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Dynamics of Flight
Stability and Control



To the men and women of science and
engineering whose contributions to aviation
have made it a dominant force in shaping the
destiny of mankind, and who, with sensitivity
and concern, develop and apply their
technological arts toward bettering the future.



PREFACE

The first edition of this book appeared in 1959—indeed before most students reading
this were born. It was well received both by students and practicing aeronautical en-
gineers of that era. The pace of development in aerospace engineering during the
decade that followed was extremely rapid, and this was reflected in the subject of
flight mechanics. The first author therefore saw the need at the time for a more ad-
vanced treatment of the subject that included the reality of the round rotating Earth
and the real unsteady atmosphere, and hypersonic flight, and that reflected the explo-
sive growth in computing power that was then taking place (and has not yet ended!).
The result was the 1972 volume entitled Dynamics of Atmospheric Flight. That treat-
ment made no concessions to the needs of undergraduate students, but attempted
rather to portray the state of the art of flight mechanics as it was then. To meet the
needs of students, a second edition of the 1959 book was later published in 1982. It is
that volume that we have revised in the present edition, although in a number of de-
tails we have preferred the 1972 treatment, and used it instead.

We have retained the same philosophy as in the two preceding editions. That is,
we have emphasized basic principles rooted in the physics of flight, essential analyti-
cal techniques, and typical stability and control realities. We continue to believe, as
stated in the preface to the 1959 edition, that this is the preparation that students need
to become aeronautical engineers who can face new and challenging situations with
confidence.

This edition improves on its predecessors in several ways. It uses a real jet trans-
port (the Boeing 747) for many numerical examples and includes exercises for stu-
dents to work in most chapters. We learned from a survey of teachers of this subject
that the latter was a sine qua non. Working out these exercises is an important part of
acquiring skill in the subject. Moreover, some details in the theoretical development
have been moved to the exercises, and it is good practice in analysis for the students
to do these.

Students taking a course in this subject are assumed to have a good background
in mathematics, mechanics, and aerodynamics, typical of a modern university course
in aeronautical or aerospace engineering. Consequently, most of this basic material
has been moved to appendices so as not to interrupt the flow of the text.

The content of Chapters 1 through 3 is very similar to that of the previous edi-
tion. Chapter 4, however, dealing with the equations of motion, contains two very
significant changes. We have not presented the nondimensional equations of motion,
but have left them in dimensional form to conform with current practice, and we have
expressed the equations in the state vector form now commonly used. Chapter 5, on
stability derivatives, is almost unchanged from the second edition, and Chapters 6
and 7 dealing with stability and open loop response, respectively, differ from their
predecessors mainly in the use of the B747 as example and in the use of the dimen-
sional equations. Chapter 8, on the other hand, on closed loop control, is very much
expanded and almost entirely new. This is consistent with the much enhanced impor-
tance of automatic flight control systems in modern airplanes. We believe that the
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viii  Preface

student who works through this chapter and does the exercises will have a good grasp
of the basics of this subject.

The appendices of aerodynamic data have been retained as useful material for
teachers and students. The same caveats apply as formerly. The data are not intended
for design, but only to illustrate orders of magnitude and trends. They are provided to
give students and teachers ready access to some data to use in problems and projects.

We acknowledge with thanks the assistance of our colleague, Dr. J. H. de Leeuw,
who reviewed the manuscript of Chapter 8 and made a number of helpful sugges-
tions.

On a personal note—as the first author is now in the 11th year of his retirement,
this work would not have been undertaken had Lloyd Reid not agreed to collaborate
in the task, and if Maya Etkin had not encouraged her husband to take it on and sup-
ported him in carrying it out.

In turn, the second author, having used the 1959 edition as a student (with the
first author as supervisor), the 1972 text as a researcher, and the 1982 text as a
teacher, was both pleased and honored to work with Bernard Etkin in producing this
most recent version of the book.

