the left.

The following Table gives a basic idea about secondary flight control surfaces, with
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their positions in the airframe and uses.

Table 2.1: Secondary/Auxiliary Flight Control Surfaces

Name Location Function
Flaps Inboard trailing edge of Extends the camber of the wing for greater lift and
wings slower flight.
Allows control at low speeds for short field takeoffs
and landings.
Trim tabs | Trailing edge of primary Reduces the force needed to move a primary control
flight control surfaces surface.
Balance Trailing edge of primary Reduces the force needed to move a primary control
tabs flight control surfaces surface.
Anti- Trailing edge of primary Increases feel and effectiveness of primary control

balance tabs

flight control surfaces

surface.

Servo tabs | Trailing edge of primary Assists or provides the force for moving a primary
flight control surfaces flight control.
Spoilers Upper and/or trailing edge | Decreases (spoils) lift. Can augment aileron function.
of wing
Slats Mid to outboard leading Extends the camber of the wing for greater lift and
edge of wing slower flight.
Allows control at low speeds for short field takeoffs
and landings.
Slots Outer leading edge of wing | Directs air over upper surface of wing during high
forward of ailerons angle of attack.
Lowers stall speed and provides control during slow
flight.
Leading Inboard leading edge of Extends the camber of the wing for greater lift and
edge flap | wing slower flight.

Allows control at low speeds for short field takeoffs
and landings.

Figure 2.6: Flight control surfaces of Boeing 737 airplane [38]
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2.4 Aerodynamic Forces
The forces act on an aircraft are thrust, drag, lift, and weight. They are defined as
follows:
i.  Thrust is the forward force produced by the engine by burning fuel. It opposes or
overcomes the force of drag and acts parallel to the longitudinal axis.

ii. Drag is a rearward, retarding force caused by disruption of airflow by the wing, rotor,
fuselage, and other protruding objects. Drag opposes thrust, and acts rearward parallel to
the relative wind.

iii.  Weight is the combined load of the aircraft itself, the crew, the fuel, and the cargo or
baggage. Weight pulls the aircraft downward because of the force of gravity. It opposes
lift, and acts vertically downward through the aircraft’s center of gravity (CG).

iv.  Lift opposes the downward force of weight, is produced by the dynamic effect of the air
acting on the airfoil, and acts perpendicular to the flightpath through the center of

pressure (CP).

Figure 2.7: Forces acting on an airplane in steady state cruise flight [38]

In steady state cruise flight condition, the sum of the opposing forces is always zero,
which means thrust equals drag and lift equals weight. Figure 2.8 shows an airplane in a

climbing situation, a portion of thrust is directed upward in climbs and acts as if it were lift
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while a portion of weight is directed backward and acts as if it were drag.

Figure 2.8: Force vectors during a stabilized climb [38]

2.5 Airfoil

Wing of an airplane takes charge in ascending the whole structure because of its airfoil
shape. Lift and drag come in as the output of the reaction from the aircraft geometry and
relative airflow gained from the forward movement due to thrust. Lift force, in simple words,
is generated by differential pressure on upper and lower side of the airfoil or wing. When an
airfoil is located in an airstream, the flow divides at the leading edge, the stagnation point.
The camber of the airfoil section intends that the air passing over the top surface has further
to travel to reach the trailing edge than that travelling along the lower surface. In accordance
with Bernoulli’s equation the higher velocity along the upper airfoil surface results in a

lower pressure, producing a lift force. Figure 2.9 shows the cross section of an airfoil.

Figure 2.9: Generation of lift and drag in an airfoil
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The camber of the airfoil can be controlled by extending and contracting flaps, which
evidently changes the angle of attack (AOA) i.e. the angle between the chord line and
relative airflow. In fact, aerodynamic forces and airplane stability are direct dependent of
AOA in a significant manner. For all positive AOA, the Center of Pressure (CP) moves
forward as the pitching angle is increased, until the stall angle is reached after which it

suddenly moves backward along the chord line, as shown in Figure 2.10.

Figure 2.10: Effect on increasing AOA [38]

As we know, drag is the force that resists movement of an aircraft through the air.
There are two basic types: parasite drag and induced drag. Parasite drag is the outcome of
the displacement of air by the aircraft, turbulence generated in the airstream, or a hindrance
of air moving over the surface of the aircraft and airfoil. Induced drag results from the
differential pressure acting on the top and bottom surface of the wing, through the wing tip,
causing whirlpool action. In a same way as lift increases with increase of AOA, so too does
induced drag.
Therefore, to some extent, drag is the price paid to obtain lift. The lift to drag ratio

(L¢/Dy) is the amount of lift generated by a wing or airfoil compared to its drag. Hence it

indicates airfoil efficiency.
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Mathematically, lift and drag can be expressed as

1
L =S G = (5 paa?) S G,

2
- 1 2
Dy =8 Co = (5 paki) S Co
- 1 2
a = E PaVa
Where 4, = dynamic pressure of air

pa = atmospheric density (a function of height)
V, = relative velocity of air

S = wing area

C; = coefficient of lift

Cp = coefficient of drag

(2.1)
(2.2)

(2.3)

The above formulas represent the coefficient of lift (C;) and the coefficient of drag

(Cp) respectively. The shape of an airfoil and other lift producing devices (i.e., flaps) effect

the production of lift and alter with changes in the AOA.

In unaccelerated flight with the lift and drag data steady, this proportion of C; /Cp, as

well as Lift/Drag can be calculated for specific AOA, as shown in Figure 2.11.

Figure 2.11: C; and Cp at various angles of attack [39]
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Notice in Figure 2.11 that the lift curve reaches it’s maximum for this particular wing
section at 20° AOA, and then rapidly decreases; therefore 20° AOA is the stalling angle. The
drag curve increases very rapidly from 14° AOA and completely overcomes the lift curve at
21° AOA. The lift/drag ratio (green) reaches its maximum at 6° AOA, meaning that at this
angle, the most lift is obtained for the least amount of drag.

As drag is dependent on lift, it is experimentally found that the coefficients are related

in the following manner
Cp =Cp+C, =Cp+KC} (2.4)
Where, Cp and C; are the contributions from parasitic and induced drag, and the later

one is dependent on the coefficient of lift in a quadratic manner.
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CHAPTER 3

AIRPLANE DYNAMICS

3.1 Introduction
To design the control system for an aircraft, it is paramount to understand it’s
dynamics and kinematics. In this chapter, the equations of motion of an airplane is deduced

and then linked down to decoupled longitudinal dynamics.

3.2 Coordinate Systems and Forces Acting on Airplane

The two major reference frames used in flight dynamics are the body fixed reference
frame (X, Y}, Z,) and the earth fixed or inertial reference frame (X'Y'Z"). Supposedly, in latter,
Newton’s law of motion is considered valid. This means that the rotational velocity of the

earth is neglected and it is found acceptable up to hypersonic airplane.

Figure 3.1: Body-fixed (XY, Z}) and Earth-fixed (X'Y'Z’) coordinate system; Arrows
indicate positive directions [40]

The airplane in Figure 3.1 is assumed rigid (except rotating machinery), consist of a

continuum of mass elements, dm and these mass elements are kept track of by the vectors 7
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and 77, to the body and earth fixed reference frame, respectively. The vector r_P’> tracks of the
origin of the body fixed frame i.e. center of gravity (CG) of the airplane (P), from the earth
fixed frame. Each mass element is subject to the acceleration of gravity §. Hence a force
pagdv = gdm acts on each one, where p, represents the local mass density of the airplane.

The mass elements located at the surface of the airplane are also subjected to a combined

aerodynamic and thrust force per unit area F. The forces pagdv and Fds are assumed to be

the only external forces acting on the airplane.

