Modern ‘
Fliht amics




Modern Flight Dynamics

David K. Schmidt
Professor Emeritus
University of Colorado

T

a4

-

| 3
i
I

O AN }5'5 ;

a& 15 &

“=\ Connect
Mc Learn
ﬁ!iflw Succeed”
: ~



The McGraw-Hill companies

“=\ Connect
Learn ;
Succeed

~

MODERN FLIGHT DYNAMICS

Published by McGraw-Hill, a business unit of The McGraw-Hill Companies, Inc., 1221 Avenue of the Americas,
New York, NY 10020. Copyright © 2012 by The McGraw-Hill Companies, Inc. All rights reserved. No part of
this publication may be reproduced or distributed in any form or by any means, or stored in a database or
retrieval system, without the prior written consent of The McGraw-Hill Companies, Inc., including, but not
limited to, in any network or other electronic storage or transmission, or broadcast for distance learning.

Some ancillaries, including electronic and print components, may not be available to customers outside the
United States.

This book is printed on acid-free paper.
1234567890DOC/DOC10987654321

ISBN 978-0-07-339811-2
MHID 0-07-339811-X

Vice President & Editor-in-Chief: Marty Lange

Vice President EDP/Central Publishing Services: Kimberly Meriwether David
Publisher: Raghothaman Srinivasan

Executive Editor: Bill Stenquist

Marketing Manager: Curt Reynolds

Development Editor: Lorraine Buczek

Project Manager: Melissa M. Leick

Design Coordinator: Brenda A. Rolwes

Cover Designer: Studio Montage, St. Louis, Missouri

Cover Images: © Photo courtesy of NASA and Wrights Take Flight: Courtesy of Library of Congress/RF
Buyer: Kara Kudronowicz

Media Project Manager: Balaji Sundararaman

Compositor: Laserwords Private Limited

Typeface: 10.5/12 Times Roman

Printer: RR Donnelley

All credits appearing on page or at the end of the book are considered to be an extension of the copyright page.
Library of Congress Cataloging-in-Publication Data

Schmidt, D. K. (David K.)
Modern flight dynamics/David K. Schmidt.—1st ed.
p. cm.
Includes bibliographical references.
ISBN-13: 978-0-07-339811-2 (alk. paper)
ISBN-10: 0-07-339811-X (alk. paper)
1. Aerodynamics. 2. Flight engineering. 3. Flight control. I. Title.
TL570.5298 2010
629.132°3—dc22 2010043961

www.mhhe.com



ABOUT THE AUTHOR

David Schmidt was born in Lafayette, Indiana, and attended Purdue University
where he received the B. S. degree, cum laude, in Aeronautical Engineering. He
later received the M. S. degree from the University of Southern California and
the Ph.D from Purdue, both in aerospace engineering. Prior to his graduate stud-
ies he served on the technical staff of the Douglas, and then the McDonnell
Douglas Missiles and Space Corporation. After first supporting the Apollo pro-
gram in the development of the Saturn booster, he became Engineering Lead in
a preliminary vehicle-design group of the Advanced Systems and Technology
Division. Upon completion of his graduate education, he served on the technical
staff of the Stanford Research Institute, focusing on research in systems analysis
and optimization of air transportation systems.

Dr. Schmidt’s academic career began when he joined the faculty of the
School of Aeronautics and Astronautics at Purdue, where he served as professor
of aeronautics and astronautics for 14 years. He then joined the faculty of Arizona
State University, where he served as professor of mechanical and aerospace
engineering for six years. He later moved to the University of Maryland at
College Park, where he served as professor of aerospace engineering for an
additional six years. Lastly, he was invited to join the faculty at the University of
Colorado, Colorado Springs, where he helped establish the brand new Department
of Mechanical and Aerospace Engineering. He retired from the University of
Colorado in 2006, and was appointed Professor Emeritus. While at Arizona State
Dr. Schmidt served as the founding director of the Aerospace Research Center in
the College of Engineering, and while at the University of Maryland he served as
the founding director of the Flight Dynamics and Control Laboratory in the
Department of Aerospace Engineering. His teaching was recognized at several of
these institutions through many prestigious teaching awards.