Toronto Bernard Etkin
December, 1994 Lloyd Duff Reid



CONTENTS

CHAPTER | Introduction

{19
1.2
1.3
1.4
1.5
1.6

The Subject Matter of Dynamics of Flight 1
The Tools of Flight Dynamicists 5
Stability, Control, and Equilibrium 6

The Human Pilot 8

Handling Qualities Requirements 11

Axes and Notation 15

CHAPTER 2 Static Stability and Control—Part 1

2.1
22
2.3
2.4
2.5
2.6
2.7
2.8
29
2.10
2.11

General Remarks 18

Synthesis of Lift and Pitching Moment 23
Total Pitching Moment and Neutral Point 29
Longitudinal Control 33

The Control Hinge Moment 41

Influence of a Free Elevator on Lift and Moment 44
The Use of Tabs 47

Control Force to Trim 48

Control Force Gradient 51

Exercises 52

Additional Symbols Introduced in Chapter 2 57

CHAPTER 3 Static Stability and Control—Part 2

3.1
32
363
34
3.3
3.6
37
3.8
39
3.10
3.11
3.12
3.13
3.14
315

Maneuverability-Elevator Angle per g 60

Control Force perg 63

Influence of High-Lift Devices on Trim and Pitch Stiffness 64
Influence of the Propulsive System on Trim and Pitch Stiffness 66
Effect of Structural Flexibility 72

Ground Effect 74

CG Limits 74

Lateral Aerodynamics 76

Weathercock Stability (Yaw Stiffness) T

Yaw Control 80

Roll Stiffness 81

The Derivative C,, 83

Roll Control 86

Exercises 89

Additional Symbols Introduced in Chapter 3 91

CHAPTER 4 General Equations of Unsteady Motion

4.1
4.2

General Remarks 93
The Rigid-Body Equations 93

ix



x Contents

43
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14

Evaluation of the Angular Momentum h 96
Orientation and Position of the Airplane 98
Euler’s Equations of Motion 100

Effect of Spinning Rotors on the Euler Equations 103
The Equations Collected 103

Discussion of the Equations 104

The Small-Disturbance Theory 107

The Nondimensional System 115

Dimensional Stability Derivatives 118

Elastic Degrees of Freedom 120

Exercises 126

Additional Symbols Introduced in Chapter 4 127

CHAPTER 5 The Stability Derivatives

5.1
5.2
5.3
5.4
3.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12

General Remarks 129

The a Derivatives 129

The u Derivatives 131

The g Derivatives 135

The & Derivatives 141

The 3 Derivatives 148

The p Derivatives 149

The r Derivatives 153
Summary of the Formulas 154
Aeroelastic Derivatives 156
Exercises 159

Additional Symbols Introduced in Chapter 5 160

CHAPTER 6 Stability of Uncontrolled Motion

6.1
6.2
6.3
6.4
6.5

6.6
6.7
6.8
6.9
6.10
6.11

Form of Solution of Small-Disturbance Equations 161
Longitudinal Modes of a Jet Transport 165
Approximate Equations for the Longitudinal Modes 171
General Theory of Static Longitudinal Stability 175
Effect of Flight Condition on the Longitudinal Modes of a Subsonic Jet
Transport 177

Longitudinal Characteristics of a STOL Airplane 184
Lateral Modes of a Jet Transport 187

Approximate Equations for the Lateral Modes 193
Effects of Wind 196

Exercises 201

Additional Symbols Introduced in Chapter 6 203

CHAPTER 7 Response to Actuation of the Controls—Open Loop

Al
7.2
1.3

General Remarks 204
Response of Linear/Invariant Systems 207
Impulse Response 210



7.4
75
7.6
74
7.8
15
7.10
%11
7.12
7.13
7.14

Step-Function Response 213

Frequency Response 214

Longitudinal Response 228

Responses to Elevator and Throttle 229
Lateral Steady States 237

Lateral Frequency Response 243
Approximate Lateral Transfer Functions 247

Transient Response to Aileron and Rudder 252

Inertial Coupling in Rapid Maneuvers 256
Exercises 256
Additional Symbols Introduced in Chapter 7