3.3 Derivation of the Equations of Motion
According to Newton’s Second Law, the time derivatives of linear and angular
momenta of this airplane are equal to the externally applied forces and moments respectively

[40]. In the vector integral form

ij-pd—;;dvzfp jdv+f17"ds (.1
dt J," dt S A s

d (- ar — — . ’
ELr’XpAEdvzj;;r’XpAgdv—l—j;r’des (3.2)

The integrals fv and fs represent volume and surface integrals for the entire

airplane. These integrals can be evaluated only if the external geometry of the airplane is

known. The total mass of the airplane is found from
m = f pa dv (3.3)
v

There are two assumptions in this regard. One, total mass of the airplane remains

constant with time

am_ (3.4)
dt
This assumption is justified as long as the mass change (due to fuel burning) is

sufficiently small. Another, the mass distribution of the airplane is constant with time i.e.
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Center of Gravity (CG) stays within a narrow range [40]. Now, to establish the relation
between the position vectors, it can be denoted that

=1+ 7 (3-5)

As P is the center of gravity, the following relation must be satisfied

f%’ padv =0 (3.6)

v

Now, putting Equations (3.5) and (3.6) in the left side of Equation (3.1), it is found that [40]

ELPAE‘“""‘EE =M

Where 7,; = %’ is defined as the velocity of the airplane center of gravity.
For right side of Equation (3.1), assuming uniform gravitational field, the external
forces are equal to the sum of gravitational force (mg), total aerodynamic force (FA)) and

total thrust force (F;) [40]. Therefore

dVP) — - r—d
mwzmg+FA+FT

Next, the angular momentum Equation (3.2) needs to be further developed.

(3.8)

Substitution of Equation (3.5) into Equation (3.2) while accounting for Equation (3.6) and

(3.1) leads to [40]:

a 171’><Ep,4dv= erFds=MA+MT :

Where FA represents the total aerodynamic moment and m represents the total thrust
moment.

The volume integral is a time dependent function and this dependency can be
eliminated by rewriting Equation (3.8) and (3.9) with respect to XYZ frame instead of
X'Y'Z'. A problem is that coordinate system X,Y,Z, is a rotating (non-inertial) coordinate
system. In such a system Newton’s Laws do not apply. However, by employing the

following vector transformation relationship Newton’s Laws can still be used.
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0A

dA
dt

—

+ wXA

|
coriolis component

(3.10)

fixed frame rotating frame

The vector A represents any vector which is to be transformed. The vector @ in
Equation (3.10) is the angular rotation vector of system X,Y,Z, relative to system X'Y'Z’.
The vector is also referred to as the angular velocity of the airplane relative to the earth. The
latter is realistic because system X,Y,Z, was assumed to be body-fixed i.e. rigidly attached

to the airplane and therefore moving with that. Applying this to Equation (3.8):

av, — — .
md—:=m(Vp+5pr)=mg’+FA+FT (3.11)

Now, for Equation (3.9), using vector cross product laws and conforming airplane as a

-

rigid body with no spinning rotor i.e. 77 = # = 0 in the left most side, it can be shown that

f?x(5x7+5x((3xf))p,1dv _ M, + M, (3.12)
v

It is obvious that @ represents the angular acceleration of the airplane which is a
property of body fixed frame. For that reason it can be taken outside of the integral, which

makes the volume integral time independent.

Equations (3.11) and (3.12) are so called vector forms of the airplane equation of
motion. To develop the scalar equivalents, these vectors are to be defined in axis level

components with conventional unit vectors, depicted in Figure 3.2.

V, = iU +jV + kW (3.13a)
7 =ix+jy+kz (3.13b)

Fy = iFy, + jFay + kFy, (3.13¢)
Fr = iFpy + jFr, + kFy, (3.13d)
g =igx+jgy +kg; (3.13¢)
M, =iL, + jM, + kN, (3.130)
My =il + jMy + kNyp (3.13g)
@ =1iP+jQ + kR (3.13h)
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Figure 3.2: Definition of vector components in the airplane equations of motion [40];

(a) Forces (b) Gravity (c) Moments (d) Velocities

Thus, placing scalar components and equalizing both sides of Equation (3.11):

m(U —VR + WQ) = mgy + Fax + Fry (3.14a)
m(V — WP + UR) = mg, + Fyy, + Fr, (3.14b)
m(W —UQ + VP) = mg, + F4, + Fr, (3.14c)

Now, similarly, for Equation (3.12), after some steps of extensive vector manipulation,

the moment equation comes into the following scalar form.

Ly P—1yR — 1, PQ + (I, — Ly )RQ = Ly + Ly (3.15a)
IyyQ + (Lex = I;2)PR + I,y (P? — R*) = M, + My (3.15b)
IR — IxP + (I, — Ly )PQ + 1, QR = Ny + Ny (3.15¢)

Where “I” terms are the moment and product of inertias of the airplane and they are defined

in Equation (3.16).
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Ly = f(yz + Zz)pAdv

v
L, = f(zz + x2)padv

v
I, = f(xz + yz)pAdU

v (3.16)
Ly = fxypAdv =0

v
L, = fyszdv =0

v

I, = fzx padv

v
Notice that I,and I,, are placed zeros as it is recognized that most airplanes are

symmetrical about the ZX plane [40].

3.4 Axis Transformation

Equations (3.14) and (3.15) form six differential equation of motion with
U V,W,P,Q,R as dependent variables. Time is the independent variable. At this point it is
not yet possible to solve these equations for the time histories of motion U(t) through R(t).
Moreover, the gravity force components in Equation (3.14) depend on the orientation of the
airplane relative to the earth-fixed coordinate system X'Y'Z’. To eliminate this, the inertial
axis system has to be translated to the body axis system until its origin coincides with the
center of gravity of the airplane and axes become parallel.

For this purpose, an intermediate reference frame X;Y;Z; is obtained that is parallel to
the inertial frame. Now, the relative orientation of axis system X,Y,Z, to axis system X;Y;Z;
is defined with the help of three sequential rotations over the so-called Euler angles: the
heading or azimuth angle (W), the pitch angle (®), and the roll or bank angle ().
- Rotation 1: X;Y;Z; is rotated about its Z; axis over an angle W, then re-labeled as X,Y,Z5.
- Rotation 2: X,Y,Z, is rotated about its ¥, axis over an angle ©, then re-labeled as X;Y;Z5.

- Rotation 3: X3Y3Z5 is rotated about X3 axis over an angle @, so it coincides with X, Y,Z,,.
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It is difficult to visualize the actual sequence of rotations in a single drawing, as shown

in Figure 3.3, so the sequence is illustrated with three separate drawings in Figure 3.4.

Figure 3.3: Airplane Orientation with Euler Angles [40]

With the help of the rotation matrix defined by this Euler angles, the components of

the velocity vector 7,; can be represented as

U’ x' cosW —sin¥? O0][cos® 0 sin@®][1 0 0 U
V=1y|=|sin® cos¥ 0 0 1 0 [[0 cos® —sind||V |(3.17)
w’ z' 0 0 111l—sin® 0 cos®IL0 sin® cos® 1LW

Figure 3.4: Illustration of Figure 3.3, rotation sequence from left to right

This equation provides the desired relationship between velocity components in the
earth-fixed system X'Y'Z’ and those in the body-fixed system X, Y}, Z,. So the flight path of

the airplane in terms of x'(t), y'(¢t) and z'(t) can be found by integrating it. To do that, the
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Euler angles W, 0 and ® must be known. By definition
B=iP+jQ+kR=¥+0+d (3.18)
Using the equality of this equation and the same coordinate transformation rules that is

used earlier, it can be proved that

P=&—W¥sin® (3.19a)
Q = 0 cos® + ¥ cosO sind (3.19b)
R = WcosO cos® — O sind (3.19¢)

These are known as the Kinematics equations of an airplane [40]. For the flight path

integration problem, it is desirable to invert these equations to yield:

¥ = (Q sin® + R cos®) secO (3.20a)
0 = Q cos® — R sind (3.20b)
& = P + Q sin® tan® + R cos®d tan® (3.20¢)

Another thing that is to take into account is the contribution of gravity force in the
force equations i.e. Equation (3.14). Through the process of axes transformation, assuming

flat earth, it can be easily understood at this moment that

gx = —g sin® (3.21a)
gy = g sin® cos® (3.21b)
g, = g cos® cos® (3.21¢)
So the modified force equations are
m(U —VR + WQ) = —mg sin® + Fy, + Fr, (3.22a)
m(V — WP+ UR) = mg sin® cosO + Fyy, + Fry, (3.22b)
m(W — UQ + VP) = mg cos® cos® + Fy, + Fr, (3.22¢)

Equations (3.22) and (3.16) represent the inertial forces and moments acting on the
airplane. All the forces are proportional to the mass of the airplane. Consequently, these
terms may be conveniently combined into components to represent the accelerations which
would be measured by sensors located on the airplane in such a manner that the input axes of

the sensors would be coincident with the body axes. For convenience, the force and moments
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are renamed in accordance to the axis components in this manner.