In addition to his earlier industrial experience, in 1978 Dr. Schmidt was
invited to serve as a summer faculty fellow at the USAF Flight Dynamics Labo-
ratory, Wright-Patterson AFB, and in 1984-85 he served as a visiting sabbatical
professor at NASA’s Langley Research Center.

He has been an invited member of several national review panels, including
the National Academy of Engineering’s (NAE) National Research Council
(NRC) Review Panel for a Decadal Study of NASA Aeronautics Research, the
NAE’s NRC Committee on Advanced Supersonic Technology, and the NAE’s
NRC Committee on High-Speed Research. Furthermore, he has served as an
invited member of the USAF Scientific Advisory Board’s Science and Technol-
ogy Panel on Vehicles and Power. In 1996 he served as the General Conference
Chair for the Guidance, Navigation and Control Conference of the American



iv

About the Author

Institute of Aeronautics and Astronautics (AIAA). In 1991-93 he also chaired
the ATAA National Technical Committee on Guidance, Navigation, and Control.

Dr. Schmidt is the author of over 200 research articles on flight dynamics,
air-traffic control systems, and man-machine control systems, and he has been
invited to lecture worldwide on his research. From 2001-2009 he was a member
of the AIAA’s Education Editorial Board, and from 1988—-1991 he was associate
editor of the AIAA’s Journal of Dynamics, Guidance, and Control. He is listed in
Who's Who in America, and is a member of Tau Beta Pi and Sigma Gamma Tau
engineering honor societies. In 1997, Dr. Schmidt received AIAA’s highest honor
in the field of flight dynamics and control when he was awarded the national
Mechanics and Control of Flight Award. He is a fellow of the AIAA.



Dedication

To my parents
and to Karalee, my wife and my best friend




ACKNOWLEDGEMENTS

I am indebted to many people who have greatly contributed to this effort, and I
will not be able to mention them all. But to all of you, I am genuinely grateful.
I would first like to acknowledge my colleagues and students, both graduate and
undergraduate, at Purdue University. My knowledge of the subject of flight
dynamics was greatly enhanced during my tenure there. I learned a great deal
from my students, and I was constantly inspired by their dedication to learning
and to aerospace engineering. Next I would like to acknowledge all my col-
leagues in the flight dynamics community, by whom I am always being educated.
Thanks also to Professor John D. Anderson, Jr. for his first encouraging me to
undertake writing this book and for his continued support.

I would also like to thank the terrific staff of McGraw-Hill, especially my
editors Bill Stenquist and Lorraine Buczek, for their professionalism and encour-
agement. Finally, I would like to acknowledge the priceless contributions of my
colleagues who gave of their valuable time to review chapters of the manuscript
and make many valuable suggestions. The list includes:

Professor Dominic Andrisani, Purdue University

Professor Jewel Barlow, University of Maryland

Professor Riccardo Bonazza, University of Wisconsin, Madison
Professor David Bridges, Mississippi State University

Professor Ron Hess, University of California, Davis

Professor Ki Dong Lee, University of Illinois at Urbana-Champaign
Professor Benjamin Liaw, City College of New York

Professor Cornel Sultan, Virginia Polytechnic Institute and State University
Professor John Valasek, Texas A&M University

Professor Tom Zeiler, University of Alabama

Professor Zvi Rusak, Rensselaer Polytechnic Institute

Professor Bruce Walker, University of Cincinnati

Finally, any errors remaining in the book are my responsibility alone. Instruc-
tors using the book who uncover errors or who have suggestions are asked to
bring them to my attention at Schmidt.Flight.Dynamics @ gmail.com. I would
appreciate hearing from you.



PREFACE

On the Subject

or those who love flying machines, the study of flight dynamics is most
F exciting indeed. When introduced to the topic, at whatever age, students

discover that flight dynamics is the essence of aeronautical engineering
because it involves the study of the motion—the flight—of the vehicle. This
motion defines the vehicle’s performance, a topic of enormous significance to
the ultimate success of the machine. Thus the excitement generated from the
pursuit of this subject follows from both romantic as well as practical reasons.