CHAPTER 8 Closed-Loop Control

8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
8.10
8.11

General Remarks 259

Stability of Closed Loop Systems 264
Phugoid Suppression: Pitch Attitude Controller
Speed Controller 270

Altitude and Glide Path Control 275
Lateral Control 280

Yaw Damper 287

Roll Controller 290

Gust Alleviation 295

Exercises 300

Additional Symbols Introduced in Chapter 8

APPENDIX A Analytical Tools

Al
A2
A3
A4
A5
A6

APPENDIX B Data for Estimating Aerodynamic Derivatives

Linear Algebra 303

The Laplace Transform 304

The Convolution Integral 309

Coordinate Transformations 310
Computation of Eigenvalues and Eigenvectors

Velocity and Acceleration in an Arbitrarily Moving Frame

258

266

301

315

316

Contents

319

xi

APPENDIX C Mean Aerodynamic Chord, Mean Aerodynamic Center, and

APPENDIX D The Standard Atmosphere and Other Data

APPENDIX E Data For the Boeing 747-100

C

Mac,,

357

References 372

Index 377

369

364



CHAPTER 1

Introduction

1.1 The Subject Matter of Dynamics of Flight

This book is about the motion of vehicles that fly in the atmosphere. As such it be-
longs to the branch of engineering science called applied mechanics. The three itali-
cized words above warrant further discussion. To begin with fly—the dictionary defi-
nition is not very restrictive, although it implies motion through the air, the earliest
application being of course to birds. However, we also say “a stone flies” or “an ar-
row flies,” so the notion of sustention (lift) is not necessarily implied. Even the at-
mospheric medium is lost in “the flight of angels.” We propose as a logical scientific
definition that flying be defined as motion through a fluid medium or empty space.
Thus a satellite “flies” through space and a submarine “flies” through the water. Note
that a dirigible in the air and a submarine in the water are the same from a mechani-
cal standpoint—the weight in each instance is balanced by buoyancy. They are sim-
ply separated by three orders of magnitude in density. By vehicle is meant any flying
object that is made up of an arbitrary system of deformable bodies that are somehow
joined together. To illustrate with some examples: (1) A rifle bullet is the simplest
kind, which can be thought of as a single ideally rigid body. (2) A jet transport is a
more complicated vehicle, comprising a main elastic body (the airframe and all the
parts attached to it), rotating subsystems (the jet engines), articulated subsystems (the
aerodynamic controls) and fluid subsystems (fuel in tanks). (3) An astronaut attached
to his orbiting spacecraft by a long flexible cable is a further complex example of this
general kind of system. Note that by the above definition a vehicle does not necessar-
ily have to carry goods or passengers, although it usually does. The logic of the defi-
nitions is simply that the underlying engineering science is common to all these ex-
amples, and the methods of formulating and solving problems concerning the motion
are fundamentally the same.

As is usual with definitions, we can find examples that don’t fit very well. There
are special cases of motion at an interface which we may or may not include in fly-
ing—for example, ships, hydrofoil craft and air-cushion vehicles (ACV’s). In this
connection it is worth noting that developments of hydrofoils and ACV’s are fre-
quently associated with the Aerospace industry. The main difference between these
cases, and those of “true” flight, is that the latter is essentially three-dimensional,
whereas the interface vehicles mentioned (as well as cars, trains, etc.) move approxi-
mately in a two-dimensional field. The underlying principles and methods are still
the same however, with certain modifications in detail being needed to treat these
“surface” vehicles.

Now having defined vehicles and flying, we go on to look more carefully at what
we mean by motion. It is convenient to subdivide it into several parts:
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Aerodynamics

Mechanics of Vehicle
rigid bodies design
) 4
Mechanics of £ FLIGHT .| Vehicle
elastic structures DYNAMICS operation
A
Human pilot Pilot
dynamics “| training
Applied mathematics,

machine computation

Y Y
Performance Stability and Aeroelasticity Navicatiotiarid
(trajectory, control (handling (control, structural gidance
maneuverability) qualities, airloads) integrity) 9

Figure 1.1 Block diagram of disciplines.