Fue+Fry =X (3.23a)
Fay + Fry =Y (3.23b)
Fpaz +Fr, =2 (3.23¢)
Ly+Lr=1L (3.23d)
My+My =M (3.23¢)
Ni+ Ny =N (3.231)

Putting Equation (3.23) into Equation (3.22), the force equations of the airplane for the

body fixed axis system are

X =m(U—-VR +WQ + g sin®) (3.24a)
Y = m(V — WP + UR — g sin® cos@) (3.24b)
Z=m(W —UQ + VP — g cos® cos®) (3.24c)

For convenience, the moment equations of the airplane for the body fixed axis system

that is derived in Equation (3.15), is presented below.

L =14 P —I,R—1,PQ+ (I, —L,,)QR (3.252)
M = 1,y Q + (Lx — 1;,)PR + 1, (P* — R?) (3.25b)
N = L,R — LyP + (Iyy - Ixx)PQ + IxQR (3.25¢)

And finally, the kinematic equations of Equation (3.20):

¥ = (Q sin® + R cos®) secO (3.26a)
® = Q cos® — R sind (3.26b)
& = P + Q sin® tan® + R cos® tan® (3.26¢)

Equations (3.24) to (3.26) are referred to as the general airplane nonlinear equations of
motion. It is rather generous description considering the assumptions that served to reduce

the generality of these equations.
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3.5 Angle of Attack, Sideslip Angle, Flight Path Angle

Before proceeding further, it is necessary to include the definitions of the angles
associated with airplane path trajectory. A general idea of the angle of attack is placed in
Chapter 2. As airplane body fixed coordinate system and the velocity parameters are vividly
defined in the previous section, therefore, mathematically, angle of attack (a), sideslip angle

(B) and flight path angle (y) can be defined as [43]:

w

o= tan-1 ¥ (3.27a)
]

B = sin-! — (3.27b)
Vel

Figure 3.5: Angle of attack (a) and sideslip angle (8) [43]

Where |VT;| is the velocity of the airplane center of gravity, as defined early in this chapter.

From Figure 3.5, other velocity parameters can be identified as

U = |Vp| cos a cos B (3.28a)
V = |Vp|sing (3.28b)
W = |Vp|sina cos B (3.28¢)
Vo] = Uz + V2 + w2 (3.28d)

Now, the flight path angle and angle of attack are more understandable from the side

view as shown in Figure 3.6. It is obvious that in level flight ® = a.
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Figure 3.6: Angle of attack (&), sideslip angle (B), pitch angle (©) [43]

3.6 Stability and Wind Reference Frames
These two axis system are often used in flight dynamics as because in certain cases,

the use of these coordinate system reduce complexity of airplane equations of motion.

Figure 3.7: Stability and wind frame [43]

These stability and wind frames rather characterize the angle of attack (a), and the
sideslip angle (f). As discussed, these aerodynamic angles are defined by means of
coordinate rotations from the body frame. The first rotation, about the Yjaxis, defines the
stability frame; and the angle is the angle of attack. With no sideslip, it is the deviation of the
velocity vector VT,, or the airplane flight path from the body fixed frame.

The second rotation leads to the wind frame, and the side-slip angle is the angle
between the stability frame and the wind frame. An airplane has sideslip if its velocity vector

is not in the X, Z,plane, which might be due to gust, crosswind or any unwanted airflow, or
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it could not make a coordinated turn.
Equations (3.28) to (3.30) show the direction cosine matrices (DCM) that define the

transformations between the coordinated frames.

Xsr [ cosa 0 sina][Xp

Yor|=] O 1 0 [|%

Zst —sina 0 cosallZ, (3.29)

Xw [ cosfp sinfp  0][Xsr

Yw|=|-sinf cosp Of|Ysr

3.30

ZW 0 O 1 ZST ( )
Xw cosBcosa sinf  cosBsina ][Xp
Y| = [— sinBcosa cosf —sinfsinal|Y (3.31)
Zy —sina 0 cosa Zp '

3.7 Linearization of Equations of Motion

The equations of motion depicted in Equation (3.24) (3.25) and (3.26) are non-linear
since they contain terms which comprise the product of dependent variables, the squares of
dependent variables, and some of the terms are transcendental. Solutions of such equations
cannot be obtained analytically and would require the use of computer. Some simplification
is possible, however, by considering the airplane to comprise two components: a mean
motion which represents the equilibrium, or trim conditions, and a dynamic motion which
accounts for the perturbations about the mean motion [27]. In this form of analysis it is
customary to assume that the perturbations are small. Thus, every motion variable is
considered to have two components. For example:

U:U0+u V=V0+v W:W0+W,
P:P0+p Q:Qo‘l‘q R:R0+T‘,

X=X0+.x Y=Y0+y Z=ZO+Z,
L=L0+l M=M0+m1 N=N0+n, ...... etc

The trim, or equilibrium, values are denoted by a subscript 0 and the small perturbation
values of a variable are denoted by the lower case letter. In trim there can be no translational
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or rotational acceleration i.e. U=V =W =P = Q = R = 0. Hence, the equations which

represent the trim conditions can be expressed as [43]:

Xo = m(=VyRy + W,Qy + g sin®,) (3.33a)
Yo = m(—=WyPy + UyRy — g sin®, cosB,) (3.33b)
Zy =m(=UsQo + VoPy — g cos®, cosO) (3.33¢)
Lo = —1,xPyQo + (I, — Iy)QoRy (3.33d)
Mo = (Ixx = I;z)PoRo + 1,x(P§ — R$) (3.33¢)
Ny = (Iyy - Ixx)POQO + I, Qo Ry (3.331)

Steady rolling, pitching and yawing motion can occur in the trim condition; the
equations which define Py, Q, and R, are given by Equation (3.26) but with ¥,0 and &
being subscripted by 0.

The perturbed motion can be found either by substituting Equation (3.32) into (3.24)
and (3.25), expanding the terms and then subtracting Equation (3.33) from the result, or by
differentiating both sides of Equations (3.24) and (3.25). When perturbations from the mean
conditions are small, the sines and cosines can be approximated to the angles themselves and
the value unity, respectively. Moreover, the products and squares of the perturbed quantities
are negligible. Thus, the perturbed equations of motion for an airplane can be written as [43]:

dX = ml[u —Vyr —vRy + Wyq + wQ, + g 0 cos0,] (3.34a)
dY = m[v — Wop — wPy + Ugr + uRy — g(¢p cos®q cos®y — 0 sin®, sin®y)] (3.34b)
dZ = m[w — Upq — uQq + Vop + vPy + g(¢ cos®, sin®q + 6 sin®g cos®y)]  (3.34c)

AL = Ly D — Iy — I, (Poq + Qo) + (Izz - Iyy)(QOT + qRO) (3.344d)
aM = yyq + (Uxx — L2) (Por + pRo) + L (2Pgp — 2R,1) (3.34¢)
dN = I,,7 — Ixp + (Iyy - Ixx)(Poq + Qop) + sz(QOT + ROQ) (3.341)

Where ¥, 0, and @, have been used to represent steady orientations, and ¥, ® and &
are the perturbations in the Euler angles. Equations (3.34) are now linear. Obviously,
perturbation equations are required for the auxiliary set of equations given as Equation
(3.19), because the gravitational forces must be perturbed by any small change in the

orientation of the body axis system with respect to the Earth axis system. However, the full
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set of perturbed, auxiliary equations is rarely used since it is complicated. But the
components of angular velocity which represent the rotation of the body-fixed axes relative

to the Earth axes are sometimes required. These are:

D= d) — LPO 0 cos®, — l[)SiTl@o (3.35a)
q = 60 cosdy, — 0, ¢ sind, + Wy cosOycosd,
—Y, 6 sin®, sin®, + ) cosO,sind, (3.35b)
r =1 cos Oy cos®, — Wy ¢p cosO, sind, — ¥, 0 sin®, cosd,
(3.35¢)

—0, ¢ cosd, — 0 sind,
The combined Equations (3.34) and (3.35) are the nine perturbed equations of motion

relative to a very general steady state: i.e. one for which all motion variables are allowed to
have non-zero steady state values [43]. It turns out that the majority of airplane dynamic
stability problems are concerned with perturbed motions relative to a wings level, steady
state, straight line flight condition with a relatively small flight path angle. For such a steady
state the following conditions hold:

a. No initial steady state side velocity exists: V, = 0

b. No initial bank angle exists: @, = 0

c. No initial angular velocities exist: Py = Qg = Ry = Wp = 0y = &, = 0

When these special steady state conditions are introduced into Equations (3.34) and

(3.35), the equations become

dX =m(u—Wyq+ g 0 cos0,) (3.36a)
dY = m(v — Wyp + Uyr — g ¢ cos0,) (3.36b)
dZ =m(w — Uyq + g 0 sin®) (3.36¢)
AL = Ly P — Lyt (3.37a)
dM = I,,q (3.37b)
dN = 1,,7 — 1D (3.37¢)
p = ¢ — Psin@, (3.38a)
q=20 (3.38b)
r =1 cos 0, (3.38¢c)
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These equations are the basis for the dynamic stability analysis of airplane.