Flight dynamics is also a study of the complete vehicle, rather than just a
component of a vehicle. Hence it is fundamentally the study of a multicompo-
nent system and its dynamics. This study is by necessity multidisciplinary, as
depicted in Figure 1. When first introduced to the subject, students may see how
some of the other disciplines they’ve been asked to master actually fit together.
Thus it also provides an integrating function.

Although flight dynamics is multidisciplinary, it is still a basic aerospace
science. The study is relatively new, compared to aerodynamics, for example.
But it has become quite clear that the study of aeronautical or aerospace engi-
neering is incomplete without the thorough treatment of flight dynamics. Many
more traditional undergraduate and post-graduate aeronautical engineering cur-
ricula have been modified over the last several years to reflect this fact.

Atmospheric Aerodynamics

Flight Mechanics

Aeroelasticity

Rigid-Body e Structural
Dynamics b e Dynamics
ynamics

Astrodynamics Servoelasticity

Systems
Theory

Figure 1 Components of modern flight dynamics.
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Preface

The theories and methodologies developed in modern flight dynamics are
critical in several aspects of flight-vehicle design and development. Notable
among these are the determination of the vehicle’s configuration, or geometry,
the tailoring of its dynamics, especially its handling characteristics (i.e., its
“controllability” on the part of a pilot or autopilot), and the design of the autopi-
lot itself.

On the Wrights

The subject of flight dynamics goes back to the Wright brothers, who may be
considered the fathers of airplane flight dynamics. When the Wrights developed
their revolutionary aircraft, reciprocating engines had already been developed,
and the aerodynamics (lift, drag) of airfoils was fairly well understood. (Aero-
dynamics had been studied by the French and Germans, for example, for quite a
while.) The tremendous breakthrough made by the Wrights was how to control
the vehicle in flight. In the words of Wilbur Wright! two years before their first
powered flight:

Men already know how to construct wings or aeroplanes, which when driven
through the air at sufficient speed, will not only sustain the weight of the wings
themselves, but also that of the engine, and of the engineer as well. Men also
know how to build engines and screws of sufficient lightness and power to drive
these planes at sustaining speed. . . . Inability to balance and steer still confronts
students of the flying problem. . . . When this one feature has been worked out,
the age of flying machines will have arrived, for all other difficulties are of
minor importance.

Prior to the Wright’s first flight, the only known ways to turn a vehicle were
by using a rudder, as with ships, or by shifting the vehicle’s center of mass by
shifting the pilot’s body weight, as Lilienthal tried to do with his gliders. But as
we now know, if you only use a rudder to try to turn an airplane, it slips side-
ways. And shifting the pilot’s body weight severely limits the size and maneu-
verability of the vehicle. The Wrights discovered that to efficiently turn an
airplane, they had to bank the vehicle (like a bicycle!). In addition, the Wrights
invented wing warping (the precursor of ailerons) to initiate and control the
banking.

The Wrights also demonstrated that an unstable vehicle could be flown suc-
cessfully (although with difficulty). By using a large canard, the Wright’s pitch-
control surface located forward of the pilot, they produced a vehicle that was
neutrally stable, or slightly unstable in pitch. But the Wrights were not too con-
cerned. Since they were bicycle mechanics, they were accustomed to dealing
with unstable machines—machines that had to be stabilized by the human oper-
ating them! One wonders if the Wrights could have been as successful as they
were, had they not been bicycle mechanics.

! McFarland, M. W., ed., The Papers of Wilber and Orville Wright, Vol. 1, McGraw-Hill, 1953.
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The Subject Revisited

Many years after the Wrights’ historic flights, researchers began to develop an
analytical theory of flight dynamics. Like the more classical aerospace sciences
of aerodynamics and structures, modern flight dynamics has its genesis in
dynamics, or mechanics, with the focus on the dynamics of nonlinear, multidi-
mensional systems. So it is applied physics. But, with reference to Figure 1, it
also relies heavily on the tools that have been developed in the area of mathemat-
ical systems theory. Furthermore, the subject deals not only with describing the
vehicle’s dynamics, but also with ways to affect these dynamics in some desired
way—to tailor them. This is accomplished either through the art of vehicle-
configuration design, or through the introduction of feedback control systems.