Gross Motion:
1. Trajectory of the vehicle mass center.'
2. “Attitude” motion, or rotations of the vehicle “as a whole.”

Fine Motion:

3. Relative motion of rotating or articulated subsystems, such as engines, gyro-
scopes, or aerodynamic control surfaces.

4. Distortional motion of deformable structures, such as wing bending and twist-
ing.
5. Liquid sloshing.

This subdivision is helpful both from the standpoint of the technical problems as-
sociated with the different motions, and of the formulation of their analysis. It is
surely self-evident that studies of these motions must be central to the design and op-
eration of aircraft, spacecraft, rockets, missiles, etc. To be able to formulate and solve
the relevant problems, we must draw on several basic disciplines from engineering
science. The relationships are shown on Fig. 1.1. It is quite evident from this figure
that the practicing flight dynamicist requires intensive training in several branches of
engineering science, and a broad outlook insofar as the practical ramifications of his
work are concerned.

In the classes of vehicles, in the types of motions, and in the medium of flight,
this book treats a very restricted set of all possible cases. It deals only with the flight

Tt is assumed that gravity is uniform, and hence that the mass center and center of gravity (CG) are
the same point.



1.1 The Subject Matter of Dynamics of Flight 3

of airplanes in the atmosphere. The general equations derived, and the methods of so-
lution presented, are however readily modified and extended to treat many of the
other situations that are embraced by the general problem.

All the fundamental science and mathematics needed to develop this subject ex-
isted in the literature by the time the Wright brothers flew. Newton, and other giants
of the 18th and 19th centuries, such as Bernoulli, Euler, Lagrange, and Laplace, pro-
vided the building blocks in solid mechanics, fluid mechanics, and mathematics. The
needed applications to aeronautics were made mostly after 1900 by workers in many
countries, of whom special reference should be made to the Wright brothers, G. H.
Bryan, F. W. Lanchester, J. C. Hunsaker, H. B. Glauert, B. M. Jones, and S. B. Gates.
These pioneers introduced and extended the basis for analysis and experiment that
underlies all modern practice.” This body of knowledge is well documented in several
texts of that period, for example, Bairstow (1939). Concurrently, principally in the
United States of America and Britain, a large body of aerodynamic data was accumu-
lated, serving as a basis for practical design.

Newton’s laws of motion provide the connection between environmental forces
and resulting motion for all but relativistic and quantum-dynamical processes, includ-
ing all of “ordinary” and much of celestial mechanics. What then distinguishes flight
dynamics from other branches of applied mechanics? Primarily it is the special na-
ture of the force fields with which we have to be concerned, the absence of the kine-
matical constraints central to machines and mechanisms, and the nature of the control
systems used in flight. The external force fields may be identified as follows:

“Strong” Fields:
1. Gravity

2. Aerodynamic
3. Buoyancy

“Weak” Fields:
4. Magnetic
5. Solar radiation

We should observe that two of these fields, acrodynamic and solar radiation, pro-
duce important heat transfer to the vehicle in addition to momentum transfer (force).
Sometimes we cannot separate the thermal and mechanical problems (Etkin and
Hughes, 1967). Of these fields only the strong ones are of interest for atmospheric
and oceanic flight, the weak fields being important only in space. It should be re-
marked that even in atmospheric flight the gravity force can not always be approxi-
mated as a constant vector in an inertial frame. Rotations associated with Earth cur-
vature, and the inverse square law, become important in certain cases of high-speed
and high-altitude flight (Etkin, 1972).