Consideration of Equations (3.37) and (3.38) indicates not only that the equations have

been simplified, but that the set can be separated into two distinct groups which are given

below:
dX =m(u—Wyq + g 0 cos0,) (3.39a)
dZ = m(w — Uyq + g 0 sin®) (3.39b)
dM = 1,,,q (3.39¢)
dY =m@ — Wyp + Uyr — g ¢ cos0,) (3.40a)
dL = I, p — L7 (3.40b)
dN = 1,7 — I,.p (3.40¢c)

To expand the left-hand side of the equations of motion, a Taylor series is used about

the trimmed flight condition. Thus, for example,

0Z 0z . 0Z oz  0Z 0Z  0Z
dZ=—u+—u+—w+-—w+—q+—-

oz .
du  ou  aw ow = aq Op +o5 0k (34D

231735, T 55,

Equation (3.41) supposes that the perturbed force dZ has a contribution from only one
control surface, the elevator and hence the elevator deflection angle 8 is inserted. However,
if any other control surface on the airplane being considered were involved, additional terms,
accounting for their contribution to dZ, would be used. This is generally known as
component build up process. For example, if changes of thrust (T), and the deflection of
flaps (F) and symmetrical spoilers (sp) were also used as controls for longitudinal motion,

additional terms, such as

0z 9z YA
o5 0155 0r and =8,

sp
would be added to Equation (3.41). Furthermore, some terms depending on other motion
variables, such as 0, are omitted because they are generally insignificant.

Suppose, for the moment only longitudinal motion is treated, and, for simplicity, it is

assumed that only elevator deflection is involved in the control of the airplane's longitudinal

motion. Thus, it is now possible to write Equation (3.39) as:
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oX 9X 4X 8X  9X 90X  oX YA

a—u+a—uu+%w+a—w+a—q+a—qq+E65+£55 (3.42a)
=m(u— Wyq + g 0 cosB)

YA 0Z 07 0z 07 daZ a0z azZ .

—UuU+—U+—WwW+—Ww+—q + = 6 +—90¢ (3.42b)

Tt taw Taw” T g1 T aq 1 35, % T 55,

=mWw — Uyq + g 6 sinB,)
oM +6M.+6M +6M.+6M +6M_+8M +0M6. _ . (3.42¢)
ut T an T aw Taw” T ag 1T ag 1T 85, F T as, 0F T

To simplify the notation it is customary to make the following substitutions:

10X
10Z

x = Ea (3.43b)
1 oM

x = Ea ...... etc (3.43¢)

When this substitution is made, the coefficients, such as X,, Z,, and M, etc. are
combination of terms referred to as the stability and control derivatives. For example, X,

signifies the acceleration of the airplane along the X, axis due to the change in velocity u.

3.8 Equations of Longitudinal Motion
Finally, using notations of Equation (3.43), Equation (3.42) can be written as

u=X,u+Xu+X,w+ Xpw+ Xoq + Xqq — Woq

. (3.44a)
—gcos0, 0 + X565 + X5, 6F
w=Zu+Zyu+Zyw+Zyw+Zyq+ Z4q + Uyq
. (3.44b)
_gSin®0 9 + Z5E6E + ZS'E(SE
g = Myu + Myt + My,w + My + Myq + Mgq + Ms, 6 + My, 6p (3.44c)
0=gq (3.444d)

From studying the aerodynamic data of a large number of airplanes, it is evident that
not every stability derivative is significant and, frequently, a number can be neglected [43].
However, it is essential to remember that such stability derivatives depend both upon the

airplane being considered and the flight condition which applies. Thus, before ignoring
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stability derivatives, it is important to check the appropriate aerodynamic data. Without loss
of generality it can be assumed that the following stability derivatives are often insignificant,
and may be ignored:

XL'L; Xq; Xv'v; X(SEﬁ Z-[U ZW' M‘Il' Zé"Eand MSE

With these assumptions, the final equations of perturbed longitudinal motion, for

straight, symmetric flight, with wings level, can be expressed as:

u=X,u+ X,w—Wyq — gcos0, 6 (3.45a)

w = Zu+ Z,w + Upq — gsin®, 0 + Zs, 6 (3.45b)
q=Myu+ M,w+ MW+ Myq + Ms_ 5 (3.45¢)
0=gq (3.45d)

Using the stability axis system, in which W, = 0 and 0, = y,, as shown before,

Equation (3.45) may be expressed as

u = X,u+ X,,w — gcosy, 0 (3.46a)

W= Zyu+ Z,w + Uyq — gsiny, 0 + Zs, 6g (3.46b)
q=Myu+ M,w+ MW+ Myq + Ms_bg (3.46¢)
0=q (3.46d)

3.9 Stability and Control Derivatives for Longitudinal Motion

In order to solve Equation (3.45), the values of all the coefficients have to be known.
Xu> Xws Zys Zy, My, My, My,, M, are the stability derivatives and Zs,, Ms, are the control
derivatives [43].

The stability derivative X, can be expressed as

10x 1 01 SU 3.47
=— ——(—pu2 SCX) =%[zcxo+cxu] (347)

YT mou  m ou\2

Where

e, = 9% (3.48)
T 0 (u/ug)
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Cx, is the derivative of the dimensionless X-force coefficient with respect to the
dimensionless velocity u/uy. Note that the first term in the final expression of Equation
(3.47) arises because the dynamic pressure, which is a function of the flight velocity u, +

u. Similar expressions can be developed for all the required derivatives as shown below

[43].
pSUy
Zy = ——(Cuo + Cp,) (3.49)
pSU,C
My == (Cny, + Cm,) (3.50)
yy
pSU,C
M,, = 21, Cmg (3.51)
_pse? (3.52)
My = 4L, Cme
pSU,c?
M,=——C (3.53)
7 41, ™M
_ pUgse
Moe =31, Cmos (3.54)
pUZS
s, =— > Clog (3.55)
Where

(= Lift Coefficient due to Basic Geometry

Cp,= Drag Coefficient due to Basic Geometry

Cip,,= Pitching Moment Coefficient due to Forward Speed
Cn,,= Pitching Moment Coefficient due to Basic Geometry
Cm,= Pitching Moment Coefficient due to Change in AOA
Cm, = Pitching Moment Coefficient due to Pitch Rate

Cnm e Pitching Moment Coefficient due to Elevator Deflection

8

C o Lift Coefficient due to Elevator Deflection
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CHAPTER 4

THE MODEL UAYV - ENA-01

4.1 Introduction

UAVs can be remote controlled or fly autonomously based on pre-programmed flight
plans. They are currently used in a number of military roles, including reconnaissance and
attack. They are also used in civil applications such as firefighting where a human observer
would be at risk, police observation of civil disturbances and scenes of crimes, and patrol
support in time of natural disasters. There is a wide variety UAV shape, size, configuration
and characteristic as they are built depending upon the purpose intended to serve. In recent
years, there has been enormous research and development in this area and lots of them are

commercially available.