However, this “new” aerospace science is neither a subset of aerodynamics,
nor of feedback-control theory. Though modern flight dynamics draws from
these topics, they do not define the discipline. The definition of the discipline has
been the source of confusion sometimes. Historically, when a airplane’s dynam-
ics were determined almost entirely by the aerodynamic forces acting on it, aero-
dynamicists coined the phrase aerodynamic stability and control. This topic was
one aspect of applied aerodynamics. The focus was almost exclusively on the
estimation of the aerodynamic forces and moments. The rigorous treatment of the
system’s rigid-body dynamics was absent, and there was no mention of feedback
control or structural deformation.

Conversely, the majority of aerospace vehicles developed since around 1970
include some sort of active feedback-control system for flight guidance and/or atti-
tude stabilization and control. Furthermore, the vehicle’s dynamics are greatly
affected, if not completely dominated, by the actions of such feedback systems.
That is, the vehicle geometry alone no longer determines the dynamics of the vehi-
cle, or its stability. Therefore, the topic of modern flight dynamics has evolved in
large part due to the introduction of active feedback systems into the vehicle design.

Just as the subject of modern flight dynamics is not only applied aerody-
namics, neither is it just applied control theory. According to the definitions
from experts in the field, feedback control theory deals little, if at all, with defin-
ing (or modeling) the dynamics of the system to be controlled. Furthermore, in
the feedback-control design problem defined in texts dealing with that subject,
the system to be controlled is taken as a given. It cannot be changed. Only feed-
back loops can be added around it to augment its dynamics. And frequently the
modeling of the dynamics of the system is performed independently from the
design of the feedback loops.

However, in the design of modern aerospace vehicles, the entire system is
being designed, both the vehicle to be controlled as well as its feedback loops.
And the use of feedback expands the design space the vehicle designer has to
work with. So in modern flight dynamics, the modeling and the control design are
inexorably intertwined. The subject cannot be decoupled in some artificial way
into pure aerodynamics, pure dynamics, pure vibrations, and pure feedback con-
trol, for modern flight dynamics lies specifically in the intersection of these areas.
To force any decoupling—if you will—throws the baby out with the bath water.
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On This Book

All these considerations have significantly influenced the writing of this book,
which attempts to do justice to the beauty and uniqueness of the field of modern
flight dynamics, while paying tribute to the rich history of the subject. The book
is a result of the author’s 30-years of experience in teaching flight dynamics, plus
his years of experience as a practitioner and researcher in the field.

Most of the material herein arises from undergraduate and graduate courses
developed by the author at Purdue University over several years. Portions of the
material have also been presented by the author in courses at Arizona State Uni-
versity, the University of Maryland, College Park, and finally the University of
Colorado, Colorado Springs. In addition to its use as a textbook, we intend the
book to be a useful reference for the practicing engineer and researcher.

Since the thorough treatment of modern flight dynamics requires the student
to have mastered prerequisite material in several areas, the material presented
herein is intended for fourth-year undergraduates and/or graduate students in
aerospace or mechanical engineering. We assume that undergraduate students
have completed coursework in rigid-body dynamics and aerodynamics. Portions
of the prerequisite subjects key to the development of modern flight dynamics
are reviewed in early chapters and in several other sections of this book, but these
are only reviews. In addition, key material with which undergraduate students
may not have sufficient familiarity is presented in just-in-time tutorials immedi-
ately prior to the relevant topic.

With regard to the treatment of feedback control in this text, the approach to
feedback-systems design is that of “dynamics-based” synthesis, as opposed to
“algorithmic-based” synthesis. That is, the feedback control laws are synthesized
based on an intimate knowledge and understanding of the vehicle’s dynamics—
its physics. The feedback systems are designed to act in concert with, and to
naturally exploit and enhance, those dynamics. Frequency-domain tools are
relied upon heavily, and the approach will appear to be quite “conventional,” in
the terminology of control theorists.