The prediction, measurement and representation of aerodynamic forces are the
principal distinguishing features of flight dynamics. The size of this task is illustrated

2An excellent account of the early history is given in the 1970 von Kéarman Lecture by Perkins
(1970).
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Parameters of wing aeredynamics
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0 1.0 5.0
SPEED: lr I L =M
Subsonic Supersonic Hypersonic
Incompressible Transonic
MOTION: Constant velocity Variable velocity
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(reentry) (gusts)

Figure 1.2 Spectrum of aerodynamic problems for wings.

by Fig. 1.2, which shows the enormous range of variables that need to be considered
in connection with wings alone. To be added, of course, are the complications of
propulsion systems (propellers, jets, rockets), compound geometries (wing + body +
tail), and variable geometry (wing sweep, camber).

As remarked above, Newton’s laws state the connection between force and mo-
tion. The commonest problem consists of finding the motion when the laws for the
forces are given (all the numerical examples given in this book are of this kind).
However, we must be aware of certain important variations:

1. Inverse problems of first kind—the system and the motion are given and the
forces have to be calculated.

2. Inverse problems of the second kind—the forces and the motion are given and
the system parameters have to be found.

3. Mixed problems—the unknowns are a mixture of variables from the force,
system, and motion.

Examples of these inverse and mixed problems often turn up in research, when
one is trying to deduce aerodynamic forces from the observed motion of a vehicle in
flight or of a model in a wind tunnel. Another example is the deduction of harmonics
of the Earth’s gravity field from observed perturbations of satellite orbits. These
problems are closely related to the “plant identification” or “parameter identification™
problem of system theory. [Inverse problems were treated in Chap. 11 of Etkin
(1959)].
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TYPES OF PROBLEMS

The main types of flight dynamics problem that occur in engineering practice are:

1. Calculation of “performance” quantities, such as speed, height, range, and
fuel consumption.

Calculation of trajectories, such as launch, reentry, orbital and landing.
Stability of motion.

Response of vehicle to control actuation and to propulsive changes.
Response to atmospheric turbulence, and how to control it.
Aeroelastic oscillations (flutter).

Sl @ by & W19

Assessment of human-pilot/machine combination (handling qualities).

It takes little imagination to appreciate that, in view of the many vehicle types
that have to be dealt with, a number of subspecialties exist within the ranks of flight
dynamicists, related to some extent to the above problem categories. In the context of
the modern aerospace industry these problems are seldom simple or routine. On the
contrary they present great challenges in analysis, computation, and experiment.

1.2 The Tools of Flight Dynamicists

The tools used by flight dynamicists to solve the design and operational problems of
vehicles are of three kinds:

1. Analytical
2. Computational
3. Experimental

The analytical tools are essentially the same as those used in other branches of
mechanics, that is the methods of applied mathematics. One important branch of ap-
plied mathematics is what is now known as system theory, including stability, auto-
matic control, stochastic processes and optimization. Stability of the uncontrolled ve-
hicle is neither a necessary nor a sufficient condition for successful controlled flight.
Good airplanes have had slightly unstable modes in some part of their flight regime,
and on the other hand, a completely stable vehicle may have quite unacceptable han-
dling qualities. It is dynamic performance criteria that really matter, so to expend a
great deal of analytical and computational effort on finding stability boundaries of
nonlinear and time-varying systems may not be really worthwhile. On the other hand,
the computation of stability of small disturbances from a steady state, that is, the lin-
ear eigenvalue problem that is normally part of the system study, is very useful in-
deed, and may well provide enough information about stability from a practical
standpoint.

On the computation side, the most important fact is that the availability of ma-
chine computation has revolutionized practice in this subject over the past few
decades. Problems of system performance, system design, and optimization that
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could not have been tackled at all in the past are now handled on a more or less rou-
tine basis.

The experimental tools of the flight dynamicist are generally unique to this field.
First, there are those that are used to find the aerodynamic inputs. Wind tunnels and
shock tubes that cover most of the spectrum of atmospheric flight are now available
in the major aerodynamic laboratories of the world. In addition to fixed laboratory
equipment, there are aeroballistic ranges for dynamic investigations, as well as
rocket-boosted and gun-launched free-flight model techniques. Hand in hand with the
development of these general facilities has gone that of a myriad of sensors and in-
struments, mainly electronic, for measuring forces, pressures, temperatures, accelera-
tion, angular velocity, and so forth. The evolution of computational fluid dynamics
(CFD) has sharply reduced the dependence of aerodynamicists on experiment. Many
results that were formerly obtained in wind tunnel tests are now routinely provided
by CFD analyses. The CFD codes themselves, of course, must be verified by compar-
ison with experiment.