Figure 4.1: ENA-01

4.2 ENA-01 Specifications

The UAV that is used in this research (ENA-01) is a remote controlled UAV, serving
as a prototype of a short range civil aircraft. The intended work was to implant a controller in
it so that it could be semi-autonomous in the pitch plane and therefore eliminate any

disturbance that may come in the way of executing an elevator command. Therefore a

37



controller for the ENA-01 airframe is designed and simulated in MATLab Simulink

environment.

ENA-01 has ailerons, elevator and rudder as flight control surfaces for maneuvering

purpose, even though the research concern is limited to pitch command stabilization. A

detail description of the ENA-01 is given in Table 4.1.

Table 4.1: Technical Specifications of ENA-01

Identity

Description

Weight

1.5kg

Structure Material

Aluminum Bar, Cork-sheet, Hardboard

Fuselage length 1.0m
Wing Type Straight with Winglet
Wingspan 1.52m
Wing : 5
Wing Surface Area 0.32m
Wing Mean Aerodynamic Chord 0.21 m

Propulsion System

Single Wooden Propeller at nose

Propeller Diameter

0.16m

Propulsion
Propeller Blade Angle

2 degree

Propeller Thrust

1.2 kg

Power Plant

380 watt Brushless DC motor

Electrical Power

11.1V Battery

Range 2 km

Takeoff Speed 30km/h

Takeoff Field length 40 m (can be hand launched)
Endurance 30 minutes

Maximum Cruise Speed 60 km/h

Control Surfaces

Ailerons (2), Elevator (1), Rudder (1)

Control Surface Actuators

DC Servo Motors (4)
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CHAPTER S

THE DESIGN PROCESS

5.1 Introduction

As stated earlier, to construct a flight dynamics model for ENA-01, the software
Datcom+ Pro is used in this research to simulate the airframe and calculate the aerodynamic
coefficients. By writing an input file containing all essential geometries of an airplane,
Datcom produces an output file with stability derivatives according to the specified flight
conditions. The interface to Simulink is achieved by ‘Digital DATCOM Forces and
Moments’ block in the Aerospace Blockset of Simulink. Therefore, interlinking Datcom
with Simulink in the frontend, an airplane model for any fixed wing UAVs can be rapidly
developed without wind tunnel testing or Computational Fluid Dynamics (CFD) analysis.
This feature significantly increases the repeatability of flight simulation and is found very
useful for UAV preliminary control designs, where only a rough estimate of the vehicle’s
stability is required. Data visualization is another aspect considered which has led to
interfacing the flight dynamics model with an open source flight simulation program
FlightGear that can produce a 3D graphic animation in real time. The animation facility
allows the UAV to be viewed from any angle, and provides absolute visual information on
the UAV attitude and stability. With the FlightGear added in the back-end, the complete

simulation environment is shown in Figure 5.1.

Control
Command

External
Disturbance

Adrplane
Geometry
DATCOM+ Pro

Operating | —»f " Coefficients
Condition

Aerodynamics |

Flight Gear

Initial Condition

Figure 5.1: Block diagram of integrated flight dynamics modeling
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5.2 ENA-01 Modeling by Datcom+ Pro

The Digital Datcom program uses aircraft-unique configuration and geometry
parameters to predict aircraft performance by utilizing classical aerodynamic equations. It
calculates static stability, high lift and control, and dynamic derivative characteristics, and is
applicable to subsonic, transonic, supersonic, and hypersonic vehicles, for traditional body-
wing-tail or canard-equipped vehicles. Coefficient data output by Datcom is presented as a
function of angle of attack at up to 20 user-defined values of angle of attack, and up to 9
user-defined values of surface deflection for flaps, ailerons and elevator.

For those speed regimes and configurations where Datcom methods are available, the
Digital Datcom output provides the longitudinal coefficients C;, Cy , Cp,, Cy, and C,4 (body
axis), and the derivatives dC,/da, dC,,/da, dCy/dB, dC,/dB, and dC;/df. Output for
configurations with a wing and horizontal tail also includes downwash and the local dynamic
pressure ratio in the region of the tail. The pitch, roll, yaw and angle-of-attack rate
derivatives dC; /dq, dC,,/dq, dC/da, dCy,/da, dC;/dp, dCy/dp, dC,/dp, dCy,/dr, and
dC;/dr are also computed for most configurations. The determination of these terms, and
others which are not included here is covered extensively in standard airplane design
textbooks. It has to be kept in mind that all these values are in stability axis system and
Datcom provides predicted data only up to stall. Detail of these coefficients are discussed in
Appendix L.

The front end of Datcom is a .dem file that comprises a series of NAMELIST
statements, listing input variables which describe the aircraft under consideration and
variables which control the execution and output of Datcom. The source code editor used is
Notepad++. The input file for ENA-01 with their remarks is placed in Appendix II.

Unless specified, execution of the .dem file using Datcom+ Pro program generates the

following output files
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.out — the original FOR006.DAT output file format, that includes the input data cards

and all coordinated aerodynamic coefficients. This file can be imported into MATLAB

for further analysis.

e .xml - a file format for input into JSBSim, an open-source Flight Dynamics model.

e .csv — Comma-separated values format which can be easily opened with Microsoft Excel
or other programs for further data manipulation.

e .ac — AC3D view of the aircraft. AC3D is a 3D graphic format for the description of
models, as supported by the AC3D tool.

e .m — Geometric input file for the MATLAB solid/wireframe modeler.

After executing the input file with Datcom+ Pro, the output file generated by it quite
looks like a collection of tables for different altitudes and mach numbers as shown in Figure

5.2.

Figure 5.2: A portion of the output file (.out) for ENA-01

The main output (.out) was imported to Matlab to view different parameters and

stability derivatives. Figure 5.3 shows the profile of coefficient of lift (C;_) and coefficient
of drag (Cp,) due to basic geometry of ENA-01 for different AOA considering the airfoil is

in 0.05 and 0.5 mach assuming constant temperature.
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Figure 5.3: Lift and drag coefficient at different AOA

All the coefficients that were extracted from running the Datcom program are placed in
Table 5.1.

Table 5.1: Stability and Control Derivatives from Datcom output (for ENA-01)

Lift coefficient due to wing body and horizontal tail

Lift coefficient increment due to elevator deflection

Lift coefficient derivative due to pitch rate per deg

Lift coefficient derivative due to AOA rate per deg

Drag coefficient due to wing body and horizontal tail

Drag coefficient increment due to elevator deflection

Side force coefficient derivative due to sideslip per deg

Side Force coefficient derivative due to roll rate per deg

Side Force coefficient derivative due to yaw rate

Side Force coefficient increment due to plain flap aileron
Side Force coefficient increment due to rudder

Pitch moment coefficient as a function of alpha

Pitch moment coefficient derivative due to AOA rate per deg
Pitch moment coefficient derivative due to pitch rate per deg
Pitch moment coefficient increment due to elevator deflection
Roll moment coefficient derivative due to roll rate

Roll moment coefficient derivative due to sideslip

Roll moment coefficient derivative due to yaw rate per deg
Roll Moment coefficient increment due to aileron deflection
Roll moment coefficient increment due to rudder

A pictorial view of the whole airframe, fuselage and airfoil cross section is presented
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in Figure 5.4, Figure 5.5 and Figure 5.6 consecutively. Here station refers the position of the

airframe starting from nose.

Figure 5.4: ENA-O1 airframe in AC3D view (.ac)

Figure 5.5: Fuselage cross section at different stations

Figure 5.6: Airfoil profiles of wing, horizontal and vertical stabilizer
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5.3 Simulink Implementation of ENA-01

Aerospace Blockset of Simulink contains a library of blocks implementing equations
of motions. A ‘Three-DOF (Body Axes)’ block was chosen as the starting point for
modeling the longitudinal dynamics of ENA-01. As to complete the model for simulation
and feed batch data to FlightGear, a conversion block, named as ‘3DoF to 6DoF’ was used.

The connection of the aforementioned blocks is shown in Figure 5.7.

Figure 5.7: Implementing equations of motion

The ‘Digital DATCOM Forces and Moments block’ under the ‘Aerodynamics’ sub
library computes aerodynamic forces and moments acting about the center of gravity of
ENA-01 using stability derivatives imported from output (.out) file. The effect of elevator
deflection was incorporated by an attained ‘Elevator contribution to Force and Moment’

block. Figure 5.8 shows how these are interconnected.