There are key reasons for taking this conventional, dynamics-based approach.
First, a general consensus exists among modern flight dynamicists that this
approach has been demonstrated over the years to work very well, and it is used
throughout the industry. In fact, this design approach has been the basis for much
if not all of the design of every operational aircraft’s flight-control system. Other
synthesis-approaches have been attempted in research projects, but if the project
led to flight of an actual vehicle, a great deal of conventional, dynamics-based
control concepts were invariably relied upon in the development of its flight-
control systems. So understanding this philosophy is critical to students, if they
want to master this subject. Second, though they may not have used them, almost
all undergraduate engineering students have been introduced to frequency-
domain tools in their curriculum. So these tools are not foreign to them.

Finally, the decision to use English Engineering units in this book is based
on the fact that these units are used exclusively in industry today. The historical
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databases so important in design, and legacy software packages for analysis, were
all developed in English units, so there would be a tremendous cost involved with
any organizationwide unit conversion. Thus there is an understandable reluc-
tance on the part of the industry to such a conversion. Consequently, it is to the
students’ advantage to be familiar with working with these units, as they will
certainly use them throughout their careers.

To the Instructor

This book could serve as the text for a two-course sequence in modern flight
dynamics, the first an undergraduate course, the second at the undergraduate or
graduate level. But other course usage is quite possible. The flowcharts in
Figure 2 present possibilities for grouping the subject matter into three courses.

Course 1
Flight Dynamics of
Rigid Vehicles
(undergrad)

Course 2
Flight Dynamics of
Flexible Vehicles
(undergrad or grad)

Course 3
Flight Dynamics and Control
(Rigid Vehicle)
(undergrad or grad)

Chapters 1 and 2
(Secs 2.1-2.3 only)

Chapters 1 and 2

Chapter 1 and 2

Quasi-Steady Analysis

Chapters 5 and 6

Equations of Motion Review Review
Sie 90 REei Chapters 3 and 4 Chapters 5 and 6
Modeling the Forces Equati £ Moti i
and Moments quations of Motion eview
e Chapter 8

Math Model Assembly and

(Classical Stability and Control) REAER Flight Simulation
Chapter 8 Chapter 7 Chapter 10
Math Model Assembly Aeroelastic Forces Dynamic Analysis Review
(Sec 8.1 only) and Moments (Rigid Vehicle only)

I

l

Chapter 10
Dynamic Analysis
(Rigid Vehicle only)

Chapter 8
Math Model Assembly and
Flight Simulation

Chapters 11 and 12
Stability Augmentation
and Autopilots

Figure 2 Possible course content.

|

Chapters 9 and 10
(Portions Specific to
Flexible Vehicles)

Chapter 13
Characteristics of the
Human Pilot
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In addition, a “Chapter Road Map” has been included at the beginning of each
chapter. The primary purpose of this road map is to indicate to the student and the
instructor which sections in that chapter should be covered if the course is a first
course in flight dynamics.

The author has presented a course similar to Course 1 at the undergradu-
ate level for many years. With regard to the order of the material in Course 1,
the author is fully aware of a conundrum faced by many instructors teaching
the subject to undergraduates. This issue has greatly influenced the writing of
this book. The conundrum deals with the fact that frequently the students
need to be introduced to “classical static stability and control” early in the
semester, to support their senior design course. And yet, it has been the expe-
rience of the author having taught such a course for 30 years, that if these
classical topics are presented first, the students frequently don’t understand
where the concepts stem from. That is, they don’t have a context to help them
see how flight dynamics fits any logical framework. Hence, the student needs
to be aware of the concept of small-perturbation analysis and the analysis of
the equilibrium conditions. This fact leads to the order of presentation used in
this book.

That being said, however, instructors wishing to cover classical stability and
control early in the semester can also use this book. Specifically, as shown in
Figure 3, one could start with Chapter 1 (Section 1.1), and then move quickly to
Chapter 9, classical stability and control, while using key material from Chap-
ters 5 and 6 as necessary. Then Chapter 2 (Sections. 2.1-2.3), the remainder of
Chapter 6, and Chapter 10 could be used to cover dynamic analysis.