Second, we must mention the flight simulator as an experimental tool used di-
rectly by the flight dynamicist. In it he studies mainly the matching of the pilot to the
machine. This is an essential step for radically new flight situations. The ability of the
pilot to control the vehicle must be assured long before the prototype stage. This can-
not yet be done without test, although limited progress in this direction is being made
through studies of mathematical models of human pilots. Special simulators, built for
most new major aircraft types, provide both efficient means for pilot training, and a
research tool for studying handling qualities of vehicles and dynamics of human pi-
lots. The development of high-fidelity simulators has made it possible to greatly re-
duce the time and cost of training pilots to fly new types of airplanes.

1.3 Stability, Control, and Equilibrium

It is appropriate here to define what is meant by the terms stability and control. To do
so requires that we begin with the concept of equilibrium.

A body is in equilibrium when it is at rest or in uniform motion (i.e., has constant
linear and angular momenta). The most familiar examples of equilibrium are the
static ones; that is, bodies at rest. The equilibrium of an airplane in flight, however, is
of the second kind; that is, uniform motion. Because the aerodynamic forces are de-
pendent on the angular orientation of the airplane relative to its flight path, and be-
cause the resultant of them must exactly balance its weight, the equilibrium state is
without rotation; that is, it is a motion of rectilinear translation.

Stability, or the lack of it, is a property of an equilibrium state.* The equilibrium
is stable if, when the body is slightly disturbed in any of its degrees of freedom, it re-
turns ultimately to its initial state. This is illustrated in Fig. 1.3a4. The remaining
sketches of Fig. 1.3 show neutral and unstable equilibrium. That in Fig. 1.3d is a
more complex kind than that in Fig. 1.3 in that the ball is stable with respect to dis-
placement in the y direction, but unstable with respect to x displacements. This has its
counterpart in the airplane, which may be stable with respect to one degree of free-
dom and unstable with respect to another. Two kinds of instability are of interest in

Tt is also possible to speak of the stability of a transient with prescribed initial condition.
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w7,

(b) (c)

(d)
Figure 1.3 (a) Ball in a bowl—stable equilibrium. (b) Ball on a hill—unstable equilibrium. (¢)
Ball on a plane—neutral equilibrium. (d) Ball on a saddle surface—unstable equilibrium.

airplane dynamics. In the first, called static instability, the body departs continuously
from its equilibrium condition. That is how the ball in Fig. 1.36 would behave if dis-
turbed. The second, called dynamic instability, is a more complicated phenomenon in
which the body oscillates about its equilibrium condition with ever-increasing ampli-
tude.

When applying the concept of stability to airplanes, there are two classes that
must be considered—inherent stability and synthetic stability. The discussion of the
previous paragraph implicitly dealt with inherent stability, which is a property of
the basic airframe with either fixed or free controls, that is, control-fixed stability or
control-free stability. On the other hand, synthetic stability is that provided by an au-
tomatic flight control system (AFCS) and vanishes if the control system fails. Such
automatic control systems are capable of stabilizing an inherently unstable airplane,
or simply improving its stability with what is known as stability augmentation sys-
tems (SAS). The question of how much to rely on such systems to make an airplane
flyable entails a trade-off among weight, cost, reliability, and safety. If the SAS
works most of the time, and if the airplane can be controlled and landed after it has
failed, albeit with diminished handling qualities, then poor inherent stability may be
acceptable. Current aviation technology shows an increasing acceptance of SAS in all
classes of airplanes.

If the airplane is controlled by a human pilot, some mild inherent instability can
be tolerated, if it is something the pilot can control, such as a slow divergence. (Un-
stable bicycles have long been ridden by humans!). On the other hand, there is no