Figure 5.8: Force and moment computation
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To calculate gravity forces and moments, a local gravity vector was multiplied by
vehicle mass, taking altitude and latitude as input to “WGS84 Gravity Model’ block, as
shown in Figure 5.9. One thing is important to mention that Direction Cosine Matrix (DCM)
was generated inside the ‘3DoF to 6DoF’ block by ‘Euler2DCM’ to keep it mobile for

necessary axis conversion.

Figure 5.9: Calculation of gravity force

For the purpose of simulating propulsion forces and moments here, a simple lookup
table was used to calculate thrust as a function of throttle command, though a brushless dc
motor was used for propulsion in ENA-01. Calculation of propulsive force and moment is

shown in Figure 5.10. Propulsive moment was assumed absent.

<throttle>
cmd

ThrustX

Thrust_YZ
Thrust LMN M

Figure 5.10: Calculation of propulsive force and moment

Now, the inclusion of environmental effect was essential to the model as because
airplane performance is largely dependent on the condition in which it would be flown.
Fortunately, ‘Environment’ sub-library of Aerospace Blockset has ‘COESA Atmosphere
Model’ to imitate 1976 COESA-extended U.S. Standard Atmosphere. Moreover ‘Dryden
Wind Turbulence Model’ was also helpful to add artificial turbulence to the aerospace

model, as shown in Figure 5.11.
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Figure 5.11: Incorporating airplane operating environment

The ‘Nonlinear Second-Order Actuator’ block from the ‘Actuator’ sub-library was
included to the model to implement servos for the flight control surfaces, shown in Figure
5.12. As pitch controlling elevator was the only concern for this work, other actuator outputs
were blocked (not shown here). It should be noted that the natural frequency and the

damping ratio of the actuator were put carefully.

<Aileron>

Actuator
> iti —
Commands prator Act_positions Positions
Actuatorl

Actuator2

Actuator Deflection (Commanded & Sensed)
Figure 5.12: Actuators of flight control surfaces

Now, for the control part of this design process, it has to keep in mind that the UAV
model in Simulink is only intended for the altitude hold mode. That means ENA-01 will
follow the actuator command to ascend or descend to desired altitude as operated and will
not collapse or lose its static stability due to any external disturbance. For this reason, it is
necessary to have two control loops, one for pitch control and the other one is for altitude

control as shown in Figure 5.13.
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Altitude :: Pitch S Longitudinal
Controller | ‘= Controller Dynammics

Pitch Angle

(Gyro) —‘

Figure 5.13: Longitudinal controller- inner pitch loop and outer altitude loop

In the Autopilot subsystem of the Simulink model, two ‘PID Controller’s from the
‘Discrete’ library of Simulink were placed to serve this purpose. These were modeled in
discrete domain to facilitate the code generation. Though the auto tuning facility of the PID
block is quite convenient, an interactive tuning was involved to extract the best result, since

the two loops are interdependent.

Figure 5.14: Autopilot design using PID controller

Before tuning the PID controllers, the whole model was linearized using ‘Linear
Analysis Tool’, defining elevator command and sensed altitude as input and output of linear
analysis points. The exact linearization was done after trimming the model at different
operating points using snapshot tool covering the whole flight envelop. A portion of the
trimmed output is shown in Figure 5.15. The tuning window of the altitude controller with
performance parameters is shown in Figure 5.16. It shows the block response, before and

after tuning, in respect of a step response. The theta controller is also tuned in a similar way.
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Figure 5.15: A portion of the state space trimmed output

PID Tuner (ENA_01_FINAL_2/ENA Dynamics/Vehicle System Model (Plant)/Autopilot/ALTITUDEL)

=lolx|

Response: IRefErence tracking

LI v Show block response

Hide parameters  4m
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Block response
Tuned response

=
en
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Closed-oop stability
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~Controller parameters
Tuned Block |
P 0.0063907 0.038066
1 0.00031545 0.00051023
D 0.018398 0.01964
il 0.75006 71.4023
rPerformance and robustness
Tuned Block
Rise time 1.67 seconds 0.633 seconds
Settiing time 48,3 seconds 4,33 seconds
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Peak 1.06 133
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Figure 5.16: Tuning of the altitude controller
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After setting and tuning up all the parameters in the base and model workspace, an
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actuation command to elevate the airplane 100 meter from 300 meter is shown in Figure
5.17. It demonstrates that the vehicle is quite stable in the pitch plane and can follow a

satisfactory climb rate.

Figure 5.17: Altitude command and response
After inserting a turbulence of 30 meter/second value from the Dryden Wind

Turbulence Model block, it is observed that the controller still gives an acceptable response.

Figure 5.18: Altitude command and response with turbulence
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5.4 Visualization in FlightGear
By setting up a script with compatible FlightGear version, the simulation can be easily

visualized in real time environment, as shown in Figure 5.19.

Figure 5.19: FlightGear data feed setup and visualization

The FlightGear version 0.9.10 was used in this work. While running this software, it is
recommended to put the computer on minimum load. Proper configuration of destination IP

address, destination port and sample time is essential.

5.5 Microcontroller Code Generation

The MATLab code generation tools are capable of generating embedded C/C++ code
optimized for specific hardware directly from Simlink models. This process effectively
avoids the possible introduction of manually coded errors and increase the reliability of the
code and consistency between the code implementation and Simulink model.

The pitch controller autopilot section of our model can be easily implanted to quite a
number of microcontrollers available in market. Our target hardware was Texas Instrument
C2000. It is a family of popular 32 bit microcontrollers, has interactive development
environment that can edit generated code and work as a debugger. The code generation in

Simulink is easy, just a right click on the subsystem, then enter to ‘C/C++ Code’ to ‘Build
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This Subsystem’. A portion of the generated code is shown in Figure 5.20, viewed from the

‘Code Generation Report’ window.

Code Generation Report = |EI|5|
- - . d
I—— i@ * Target selection: grt.tlc
Back | Fomafdl 11 * Note: GRT includes extra infrastructure and instrument.J
i1z * Embedded hardware selection: 32-bit Generic
Contents 13 * Code generation objectives: Unspecified
14 * Validation result: Not run
Summary 15 *f
ig #include "Autopilot.h"
Subsystem Report 17  #include "Autopilot private.h"
ig /* Block signasls (aute storags) */
Generated Code 20 B _Rutopilot T Autopilot B;
[-1 Model files 1
i 22 /* Block states (suto storage) */
Autopilot.c 27  DW_Autopilot T Autopilot DW;
Autopilot.h 24 ) ) ) )
25 /* External inputs (root inport signals with auto storage
Autopilot private.h 25  ExtU Zutopilot T Autopilot U;
Autopilot_types.h - _ i .
28 /* External outputs (root cutports f=d by signals with au
-1 Data files 249 ExtY Rutopilot T Rutopilot Y¥:
Autopilot data.c 31 /% Real-time model */
3z RT MCDEL Autopilot T Autopilot M ;
[+1 Utility files (8) 33 RT_MODEL Autopilot T *const Autopilot M = &hutopilot M ;
4 . 34
[*]Interface files u'] b 35 /* Model output function */
, 36 static void Autopilot output (void
[+] Other files (1) - o P _output ) _
1 | » | | »
OK Help |

Figure 5.20: Generated C code for ‘Autopilot’ subsystem (pitch controller)
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CHAPTER 6

ECONOMIC EVALUATION

6.1 Introduction

Flight control design is a complex and tedious work. It needs to cover all aspects of
airplane operation and must be economical, not only from functional perspective, but also
from maintenance. This research work is a part of this whole process as it only includes the
design of pitch controller for a single mode. In the following section, a cost estimation to
implement our design in the UAV is presented, with detail pricing of individual component.
And next to that, with a similar control design process, a simple cost assessment is done for a

civil aircraft carrier.

6.2 Cost for Pitch Controller Installation in ENA-01
The components that are needed for pitch controller for the UAV is shown in Figure

6.1.

Figure 6.1: Proposed onboard components of pitch controller for ENA-01
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A cost assessment with individual product description to implement the controller is
introduced in Table 6.1.