Either Course 2 or Course 3 could follow Course 1. A fourth course would
be like Course 3, but with the material on flexible vehicles substituted for flight
simulation. Such a course would most likely be best offered at the graduate
level to allow for more rapid movement through the material.

As noted in several places, this book was written with the assumption that
the student would have already mastered basic dynamics and had some expo-
sure to classical control theory prior to beginning this course sequence. A previ-
ous course in aerodynamics would be helpful, but could be taken concurrently.

Software Accompanying the Book

Several software modules, written in MATLAB® or Simulink®, have been
developed to support sections of this book, such as some of the examples. These
routines have been made available for educational purposes only—they are not
supported, and are not sufficiently developed for actual design use in practice.
The first is a module called MATAERO, which is a routine for estimating the
aerodynamic characteristics of two lifting surfaces in close proximity (e.g., wing
and horizontal tail). A document is included that contains the theoretical back-
ground and a user’s manual. Other routines include files that assemble the math
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Alternate Course |
Flight Dynamics of
Rigid Vehicles
(undergrad)

Chapter 1 (Sec. 1.1 and Pendulum Example)
Analysis of the Reference Condition

l

Chapters 5 and 6
Modeling the Forces
and Moments
(Static Derivatives only)

Chapter 9
Quasi-Steady Analysis
(Static Stability and Control)

Chapter 2 (Secs. 2.1-2.3 only)
Equations of Motion

l

Remainder of Chapter 6
Dynamic Stability Derivatives

[
Chapter 8
Math Model Assembly
(Sec. 8.1 only)

[

Chapter 10
Dynamic Analysis
(Rigid Vehicle only)

Figure 3 Reordering the sequence in Course 1.

models for several aircraft, using the data in Appendix B, while still others
include the development of control laws discussed in several examples in the
book. All these modules are identified in a file named “Read Me,” and are avail-
able from the book’s website at www.mhhe.com/schmidt.
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NOMENCLATURE#*

Symbol  Definition (Typical Units
{1} Column of ones, rigid-body mode shape in )
vibration problem
a Sonic velocity in air (fps) D
ac Aerodynamic center 5
A =bis Lifting-surface aspect ratio 5
A System matrix in state-variable description of system 8
b Span of a lifting surface (ft) S
B Control-distribution matrix in state-variable 8
description of system

c Airfoil section chord length (ft) 5
& Centripetal acceleration (vector) (ft/sec?) 2,9
C Constraint matrix in vibration problem 3
€ Response matrix in state-variable description of system 8
G Mean aerodynamic chord length (ft) 5
c,; = dlgc Aerodynamic 2-D section drag coefficient 5
&, Pressure coefficient 5
Cp = Dlq S Aerodynamic drag coefficient >
Cp, Induced-drag coefficient S
Cp, Parasite drag coefficient 3
Cp, = % Angle-of-attack drag effectiveness (/rad) 5,6
€p, = % Angle-of-attack-rate drag effectiveness (sec) 5,6

* Bold indicates a vector or matrix quantity.
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Elevator drag effectiveness (/rad)

Mach-number drag effectiveness

Pitch-rate drag effectiveness (sec)

Surge-velocity drag effectiveness (sec/ft)

Aerodynamic friction coefficient

Hinge-moment coefficient for control surface
Angle-of-attack hinge-moment effectiveness (/rad)
Control-surface-deflection hinge-moment effectiveness (/rad)
Aerodynamic 2-D section lift coefficient

Aerodynamic 2-D angle-of-attack lift effectiveness (/rad)

Aerodynamic 2-D flap lift effectiveness (/rad)
Aerodynamic 2-D section lift at zero angle of attack
Aerodynamic lift coefficient

Aerodynamic lift coefficient at zero angle of attack

Angle-of-attack lift effectiveness (/rad)
Angle-of-attack-rate lift effectiveness (sec)
Elevator lift effectiveness (/rad)
Mach-number lift effectiveness

Pitch-rate lift effectiveness (sec)

5,6

5,6

3,6

5,6

5,6

5,6

5,6

5,6
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