Table 6.1: Price detail for ENA-O1 pitch controller

Component Product Detail Price
(USD)
Microcontroller LAUNCHXL-F28027-C2000 Piccolo LaunchPad [47] 18.50
Altimeter SmartMicro Radar Altimeter [48] 34.95
Gyro and Triple Axis Accelerometer & Gyro - MPU-6050 [49] 49 15
Accelerometer )
Battery Hyperion G3 CX7.4v 2S 4000mah 25C/45C Lipo [50] 40.95
Elevator Servo Hitec HS-5645MG Metal Gear Digital Servo [51] 54.95
Speed Controller HobbyWing 40Amp OPTO Brushless Motor ESC 29.75
Speed Controller [52]

Both propulsion and electrical power for a carrier aircraft come from engine, in
expense of combustion. On contrary, in UAV, the only power source is battery that provides
thrust through speed controller, as well as power to the actuator. This actuator for a
particular airplane is dependent on the load and actuation type. However, their prices are
placed in the table, but not to be considered as a part of the control architecture.

Apart from taking the cost of the software Datcom+ Pro, wiring and some data
conversion process in consideration, the pitch controller will require approximately 100 US
dollars. It has been made sure that all these components listed in Table 6.1 are electronically

compatible.

6.3 Estimating Cost for Carrier Airplane

Wide body carriers have cruise flights at 10 kilometers altitude to achieve fuel efficient
operation, whereas short haul airplanes fly on around 4 kilometers height. The measurement
of altitude by radio altimeter is quite erroneous in that region. Again radio altimeter is
essential for crew to have correct idea about ground clearance. That’s why pitch controller in
carrier airplanes must have interface with both types of altimeter. An estimation of cost to

implant a pitch controller in a short range carrier is shown in Table 6.2.
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Table 6.2: Price estimation for a manned aircraft

Component Price (USD)
Microcontroller 18.50
Barometric Altimeter 60.00
Radio Altimeter 40.00
Gyroscope 50.00
Accelerometer 40.00

From the table, it can be said that the expenditure is around 200 US dollars,
considering wider margin of operation of the respective items compared to the UAV.
However, this evaluation is just an approximation. The scope, capability, accuracy and

compatibility of these items are to be ensured and evaluated with hardware in the loop test

and test flights.
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CHAPTER 7

CONCLUSION AND SUGGESTION FOR FUTURE WORK

7.1 Conclusion

This thesis established a workflow to develop a pitch controller for a UAV as a model
airplane. It set off by constructing the airframe of the UAV and computing the aerodynamic
characteristic to verify it’s natural stability. Then with the help of stability parameters, it
went along with the process of designing and tuning PID controller to follow pilot command
only on pitch axis, ensuring reliability of airplane operation in adverse condition, for a
certain configuration of flight. Besides, a complete simulation environment made it easy to
visualize accuracy of the controller.

Personally my achievement in this thesis is to learn how to construct a UAV, how to

employ airplane dynamics in Simulink and finally how to develop a controller for it.

7.2 Suggestion for Future Work

This thesis work shows a simple way to design a pitch controller for a UAV,
approaching at the end of execution level. In a similar way, controller for lateral dynamics
can also designed for a wide range of airplanes, may be with more robust and faster control
design tool, like dynamic inversion, neuro adaptive design, kalman filtering etc. And finally,
combining pitch and roll controller, a complete autopilot can be designed. Evidently, flight

tests are essential to comprehend the usefulness of the design.
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APPENDIX I: DATCOM

Introduction:

The United States Air Force Stability and Control Digital DATCOM is a computer
program that implements the methods contained in the USAF Stability and Control
DATCOM to calculate the static stability, control and dynamic derivative characteristics of
fixed-wing aircraft. Digital DATCOM requires an input file containing a geometric
description of an aircraft, and outputs its corresponding dimensionless stability derivatives
according to the specified flight conditions. The values obtained can be used to calculate
meaningful aspects of flight dynamics.

In February 1976, work commenced to automate the methods contained in the USAF
Stability and Control DATCOM. The work was performed by the McDonnell Douglas
Corporation under contract with the United States Air Force in conjunction with engineers at
the Air Force Flight Dynamics Laboratory in Wright-Patterson Air Force Base.
Implementation of the Digital DATCOM concluded in November 1978. The program is
written in FORTRAN IV and has since been updated; however, the core of the program
remains the same.

A report was published, separated into three volumes, which explains the use of
Digital DATCOM. The report consists of

Volume I: User's Manual

Volume II: Implementation of DATCOM Methods

Volume III: Plot Module
Inputs:

Section 3 of the USAF Digital DATCOM Manual Volume I defines the inputs
available for modeling an aircraft. The inputs are categorized by namelists to facilitate

reading the file into FORTRAN.

Flight conditions and options:

The FLTCON Namelist describes the flight conditions for the case. A maximum of
400 Mach-altitude combinations can be run at once, with up to 20 angles of attack for each
combination. The user can specify whether the Mach number and altitude varies together,
the Mach number varies at a constant altitude, or the altitude varies at a constant Mach
number. Both subsonic and supersonic analysis can be run in Digital DATCOM.

The OPTINS Namelist defines the reference parameters for the aircraft. The theoretical
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wing area, mean aerodynamic chord, and wing span are input along with a parameter

defining the surface roughness of the aircratft.

Synthesis parameters:

The SYNTHS Namelist allows the user to define the positions of the center of gravity
and apexes of the wings. The X- and Z- coordinates are needed for the wing, horizontal tail,
and vertical tail in order for the aircraft to be synthesized correctly. DATCOM does not
require that the origin for the aircraft has to be the nose of the aircraft; any arbitrary point
will do, but all of the dimensions need to be referenced from that point. Incidence angles can

also be added to the wing and horizontal tail.

Body parameters:

The BODY Namelist defines the shape of the body. Digital DATCOM assumes an
axisymmetrical shape for the body. Up to 20 stations can be specified with the fuselage half-
width, upper coordinate and lower coordinate being defined at each station. For supersonic

analysis, additional parameters can be input.

Wing, Horizontal and Vertical Tail parameters:

The WGPLNF, HTPLNF and VTPLNF Namelists define the wing, horizontal tail and
vertical tail, respectively. The basic parameters such as root chord, tip chord, half-span,
twist, dihedral and sweep are input. Digital DATCOM also accepts wing planforms which
change geometry along the span such as the F4 Phantom II which had 15 degrees of
outboard dihedral. Canards can also be analyzed in Digital DATCOM. The canard must be
specified as the forward lifting surface (i.e. wing) and the wing as the aft lift surface. For
airfoil designations, most traditional NACA 4-, 5-, and 6- airfoils can be specified in Digital
DATCOM. Additionally, custom airfoils can be input using the appropriate namelists. Also,
twin vertical tails can be designated in Digital DATCOM, but not twin boom:s.

High Lift and Control Devices:

Using the SYMFLP and ASYFLP Namelists, flaps, elevators, and ailerons can be
defined. Digital DATCOM allows a multitude of flap types including plain, single-slotted,
and fowler flaps. Up to 9 flap deflections can be analyzed at each Mach-altitude
combination. Unfortunately, the rudder is not implemented in Digital DATCOM. Digital

DATCOM also offers an automated aircraft TRIM function which calculates elevator
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deflections needed to trim the aircraft.

Output:

Digital DATCOM produces a copious amount of data for the relatively small amount
of inputs it requires. By default, only the data for the aircraft is output, but additional
configurations can be output:

Body alone

Wing alone

Horizontal tail alone

Vertical tail alone

Wing-Body Configuration

Body-Horizontal Tail Configuration

Body-Vertical Tail Configuration
Wing-Body-Horizontal Tail Configuration
Wing-Body-Vertical Tail Configuration
Wing-Body-Horizontal Tail-Vertical Tail Configuration

For each configuration, stability coefficients and derivatives are output at each angle of
attack specified. The details of this output are defined in Section 6 of the USAF Digital
DATCOM Manual Volume 1. The basic output includes:

C;, - Lift Coefficient

Cp - Drag Coefficient

C,, - Pitching Moment Coefficient

Cy - Normal Force Coefficient

C4 - Axial Force Coefficient

C.« - Lift Curve Slope (Derivative of Lift Coefficient with respect to angle of attack)
Cna - Pitching Moment Curve Slope (derivative of Pitching Moment Coefficient with
respect to angle of attack)

Cyp - Derivative of side-force coefficient with respect to sideslip angle

Cyp - Derivative of yawing-moment coefficient with respect to sideslip angle

Cyp - Derivative of rolling-moment coefficient with respect to sideslip angle

For complete aircraft configurations, downwash data is also included.

When compared with modern methods of computational fluid dynamics, Digital
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DATCOM may seem antiquated. However, in its day, the program was an advanced
estimation tool, and certainly much faster than plowing through pages and pages of
engineering texts. Digital DATCOM is no longer supported by the USAF and is now public

domain software.

Limitations:

Inlets, external stores, and other protuberances cannot be input because Digital
DATCOM analyzes the fuselage as a body of revolution. The simplification affects the
coefficient of drag for the aircraft. Dynamic derivatives are not output for aircraft that have
wings that are not straight-tapered or have leading edge extensions. This problem can be
overcome by using experimental data for the wing-body (using non-straight tapered wing).
There is no method to input twin vertical tails mounted on the fuselage, although there is a
method for H-Tails. This problem can be addressed by approximating the twin vertical tails
as a single equivalent vertical tail mounted to the fuselage. Digital DATCOM cannot provide
outputs for the control derivatives with regard to the rudder control surface. According to the

manual, there is no any input parameters which define the geometry of rudder.

59



APPENDIX II: Datcom input file (.dcm)

* Aircraft ENA-01 UAV

* Author: Nafis Kabir

* M. Sc. Thesis

* Bangladesh University of Engineering & Technology
DIM M

DERIV DEG

DAMP

CASEID ENA-0l: Flight Conditions, Body, Inertia, Wing
SFLTCON WT=3.3,
#weight in pounds

LOOP=2.0,
#vary altitude and mach number together

NMACH=10.0, MACH(1)=0.02,0.04,0.06,0.08,0.1,0.12,0.14,0.16,0.18,0.20,
#defining number of machs and their values

NALT=10.0, ALT(1)=10.0,50.0,100.0,150.0,200.0,250.0,300.0,350.0,400.0,450.0,
#defining number of altitudes and their value (in meter)

NALPHA=9.0, ALSCHD(1)=-3.0,0.0,1.0,2.5,5.0,7.5,10.0,12.5,15.08%
#defining number of altitudes and their value (in degree)

$OPTINS SREF=0.3192,
#wing surface area (in square meter)

CBARR=0.21,
#wing mean aerodynamic chord (in meter)

BLREF=1.52§
#wing span (in meter)

$SYNTHS XCG=0.4625,72CG=0.185,
#CG position from nose and landing gear touchdown point (in meter)

XW=0.41,Zw=0.032,
#wing position from nose and landing gear touchdown point (in meter)

ALIW= 1.2, VERTUP=.TRUE.,
#wing incident angle (in degree) and vertical stabilizer orientation

XH=0.88, ZH=0.0105, ALIH=0.5,
#horizontal stabilizer position from nose and landing gear touchdown point (in
meter) and its incident angle

Xv=0.86, zZV= 0.0148$
#vertical stabilizer position from nose and landing gear touchdown point

$BODY NX=14.0,
X(1)=0.05,0.08,0.1,0.15,0.2,0.3,0.4,0.45,0.5,0.6,0.7,0.8,0.9,1.04,

S(1)=0.00053,0.0038,0.0050,0.0061,0.0066,0.0078,0.0075,0.045,0.0038,0.0032,0.0028,0.0026,0.00
21,0.0018,
P(1)=0.9,0.23,0.25,0.27,0.34,0.43,0.40,0.3,0.3,0.27,0.24,0.22,0.19,0.17,

R(1)=0.014,0.037,0.04,0.044,0.046,0.05,0.048,0.03,0.035,0.032,0.03,0.029,0.026,0.024,
7L(1)=-0.014,-0.033,-0.037,-0.04,-0.042,-0.05,-0.05,-0.05,-0.04,-0.03,-0.02,—-
0.018,-0.015,-0.014,

7ZU(1)=0.014,0.031,0.035,0.04,0.044,0.053,0.05,0.05,0.03,0.02,0.02,0.018,0.015,0.0148%
#fuselage stations and their half lengths

$INERTA IXX=0.9, IYY=1.3, Izz=1.7, IXz=0.0,
#moment and product of inertias

ACTYPE=1.0$
#aircraft type: light single engine

NACA-W-4-2412
#wing aerofoil type
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$WGPLNF CHRDR=0.21,CHRDTP=0.21,
#wing chord length in fuselage center line and wing tip (in meter)

TYPE=1.0,
#type of planform - 1.0=straight tapered planform

SSPN=0.76,
#distance from fuselage center line to wing tip (in meter)

SSPNE=0.7125$

#distance from fuselage to wing tip (in meter)
SAVE
NEXT CASE

CASEID ENA-01l: Ailerons
SASYFLP STYPE=4.0,
#aileron type - 4 = plain flap

SPANFI=0.41, SPANFO=0.612,
#aileron inboard and outboard distance from the fuselage center line

CHRDFI=0.0303, CHRDFO=0.0303,
#chord in aileron inboard and outboard sections

NDELTA=8.0,
DELTAL(1)=-20.0,-15.0,-10.0,-5.0,0.0,5.0,10.0,15.0,
DELTAR(1)=15.0,10.0,5.0,0.0,-5.0,-10.0,-15.0,-20.08
#number of aileron deflections and their values for left and right ailerons
SAVE
NEXT CASE

CASEID ENA-0l: Horizontal Tail, Vertical Tail, Elevator

NACA-H-4-0006
#horizontal stabilizer aerofoil type

$HTPLNF CHRDR=0.218,CHRDTP=0.18,
#horizontal stabilizer chord length in fuselage center line and wing tip (in
meter)

SSPN=0.27,
#distance from fuselage center line to horizontal stabilizer tip (in meter)

SSPNE=0.236,
#distance from fuselage to horizontal stabilizer tip (in meter)

SAVSI=10.0,CHSTAT=0.0,
#sweep angle (in degree) and the position where it is measured

TWISTA=0.0,DHDADI=0.0,
#washout angle, dihedral angle

TYPE=1.08§
#type of planform - 1.0=straight tapered planform

NACA-V-4-0006
#vertical stabilizer aerofoil type

S$VTPLNF CHRDR=0.184,CHRDTP=0.147,
#vertical stabilizer chord length in fuselage center line and in tip (in meter)

SSPN=0.28,
#distance from fuselage center line to vertical stabilizer tip (in meter)

SSPNE=0.262,
#distance from fuselage to vertical stabilizer tip (in meter)

SAVSI=10.0,CHSTAT=0.0,
#sweep angle (in degree) and the position where it is measured

TYPE=1.0%
#type of planform - 1.0=straight tapered planform

$SYMFLP FTYPE=1.0,NTYPE=1.0,
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SPANFI=0.05,SPANFO=0.219,
#elevator position in horizontal stabilizer

CHRDFI=0.058, CHRDFO=0.058,
#chord in elevator inboard and outboard sections

NDELTA=9.0, DELTA(l)=-28.0,-20.0,-10.0,-5.0,0.0,7.5,15.0,20.0,23.0%
#defining number of elevator deflections (in degree) and their value
SAVE
NEXT CASE
CASEID ENA-0l: Engine eng=eng_ 10320 prop=prop Clark Y7570
$PROPWR AIETLP=2.0,
# angle of incidence of engine thrust (in degrees)
NENGSP=1.0,
#number of propeller
THSTCP=0.0,
#thrust coefficient
PHALOC=0.04,YP=0.0,PHVLOC=0.0,
#location of propeller hub
NOPBPE=2.0,PRPRAD=0.085,BAPR75=2.0,ENGFCT=0.8$
#number of blades, propeller radius, blade angle, efficiency
SAVE
NEXT CASE

CASEID ENA-01l: Second Power setting
$PROPWR THSTCP=0.01$

SAVE

NEXT CASE

CASEID ENA-0l: Third Power setting
$PROPWR THSTCP=0.02255$%

SAVE

NEXT CASE

CASEID ENA-0l: Fourth Power setting
$PROPWR THSTCP=0.03$

DAMP
BUILD
PLOT
NEXT CASE
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